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To Dr Gabriella Molnar, who passed away since the last
edition. She has left a void that will not be filled. She is
a recognized founder of our field of pediatric rehabili-
tation medicine. Dr Molnar created our first textbook,
edited the subsequent two editions, and wrote numer-
ous state-of-the-art reviews for the Child with Physical
Disability. After escaping from Hungary in 1956 from the
Russian occupation and communist regime, Dr Molnar
displayed much foresight and courage throughout her
professional career. Her guiding principle has always
been that children are not miniature adults, but individ-
uals with changing physical, intellectual, and emotional
abilities and needs. At every age, therefore, the principles
of rehabilitation medicine have to be adapted to these
changing aptitudes. Beginning as a resident at Albert
Einstein College of Medicine, Dr Molnar quickly rose
through the ranks from faculty instructor to full tenured
professor, while developing and running the Pediatric
Rehabilitation Medicine Service. Concluding her career
at Children’s Hospital and Research Center in Oakland,

DEDICATION

California, where she created a new Department of
Pediatric Rehabilitation Medicine, she finished training
her last of over 50 domestic and international fellows.
Her speaking career has included invitations from all
over the world, including Australia, Europe, Asia, and
England. She has served on the editorial boards for the
Archives of Physical Medicine and Rehabilitation from 1976
to 1994 and Developmental Medicine and Child Neurology
from 1992 to 1997. She is a recipient of the Krusen Award
from the American Academy of Physical Medicine and
Rehabilitation (AAPMR), the highest honor obtainable
for proven performance in clinical expertise, contribu-
tions to the literature, and administration in the field
of rehabilitation medicine. Simply stated, Dr Molnar
defines the standard for the rest of us to follow. Her hus-
band’s generous contribution to the PMR Foundation
created an award for lifetime achievement in pediatric
rehabilitation and funds research stipends to increase the
body of knowledge in pediatric rehabilitation. Her life is
an inspiration to all of us.
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This is the second edition of Pediatric Rehabilitation that
has not been under the leadership of Dr Gabriella Mol-
nar, but her influence and wisdom are still apparent in
the text.

Our field has changed again since the last edition.
Every chapter in this new fifth edition has been thor-
oughly revised and expanded. We have covered many
of the more common genetic disorders throughout the
textbook and added new chapters on sports injuries,
concussions, and rehabilitation of pain and conversion
disorders that will be of great interest to physiatrists. We
have also added a chapter on ultrasound, as many of us
are actively involved in this exciting adjunct to our prac-
tice of medicine.

PREFACE

You will notice that some chapter authors have
returned and we have asked them to incorporate new
pediatric rehabilitation specialists, as it is our hope that
these new coauthors will become the senior authors of
future chapters and perhaps editors of future editions.

We are happy to present to you this compiled wis-
dom of the brightest and most enthusiastic clinicians in our
tightly knit group of pediatric rehabilitation specialists.

On a somber note, the editors are saddened to
announce the recent passing of Dr Ellen Kaitz. Her help in
the previous and the current edition is greatly appreciated.

Michael A. Alexander
Dennis J. Matthews
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1

HISTORY AND EXAMINATION

Maureen R. Nelson, Michael A. Alexander, and Gabriella E. Molnar?

The physiatric history and examination of a child require
a blend of medical diagnostic skills to establish or confirm
the diagnosis as well as knowledge of child development
and behavior to evaluate functional assets and challenges
for the intervention phase of rehabilitation.

SETTING THE TONE

To ensure the best cooperation, especially in the preschool
age, the environment should be child-friendly. Exposure
to crying and upset children should be avoided in the
waiting room or other areas. Families will do better if
someone else can take care of the child’s siblings rather
than bring them to the appointment so that parents can
focus on the interview without distraction. The exam-
ination room may have a small table and chair with an
assortment of toys for children of different ages to make
them comfortable and relaxed. The examiner's attire also
influences the child. Many times a good rule is to “lose
the white coat,” unless it has a pocket full of toys. The
child is not impressed by the coat and may be intimidated
by past medical visits. A child-oriented décor such as pic-
tures of cartoon characters or animals on the wall, small
toys, and decals on instruments helps to create a playful
atmosphere and alleviate the child’s fears.

Start the visit by introducing yourself, including
telling the patient and parents something about yourself,
and what will happen during the visit, and how long it
will last. Ask the parents to tell you why they came and
what specific questions they have for you.

Concerns stated by the referral source should be
shared with the parents. Many parents are unsure about
what information the visit can provide. This is the oppor-
tunity to explain what pediatric rehabilitation is, its focus
on function, and what it can offer the child and family.
The examiner should also explain that it is part of the
examination to watch the child so that the parents will not
feel offended by the examiner's wandering gaze. Because

*Deceased.

observation of spontaneous behavior is one of the most
informative aspects of evaluating youngsters with a
disability, examination begins from the moment the child
is in the physician’s view. Questions about history and ill-
nesses should be asked in simple terms so that the family
can understand them and provide proper information. It
is also important to have someone clarify insurance cov-
erage and whether additional tests or treatment can be
performed on the same day or must await approval.

HISTORY
PRENATAL AND PERINATAL HISTORY

The prenatal and perinatal history includes the precon-
ceptual period and the parents’ ages and health before
and since the birth of the child. Maternal factors during
gestation may lead to fetal malformations. Examples of
these associations include febrile illnesses (1) anticonvul-
sants (2) with spina bifida; maternal diabetes with caudal
regression syndrome and sacral agenesis; and rubella,
thalidomide, or fetal alcohol syndromes. Weak or even-
tually lost fetal movements may be the earliest sign of a
motor disability of prenatal origin. Prenatal care, unusual
weight gain or loss, hypertension, or any other gesta-
tional problems should be explored. Mode and duration
of delivery, use of anesthesia, induction, intrapartum
complications, and expected and actual date of birth
should be noted. Any history of previous pregnancies,
deliveries, and fetal loss is significant. Prenatal cerebral
damage is increased in infants of mothers with previous
spontaneous abortions (3). A detailed neonatal history
is essential, including birth weight, Apgar scores, onset
and success of breastfeeding, as well as the infant’s age
at discharge. Weak lip seal and sucking force and inad-
equate feeding may be preliminary signs of oral motor
dysfunction. If care in the neonatal intensive care unit
(NICU) was required, what were the specifics of that,
including medications and ventilator support? Neona-
tal seizures may signal pre- or perinatal brain damage.
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Prematurity, particularly very low birth weight, is a fre-
quent cause of cerebral palsy (2). Large birth weight may
lead to intrapartum trauma, brachial plexus palsy, or, on
extremely rare occasions, spinal cord injury, particularly
with breech or other fetal malposition. When extended
hospitalization was required, one should note the infant’s
age, weight, and condition on discharge, including means
of feeding and need for ventilatory or other supportive
measures at home, since these may predict subsequent,
persistent, or recurrent problems.

DEVELOPMENTAL HISTORY

The developmental history should cover all major aspects
of function and behavior. For details of developmental
milestones and testing, refer to Chapter 2. This discus-
sion presents only general guidelines for the purpose of
diagnostic interpretations. Discrepancies between differ-
ent areas of functioning provide clues about the nature of
medical diagnosis and developmental disability.

Delayed accomplishments, primarily in motor func-
tion, suggest a neuromuscular deficit. One of the earliest
signs that parents report is a lack of spontaneous move-
ments when the infant is held or placed in the crib. They
may add that the baby feels limp or stiff, suggesting either
hypotonia or spasticity. In all cases of motor dysfunction, it
isimportant to clarify whether the dysfunction was a steady,
continuing delay from an early age, suggesting a static dis-
ease, or an arrest or regression noted at a particular point.
However, slow deterioration due to progressive neurologic
disease may be masked for a time by the relatively fast pace
of early motor development. Developmental history and
subsequent assessment must take into consideration the
interactive effect of coexistent deficits. Slow development
in personal and adaptive tasks that require both motor and
cognitive abilities may be related to impairment in either
area. A significant cognitive dysfunction by itself may delay
gross and fine motor development (4). This also frequently
exacerbates the functional consequences of a neuromuscu-
lar disability and may create the impression that the motor
deficit is more severe than it actually is.

A history of delay in communication development
raises several differential diagnostic possibilities: (a) true
language dysfunction affecting receptive or expressive
domains or both, (b) oral motor dysfunction interfering
with speech production, and (c) significant hearing loss.
In a child with motor disability, language dysfunction
may result from diffuse or focal cerebral lesions, such as
head injury or cerebral palsy, particularly when cognitive
function is also affected.

The ability to follow simple and, later, complex com-
mands indicates preserved receptive language even in
the absence of verbalization. Parents report a variety of
responses, such as smiling, cooing, crying, pointing, or
vocalization with inflection as a substitute for speech. Oral

motor dysfunction is also associated with cerebral palsy,
most often with spastic quadriparesis or dyskinetic dis-
orders due to suprabulbar or pseudobulbar palsy. Bulbar
palsy in medullary involvement affects speech production,
for example, in spinal muscular atrophy or spina bifida
with syringobulbia. There is a close association between
anatomic structures and neurologic control for speech and
oral feeding. Concurrent oral motor dysfunction with feed-
ing difficulties is an additional sign of bulbar or pseudob-
ulbar pathology and confirms the suspicion of speech
production deficit. In such cases, history of early feeding
is most relevant. For example, was there a good lip seal
and strong suction on breastfeeding? When bottle-fed, the
infant can handle 4 ounces in about 10 minutes, and feed-
ings every 3 to 4 hours are generally adequate. The need
for longer and more frequent feeding to maintain weight
gain, especially during the first few months; coughing;
nasal regurgitation of liquids; and then later difficulty with
drinking from a cup; and difficulty with introduction of
solid food due to chewing problems are early symptoms
of oral motor dysfunction and a possible subsequent defi-
cit in speech production. Augmentative communication
training should be initiated early in such cases.

Hearing is an essential factor for speech develop-
ment. Early cooing and babbling are innate characteris-
tics of infants and involve the same vocal components,
regardless of the language spoken in their environment.
Infants with hearing loss start to fall behind after 6 to
8 months of age when learning of auditory-dependent
vocalization begins. Parents may notice a decrease
even in spontaneous babbling at that age. All neonates
and infants at high risk for developmental disability or
recurrent ear infections should have an initial and, if
warranted, repeat hearing evaluations. Correction of a
hearing deficit should be initiated as soon as possible
after it is detected (5).

For infants and young children, the history is
obtained from parents or caretakers. While gathering
information from one person about another, the examiner
gains an understanding of both and establishes rapport
with parents and child. Early-school-age children can
provide some information about themselves and should
be encouraged to do so. Preadolescents and particularly
adolescents generally prefer to give an account of their
problems and achievements. Adolescents may wish to
have privacy without the parent present, at least for part
of the visit.

GENERAL HEALTH HISTORY

The examiner should determine whether the patient is
an essentially well child with impairment or a sick child
who has been hospitalized several times. In the latter
case, one should explore in detail the frequency, reasons,
tests, and treatments. Even if one has access to records,



CHAPTER 1 HISTORY AND EXAMINATION 3

the parents should be asked to tell the child’s history in
their own words. Their account provides an insight into
their knowledge and participation in the child’s care. One
should ask how many visits they make to medical centers
and therapists and how much time is spent in transit for
the child’s care.

History of allergies to medications or other sub-
stances should be noted. An early history of allergies to
different and often inconsistent formulas may indicate
that the child in fact had feeding difficulties that were
attributed to allergy. Multiple exposures to latex and any
signs of allergy should be determined, particularly in
spina bifida or after repeated surgeries. Any medications
that the child takes regularly, including dietary supple-
ments and homeopathic or alternative medications or
aerosols, should be recorded with dosage and schedule.

The risk and incidence of seizures are higher in
static and progressive diseases of the central nervous sys-
tem (CNS). Overt or suspicious signs, type and frequency
of seizures, anticonvulsants, and their effectiveness and
possible side effects should be recorded.

Nutrition, with special consideration for the child’s
disability, should be reviewed. Feeding difficulties or
behavior problems may lead to inadequate consumption
of calories and essential nutrients. Dietary intake may
be lower than required for the increased energy expen-
diture on physical activities in children with motor dis-
ability. In contrast, caloric intake may be excessive when
physical activity level is restricted and lead to obesity,
commonly in wheelchair users with spina bifida (6) or
muscular dystrophy, and after transition from walk-
ing with assistive devices to mobility via wheelchair. In
children with caloric restriction, there is often a need for
supplemental vitamins, protein, and calcium (7). Dietary
information and guidance are fundamental for regulation
of neurogenic bowel incontinence. Cultural and family
eating patterns should be taken into consideration. Inju-
ries, burns, fractures, and spinal cord and head trauma
are followed by a period of a catabolic state. Monitoring
of weight, nutrition, and fluid intake is essential during
inpatient rehabilitation for major injuries, and after return
to home. Caloric requirements for children are calculated
from age-appropriate standards, which take into consid-
eration growth. In children with motor disability, upward
or downward adjustment in height and weight may be
needed, depending on their level of physical activity and
individual growth trend. Specific recommendations are
available for children with spina bifida to avoid obesity
(8,9). Obesity is a risk factor for secondary issues from the
primary diagnosis, including pain and fatigue, as well as
a cardiovascular risk and social challenge (10).

History of respiratory complications, past or pres-
ent, should be explored in children with pertinent diagno-
ses. Central ventilatory dysfunction (CVD) is a potential
severe complication of Arnold-Chiari malformation
in spina bifida (11). Syringobulbia may cause similar
symptoms. Nightmares, insomnia, and night sweating

are complaints associated with hypercapnia, and may
be reported in advanced stages of muscular dystrophy.
Hypercapnia and sleep apnea may occur in diseases of
the CNS. Intercostal muscle paralysis in high thoracic
paraplegia with spinal cord injury or spina bifida, spinal
muscular atrophy, or advanced muscle diseases leads to
inefficient pulmonary ventilation and handling of secre-
tions. With severe spastic or dyskinetic cerebral palsy,
the respiratory musculature may lack coordination. Such
children are prone to recurrent bouts of pulmonary infec-
tions. Coexistent feeding difficulties with minor aspi-
rations or restrictive pulmonary disease due to spinal
deformities may add to pulmonary dysfunction.

Restricted mobility of the spine and thoracic cage
may be present in ankylosing spondylitis or severe
systemic-onset juvenile rheumatoid arthritis/juvenile
idiopathic arthritis (JIA). Detailed information about
home management and use and frequency of equipment
must be included in the history. Exercise dyspnea may be
a sign of pulmonary compromise or deconditioning with
the high energy cost of physical activities in children with
some motor disabilities. Scoliosis may exacerbate respira-
tory disease in some of these children. Cardiac decompen-
sation with right-sided failure, a potential complication of
pulmonary dysfunction, is more likely to occur in older
children or young adults with the previously mentioned
disabilities. Myopathic conduction defects and arrhyth-
mias are often symptom-free in the absence of heart
failure. Consultation with pulmonary and/or cardiology
specialists should be arranged when history reveals sus-
picious symptoms.

Visual and hearing impairments are more frequent
in those with childhood disabilities. Inquiry about these
aspects of function is a part of the history. Regular hearing
and visual assessments are required. Prenatal infections,
anoxic or infectious encephalopathy, metabolic diseases,
meningitis, hydrocephalus, and head injury warrant
exploration of visual and auditory function. Like all chil-
dren, youngsters with disabilities are prone to a variety
of childhood illnesses. In some cases, however, acute
symptoms and febrile illnesses may be directly related
to complications of a specific disability. Vomiting, head-
ache, irritability, or lethargy may be prodromal signs of
decompensating hydrocephalus in spina bifida, cerebral
palsy (2), or an intercurrent unrelated illness. Recurrent
headaches are also a manifestation of autonomic dysre-
flexia in spinal cord injury. Fever may represent central
hyperpyrexia in severe head injury or hyperthermia due
to pseudomotor paralysis in high thoracic spinal cord
injury. However, these diagnoses can be made only after
other causes of fever have been excluded. In those with a
neurogenic bladder, urinary tract infection should always
be investigated as a possible cause of febrile illness. A his-
tory of the usual pattern of the amount and frequency of
voiding is essential in neurogenic bladder dysfunction.
Systematic daily recording is a guide for bladder training.
Fluid intake, in accordance with pediatric norms, needs
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to be monitored at home, and records of both bladder and
bowel schedules should be available on the medical visit.

Immunization history is part of all pediatric vis-
its. The child in good health may not have received the
recommended vaccinations because of excessive concern
on the part of the family or pediatrician or the child may
have been ill when scheduled for immunization.

HISTORY OF BEHAVIOR

The examiner should ask about the child’s behavior in
terms of temperament and personality. The parents may
state that the child was always a good baby, but this
report may mean that the youngster never cried and slept
more than expected for his or her age. In other cases, par-
ents may report excessive crying and restlessness both
while the child is awake and asleep. Some children may
show excessive mood swings from lethargy to hyperac-
tivity, whereas others are even-tempered and react appro-
priately. One should ask the parents whether the child is
friendly, outgoing, and sociable, or shy and withdrawn,
particularly in group situations. Parental guidance may
be needed to encourage interactive behavior by the child.
Compliance or problems with obedience, daily activ-
ity level, attention span, sleeping and eating habits, and
special interests and dislikes are revealing information.
Separation from the parents may be a problem for some
children with disability. The parents may be uncomfort-
able to leave the child with relatives or other caretakers.
In this context, it is important to point out the need and
possible approaches to foster the child’s independence.

EDUCATIONAL AND SOCIAL HISTORY

Very young children may be enrolled in an early interven-
tion program, either home- or center-based. Frequency,
length of sessions, components of training, the child’s tol-
erance and cooperation in the program, and its effective-
ness, as perceived by the parents, should be clarified. The
same applies when the slightly older child attends a pre-
school program. In school-age children, information about
the type of class—mainstream, integrated, or special edu-
cation—is important. Academic expectations are different
in each of these educational pathways and should be
taken into consideration when report card grades are
interpreted. Individualized Education Program (IEP)
meetings and environmental accommodations are other
pertinent details. The child may have special interests and
strengths that should be further developed or difficulties
in certain subjects, which may require additional help and
adjustment of the IEP. Review of educational status is a
consistent part of follow-up visits, and assistance should
be offered when problems arise, including cognitive and
neuropsychological testing.

Opportunities to meet and play with other chil-
dren in addition to school or home contacts, visits and
sleepovers with friends, and participation in various
recreational activities are formative experiences that pre-
pare all youngsters for social functioning and adulthood.
Asking the parents to describe the child’s daily schedule,
including regular and occasional activities on weekdays
and weekends, yields a valuable insight into these aspects
of the entire family’s lifestyle. Time spent in school, ther-
apy, homework, play, and leisure activities with family
members, friends, or alone should be noted. Housing,
employment of the parents, siblings and their ages, and
social support of the family provide further understand-
ing of the physical and social environment. Some families
with a disabled child experience social isolation. Infor-
mation about or referral to community resources may be
helpful for many families. This may include recreational
and sports training and teams, theater, music, and social
outings.

FAMILY HISTORY

In motor or other developmental disabilities, a detailed
family history must be obtained to explore the possibility
of a genetic disease. Health and function of the parents,
siblings, and other family members on the maternal and
paternal sides should be explored through several preced-
ing generations. One should ask specifically whether there
are other children in the family with developmental delay
or adults with known motor disability, limb deficiency, or
other malformations. Historical information is at times
incomplete until further questioning brings to light addi-
tional facts. Family albums and pictures of relatives may
be helpful to detect dysmorphic facial or other features.
Consanguinity is an increased risk for genetic disease,
especially diseases with an autosomal recessive inheri-
tance pattern. In some autosomal-dominant conditions,
mild variants of a disease may be missed until a thorough
investigation of suspected family members is carried out,
including congenital myotonic dystrophy and facioscapu-
lohumeral dystrophy. In X-linked conditions, affected
males typically have a maternal familial history. Diseases
with multifactorial inheritance, such as spina bifida, are
complex, and may or may not have a known familial his-
tory (2,8). Referral for genetic workup is necessary when-
ever there is the possibility of a genetic condition. Pregnant
mothers of affected children should be referred for genetic
counseling. Prenatal diagnostic testing is available.

STUDIES

Radiographic imaging is useful for a variety of children.
For those with bone abnormalities, plain films will be
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helpful. For those with brain involvement, computed
tomography (CT) and MRI may add to the diagnostic
specificity. Electrodiagnostic testing is helpful in those
with brachial plexus palsy or other nerve or muscle
lesions. Electrodiagnosis is used less as genetic evalua-
tions become much more specific for muscle and nerve
diseases. Chromosomal and DNA testing are available
for many diagnoses. Prenatal chromosomal testing, fetal
DNA from the maternal bloodstream, newborn screen-
ing, and carrier screening are all available, with advances
in techniques continuing.

EXAMINATION

This chapter provides only general guidelines for the for-
mat and structure of the pediatric rehabilitation examina-
tion at different ages. Specific details of diagnostic signs
and interpretation of findings are discussed in subsequent
chapters about different disabilities.

OBSERVATION

The examination begins as soon as the family and child
enter the examination room, before the child is actually
touched or asked to perform. Sometimes, it may be the
most informative phase of the examination. Specific
behaviors to observe and note include reaction to sep-
aration from the parents (especially in young children);
apparent visual and auditory awareness; temperament
(calm or hyperactive, compliant, or challenging); sponta-
neous exploration and interest in toys, games, or books in
the room; style, concentration, attention span, or distract-
ibility during play; level and manner of motor activities;
attempts to engage the parents and the examiner in con-
versation, vocabulary, complexity of language, and qual-
ity of speech; and interaction with parents or examiner
(appropriate, shy, or demanding). Observations of the
parents’ response and their way of handling the child’s
behavior are also revealing.

EXAMINATION BY AGE

For infants and young children, the examiner must create
an atmosphere of trust. Friendly advances during history
taking or while the child is at play allay initial fears and
anxiety. At this age, most, if not all, of the examination
can be accomplished with the child in the parent’s lap if
the child remains fearful. Interactive play in this phase
of the examination can incorporate developmental test-
ing by offering toys for grasping or raisins to test pincer
grasp. Blowing bubbles makes most youngsters comfort-
able and happy, and one can assess their visual motor

coordination as they reach to pop them. Balls are also
extremely versatile and nonthreatening items to engage
a child in his or her exam in a variety of ways. Hearing,
vision, cranial nerves, and postural abnormalities also
can be observed.

As the parent gradually undresses the child, gentle
touch and tickling or funny sounds with a smile help to
maintain relaxation and to facilitate hands-on examina-
tion. Inspection and palpation of body parts and gentle
movements to examine tone are performed at this point.
The examiner should be prepared to improvise if the
child shows increasing anxiety.

The actual hands-on examination, consisting of
bodily handling and manipulation, is the last stage;
anxiety-provoking or painful tests are deferred to the
end. If the examination requires placement of the child
on a table, the parent can sit at the end and let the child’s
head rest on his or her lap. With anxious children, per-
formance of gross motor activities, such as sitting, crawl-
ing, standing, or walking, also can be conducted with
the family’s help. One should note the quality of move-
ments, postures, weakness, incoordination, asymmetry,
or reflex abnormalities that reflect a motor deficit. Range
of motion, deep tendon reflexes, or primitive reflexes that
need physical manipulation should be examined after
evaluation of active mobility. Tests that require instru-
mentation, such as sensation, fundoscopy, otoscopy, and
oral function, conclude the examination.

Giving choices involves the preschool child in
the examination. For example, the examiner may ask,
“Should we look at your arm or leg first?” On the other
hand, questions such as “Can I look at your arm?” should
be avoided because if the child says “no,” confrontation
results. Parents can often bring out many capabilities of
their children without the examiner touching them.

SCHOOL-AGE AND ADOLESCENT PATIENTS

The customary method of systematic medical examina-
tion is applicable. Children with cognitive deficit need to
be approached according to their cognitive rather than
chronological age. Children in this age group, particu-
larly adolescents, are usually embarrassed about walking
in underwear in front of their parents. Shorts or a bath-
ing suit is more acceptable. Adolescents may be seen with
and without their parents. Their concerns may be differ-
ent from those of the family and should be addressed
with respect for their privacy.

The scope of the examination is expanded to reflect the
growing child’s increasing functional needs in activities of
daily living (ADLs) and other areas of competence. A com-
prehensive examination includes screening in educational
achievements, reading, writing, and arithmetic. Formal
psychological or psychoeducational testing follows in case
of deficits.
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GROWTH

Parameters of physical growth should be routinely mea-
sured on each visit and plotted on the standard growth
chart. Height and weight are obtained at all ages, and
head circumference is measured in children under 3 years
and thereafter in children with deviations. Serial monitor-
ing is necessary in hydrocephalus, regardless of etiology,
and microcephaly, which reflects defective brain growth.
In spina bifida and other disabilities that require full-time
wheelchair use, arm span measurement is recommended
instead of height (8). Extremity length and girth are
recorded in children with localized growth disturbance
due to neurogenic weakness, epiphyseal fracture, or
arthritis. In growth disturbances that involve one side
of the body, one must determine whether the condition
represents hemihypertrophy or hemiatrophy. Hemihy-
pertrophy unrelated to neurologic causes requires inves-
tigation for renal tumor.

INSPECTION

General appearance and special features may help to
establish a diagnostic entity. Dysmorphic facial features,
epicanthal folds, increased intercanthal distance, exter-
nal ear anomalies, and malformations of the toes or fin-
gers suggest a prenatal disorder, possibly teratogenic or
genetic, and at times, an identifiable syndrome (12). Blue
sclerae are a sign of osteogenesis imperfecta. Asymmet-
ric facial and palpebral fissures and pupils may indicate
facial palsy or Horner's syndrome, whereas craniofacial
asymmetry and vertical strabismus may be present in
torticollis. Dolichocephaly is typical in premature infants
and children. A bald spot or area of short, thinning hair
over the posterior skull is commonly a sign of weak neck
muscles, most likely associated with generalized weak-
ness, and may also be seen with torticollis. Extraocular,
facial, and tongue muscle weakness may represent cra-
nial nerve dysfunction, myopathy, or other neurologic
disease. Involuntary eye movements and nystagmus are
noted in cerebellar or other CNS disorders.

The skin should be inspected for telangiectasias,
nevi, or other lesions. Café au lait spots or pigmented
skin areas are seen in neurofibromatosis. In children with
ataxia, telangiectasias may be seen over the flexor surface
of the knees and elbows. Malar rash suggests a rheu-
matic disease. The combination of adenomatous rash, sei-
zures, and hemiplegia is seen in tuberous sclerosis. Hairy
patches, dimples, or other skin lesions over the spine are
frequent signs of spina bifida occulta (8). A small sinus,
dermal tract, or pilonidal cyst in the gluteal crease also
may accompany occult spina bifida. Sudden weakness
in such cases may indicate an infection penetrating into
the spinal canal or a neurologic complication related to
underlying malformation in or around the spinal cord. In

children with sensory deficit, the involved area must be
routinely examined for skin lesions, pressure abrasions,
ulcerations, and infections. Foot deformities, varus or
valgus deformity, or claw toes lead to abnormal weight
distribution and callus formation consistent with the
pathologic posture. Calluses over the dorsum of the feet
and knees, the so-called “housemaid’s knee,” develop in
older children whose preferred mode of locomotion is
crawling. Multiple scars, bruises, and abrasions in vari-
ous stages of healing may indicate frequent falls or child
abuse/nonaccidental trauma (NAT).

Asymmetry in the size of skeletal muscles should
be noted in terms of location and distribution. Anterior
axillary and upper chest muscle atrophy may represent
absent pectoralis muscle or atrophy due to a brachial
plexus injury. Congenital clubfeet or multiple joint defor-
mities are manifestations of prenatal muscle weakness due
to spina bifida, arthrogryposis, or myotonic dystrophy,
other muscle diseases, or may be idiopathic. A hypertro-
phic, “muscle-bound” appearance is a sign of myotonic
dystrophy. Deformed, fusiform, dimpled joints may be
seen in arthrogryposis. Lower extremity joint positions
reflect the distribution of muscle weakness in newborns
with spina bifida. Pseudohypertrophy of the calf muscles
is an early sign of Duchenne muscular dystrophy. Sym-
metrical, well-developed musculature of the shoulder
girdles and upper extremities is a convincing indication
of functional crutch walking or effective wheelchair loco-
motion. An enlarged limb with bruit detectable by palpa-
tion or auscultation may signal an arteriovenous shunt
and increased blood flow in the extremity.

Flaring of the ribs, or the so-called bell-shaped
chest, suggests ineffective intercostal muscle function
in children with motor unit disease or high spinal cord
dysfunction. In scoliosis, the thoracic cage may develop
asymmetry.

PALPATION

In infants and young children, the fontanelles and cra-
nial sutures should be palpated for patency, tension,
and size with the child in sitting position and while the
child is quiet and not crying. A tense fontanelle in a vig-
orously crying child does not necessarily mean increased
intracranial pressure. In the case of ventriculoperitoneal
shunt, the reservoir may be checked for ease of emptying
and speed of refill. Skin should be felt for texture, tem-
perature, and absent or excessive perspiration. Pseudo-
motor paralysis in spinal cord injury eliminates sweating
below the level of the lesion, and compensatory excessive
perspiration occurs above the level of the lesion with
high environmental temperature. Vasomotor dysfunction
with coldness to touch and paleness or slight cyanosis of
the skin may be present in severe upper motor neuron
impairment. It is seen in the lower extremities of some
children with cerebral palsy. Subcutaneous abnormalities
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may be palpable, such as hard calcific deposits in derma-
tomyositis or neurofibromatous nodules along the course
of peripheral nerves. When arthritis is suspected, each
joint should be felt for the cardinal signs of inflammation,
warmth, discomfort, and swelling due to synovial thick-
ening and effusion.

Much can be learned from palpation of muscles.
Tone and bulk are reduced in lower motor neuron paral-
ysis; in long-standing denervation, the muscle tissue feels
less resilient and fibrotic. The pseudohypertrophic calf
muscles in Duchenne muscular dystrophy have a typical
rubbery, doughy, hard consistency. A fibrotic nodule may
be palpable in the sternocleidomastoid muscle in con-
genital torticollis. In an infant who has an isolated knee
extension contracture, a palpable nodule in the quadri-
ceps indicates fibrotic muscle changes at the site of previ-
ous repeated intramuscular injections. Localized pain and
swelling accompany injuries to soft tissue or bone. Osteo-
porotic fractures in lower motor neuron lesions with sen-
sory deficit show swelling but are painless. Tenderness in
multiple muscle groups with weakness, fatigue, or skin
rash is suspicious for myositis due to collagen disease or
parasitic or viral infections.

ORGAN SYSTEMS

Although the primary health care of children with dis-
abilities remains the responsibility of the pediatrician, the
pediatric physiatrist should perform a selective general
physical examination. The emphasis is placed on organ
systems that are at increased risk in certain handicaps
and may affect both overall health and successful reha-
bilitation.

Vital signs, including blood pressure and heart rate,
are obtained in all patients. In myopathies and colla-
gen diseases, cardiac auscultation should be performed
because of the possibility of associated heart disease. In
a child with developmental delay, the presence of a heart
murmur may suggest an undiagnosed syndrome. Blood
pressure monitoring is particularly important in spinal
cord injury, neurogenic bladder, Guillain-Barré syn-
drome, and residual poliomyelitis, as well as in children
receiving stimulant medications.

In disabilities that cause ineffective ventilation and
involve the risk of minor aspirations, auscultation of the
lungs may be revealing. Myopathies, thoracic spinal cord
dysfunction due to injury or malformation, severe spastic
quadriparetic cerebral palsy, and any disability with oral
motor dysfunction are such indications.

Abdominal and rectal examinations are essential in
children with neurogenic bladder and bowel dysfunction
to evaluate bladder distention, bowel or rectal impaction,
and anal sphincter tone. Stool consistency, intermittent
or continuous bladder incontinence, and gross appear-
ance and microscopic examination of the urine should
be noted. Umbilical movements in response to eliciting

superficial abdominal reflexes help to delineate the spi-
nal cord level in thoracic lesions. Absent abdominal mus-
cles result in loose skin folds resembling a prune; seen in
prune-belly syndrome.

NEUROMUSCULAR SYSTEM

Examination of neuromuscular function consists of test-
ing reflexes, tone, active motion, strength, and coordina-
tion. Limited understanding and cooperation in infants
and young children requires adaptation of traditional
methods of testing. After 4 to 5 years of age, the standard
examination is generally applicable.

In infancy, reflex testing includes age-appropriate
responses that reflect early immaturity and subsequent
maturation of the CNS. In newborns and young infants,
state of alertness, activity, and comfort influence muscle
tone (13-16). If the baby is anxious, upset, restless, or cry-
ing, this part of the examination should be postponed.
Valid assessment may require several attempts. In the
first few months of life, flexor tone predominates. Hypo-
tonia or hypertonicity signals neurologic abnormalities.
Increased tone is the symptom of corticospinal or basal
ganglion damage. Myopathy, cerebellar dysfunction, and
lower motor neuron lesions due to anterior horn disease,
neuropathy, or spina bifida all can result in hypotonia.
However, a hypotonic stage usually precedes the appear-
ance of increased tone in anoxic brain damage (17). This
stage of hypotonicity tends to last longer in dyskinetic
cerebral palsy than in spastic types. On passive motion of
hypotonic muscles or extremities, no resistance is felt. The
infant with generalized hypotonia is limp and floppy with
handling and, in severe cases, may feel like a “rag doll”—a
descriptive term for this finding. In hypotonia related to
motor unit disease or lower motor neuron lesion, deep
tendon reflexes are diminished or absent. In contrast, they
are present or increased in floppy infants during the tran-
sient hypotonic phase of CNS damage (17).

Spastic hypertonicity and related postures are influ-
enced by position in space and the effect of gravity. The
child should be examined in supine, prone, and vertical
positions to elicit typical postures. Perhaps the most dra-
matic yet common example of this is the increased hip
adduction into scissoring, extension of the legs, with plan-
tar flexion of the feet when a child with spastic cerebral
palsy is suddenly lifted into vertical suspension. Resis-
tance to both slow and fast stretching of muscle should
be tested to differentiate rigidity from spasticity (18). In
infants and young children, one may use a number of
developmental reflexes to examine active movements
and strength (19). The Moro reflex includes shoulder
abduction followed by forward flexion of the arm. Elicit-
ing palmar or plantar grasp reflexes demonstrates finger
or toe flexor function. Asymmetric responses in the upper
extremities may suggest Erb’s paralysis or hemiplegia.
Unilateral or bilateral absence of protective extension
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response is likewise suggestive of weakness in the respec-
tive extremity. A 4-month-old infant elevates the head and
trunk on extended arms in the prone position. Scapular
winging during this activity is a sign of a weak serratus
anterior muscle (20). In older children, the wheelbarrow
maneuver demonstrates the same finding (20). Lifting
up under the axilla elicits spontaneous active shoulder
depression. When these muscles are weak, the shoulders
slide upward, virtually touching the ears. These signs
suggest proximal weakness, possibly due to myopathy.

Young children often adopt ingenious substitutions
or compensatory movements to cope with weakness of
particular muscles. With weakness of the deltoid, they
may fling the arm forward by momentum or substi-
tute the long head of the biceps for shoulder flexion. In
advanced shoulder and elbow weakness, they may “walk
up” the arm on the torso, using their fingers to get the
hand to the mouth. Combat crawl is a usual way of crawl-
ing in lower extremity paralysis. Deformities around a
joint commonly reflect an imbalance of strength in mus-
cles acting on the joint. The deformity is in the direction
of overpull. Such imbalance may be spastic or paralytic.

Visual observation during performance of functional
activities to detect muscle weakness should consider the
child’s age and the achievements expected for the child’s
developmental stage. Walking on tiptoes, squatting and
rising without using the arms for assistance, and straight
sitting up from the supine position without rolling to the
prone position or to the side are mastered by children
around 3 years of age (21). Thus, the inability of younger
children to perform these activities in a mature pattern
should not be interpreted as weakness of the plantar
flexors, hip and knee extensors, or abdominal muscles.
Testing for Trendelenburg’s sign and grading the triceps
surae by having the child rise on the toes of one leg must
be deferred until 4 years of age, when children develop
adequate balance.

The standard technique of manual muscle testing
can be used after school age, except in children who have
serious behavioral problems or cognitive impairment
(22-25). The customary grading system of scores from 0 to
5 or 0 to normal is used. Above fair grade, the wide range
of normal variations in growth patterns should be con-
sidered in judging good versus normal strength. Because
children are adept in using substitution for movement,
the examiner must pay special attention and adhere to
precise technical conduct of testing individual muscles.
Side-by-side comparison may detect even mild neuro-
logic weakness, although disuse atrophy or mild bilateral
neurologic weakness may escape detection. Quantitative
strength determination with comparison of both sides is
helpful to demonstrate unilateral disuse atrophy in such
strong muscles as the quadriceps. This determination
is particularly advisable in teenage athletes after knee
injury. Resumption of training for competition before vir-
tually equal bilateral quadriceps strength is regained pre-
disposes them to recurrent injuries. Testing of strength in

upper motor neuron lesions requires the well-known con-
siderations for position in space and orientation of head
and major joints, which may affect recruitment of motor
units and produce synergistic movement patterns.

A common sign of central movement disorders is
impaired coordination. Proprioceptive sensory loss or
parietal lobe syndrome may contribute to incoordination.
Movement abnormalities associated with cerebellar dys-
function, basal ganglion disease, dyskinetic disorders, or
spastic incoordination present with specific distinguish-
ing signs. The detection of a coordination deficit is based
mostly on observation of gross and fine motor function
in children less than 2 to 3 years of age. Concurrent mild
delay of motor development is not unusual. After 3 years
of age, the examination becomes more specific for test-
ing the quality of performance in complex and more
advanced developmental skills. Around 3 years of age,
the child can walk along a straight line, unsteadily plac-
ing one foot in front of the other. In comparison, facility
at tandem walking at 5 years of age is a good illustra-
tion of continuing refinement of motor skills with age.
The pediatric physiatrist may be asked to evaluate the
appropriateness of coordination in children without an
overt physical disability (26). Clumsiness of handwriting
and drawing, difficulties in physical education or sports,
and other subtle signs may be present. Such children may
have a motor incompetence of apraxic nature, sometimes
related to visuomotor perceptual deficit (27). It also may
be associated with learning and behavioral dysfunction.
A number of tests are available for examining motor pro-
ficiency and dexterity in children without physical dis-
ability (28,29). Tasks to evaluate youngsters with minor
neurologic dysfunction include imitation of gestures (30),
hopping (31), handclapping (32), and pegboard perfor-
mance (33,34).

MUSCULOSKELETAL SYSTEM

Examination of the musculoskeletal system includes
inspection and palpation of bones and soft tissues, mea-
surement of active and passive joint range of motion, and
assessment of stance and gait (35-38). It is complementary
to neuromuscular assessment. As in previous parts of this
chapter, only developmental variations are discussed.
Bone configuration and joint mobility change during
the growing years (39,40). Full-term infants may lack as
much as 25 degrees of elbow extension because of pre-
dominant flexor tone. In contrast, joint hyperextensibility
and hypotonia allow increased passive motion in preterm
infants. The scarf sign is a good illustration of excessive
joint mobility in premature babies. Holding the infant’s
hand, the examiner draws one arm across the chest, like
a scarf, toward the contralateral shoulder. In premature
infants, the elbow crosses the midline, indicating hypo-
tonic laxity of the shoulder and elbow joints. Full-term
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neonates have incomplete hip extension with an average
limitation of 30 degrees as a result of early flexor tone pre-
dominance (39,40). The limitation decreases to less than
10 degrees by 3 to 6 months. At birth and during early
infancy, hip external rotation exceeds internal rotation
(39,41). With the resolution of early hip flexion attitude,
internal rotation gradually increases. Differences between
bilateral hip abduction, apparent shortening of one leg,
and asymmetric gluteal and upper thigh skin folds are
highly suggestive of congenital or acquired hip dysplasia
or dislocation (40). Alignment of the femoral neck in neo-
nates is consistent with prenatal coxa valga and increased
anteversion. Femoral inclination is 160 degrees, and the
angle of anteversion is 60 degrees. Respective adult mea-
surements of 125 and 10 to 20 degrees develop postna-
tally and are accelerated by weight-bearing.

Persistent fetal configuration in nonambulatory
children with physical disabilities enhances the effect of
neurogenic muscle imbalance on the hip joint and con-
tributes to acquired hip dislocation in spina bifida and
cerebral palsy. The popliteal angle is 180 degrees in the
hypotonic preterm infant, compared with 90 degrees in
full-term neonates. A combination of increased flexor
tone and retroversion of the proximal tibia causes this
limitation of knee extension in mature newborns. By 10
years, tibial retroversion resolves spontaneously. An early
varus configuration of the tibia contributes to the physio-
logic bowleg appearance in infancy and corrects itself by
2 to 3 years of age. A systematic review of skeletal devel-
opment, with examination of the spine and extremities, is
presented in Chapter 10.

Normal variations of stance and gait should not be
mistaken for pathology in the growing child (37,42,43).
Gait abnormalities evident on clinical observation include
asymmetric stride length and stance phase in hemipare-
sis; toe walking and scissoring with lower extremity spas-
ticity; crouch posture and gait in diplegic cerebral palsy;
Trendelenburg’s gait in motor unit diseases and hip dis-
location; gastrocnemius limp with lack of pushoff in L4
to L5 weakness due to spina bifida; and various types of
gait deviations associated with involuntary movements,
such as ataxia, tremor, or dyskinesias, in dysfunction of
the CNS.

SENSORY EXAMINATION

A complete examination of all peripheral sensory modal-
ities is possible only in older children (44). Neverthe-
less, some modalities can be tested in infants and young
children, and provide significant information. An infant
who cries and squirms to move away from pinprick obvi-
ously perceives pain (45). A sleepy infant may be slow
to respond and requires repeated stimuli. Withdrawal of
the leg from painful stimuli may represent the triple flex-
ion spinal withdrawal reflex in thoracic spinal cord lesion

and should not be mistaken for active movement and
presence of sensation. Comparing the infant’s reaction to
pinprick on the arms or face differentiates actual sensory
perception in such cases. Older infants respond to touch
and vibration by turning toward or moving away from
the stimulus. The presence of superficial reflexes signals
an intact afferent and efferent reflex arc. The neuroseg-
mental levels are T8 to T12 for abdominal reflexes, L1 to
L2 for the cremasteric reflex, and S4 to S5 for the anocu-
taneous reflex. In spina bifida, absence of these reflexes
generally coincides with sensory deficit in the respective
dermatomes. In young children who cannot be tested for
proprioceptive function, ataxia and incoordination may
suggest absence of this sensation. Testing of position
sense is usually reliable by school age.

Cortical sensory function is impaired in parietal lobe
damage (44,46). The most frequent childhood example is
hemiparetic cerebral palsy. Disproportionately poor spon-
taneous function, neglect, and visual monitoring during
use of the arm and hand are suspicious signs. Objective
evaluation is generally feasible after 5 to 6 years of age,
using the same technique as in adults for stereognosis,
two-point discrimination (47), and topognosia with sin-
gle or double sensory stimulation. Testing for graphesthe-
sia may be attempted by using a circle or square. Around
8 years of age, the traditional number identification gives
more accurate information. Cutaneous sensation and pro-
prioception must be intact, and adequate cognitive ability
is a prerequisite for testing cortical sensory function.

The child’s age and ability to cooperate need to be
considered in the examination of special senses. Moving
a bright light or attractive object across the visual field
is used to test vision in infants. At 1 month, the infant
will follow to midline and at 3 months, from side to side
through a 180-degree arc. The Stycar test and the illiter-
ate E chart are used for screening preschool children at
risk for visual deficit (48,49). At an early age, unilateral
impairment or loss of vision and visual field defects, such
as hemianopsia, are more likely to remain undetected
than bilateral deficits. A child with strabismus or suspi-
cion of diminished vision should see an ophthalmologist
as soon as the problems are discovered. Early treatment
with eye patching or corrective lenses is necessary to pre-
vent amblyopia ex anopsia, or suppression amblyopia,
partial loss of vision caused by cortical suppression to
prevent diplopia (50,51). Central dysfunction of visual
attentiveness, discrimination, and information processing
may be misinterpreted as diminished vision and require
both ophthalmologic and neuropsychological investiga-
tion. Cortical visual impairment usually shows improve-
ment over time.

Screening of auditory function is a routine proce-
dure in the neonatal nursery, pediatric office, and school.
The examination of handicapped infants and children also
should include a simple screening of hearing, eliciting
the blink or startle reflex. Responses to handclapping; to
speech of conversational loudness or whisper; perception
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of finger rubbing near the ear; and reaction to tuning fork,
bell, or cricket toy are methods of testing. Absent, lost,
or delayed speech, articulation deficits, inattentiveness to
sound, a history of recurrent otitis media, head injury, or
failure to pass the screening test indicates a need for com-
plete evaluation of auditory function (45,50,52,53).

FUNCTIONAL EVALUATION

The pediatric rehabilitation examination is meaningless
if the physiatrist does not construct from it a coherent
picture of the child’s functional achievements. This eval-
uation both complements and integrates the variety of
information derived from all phases of the examination.

The developmental diagnostic evaluation is a con-
venient, functionally oriented assessment tool for infants
and preschool children (21,54). Language, fine motor
and adaptive skills, gross motor abilities, and personal-
social behavior are the four major areas of function in the
organizational framework of developmental testing. The
same functional domains are considered in the evaluation
of older children and adolescents. However, in these age
groups, the examination includes a wider range of devel-
opmental expectations and abilities to function in school
and society. ADLs and gross mobility skills need to be
assessed in this context. In addition to speech, testing of
language function includes other modes of communica-
tion: reading, writing, spelling, and, if indicated, augmen-
tative communication. Drawing, design construction,
arithmetic problems, and questions about handling hypo-
thetical situations in daily life offer a brief, preliminary
insight into cognitive and learning abilities. A number of
specific assessment instruments were designed for vari-
ous childhood disabilities (55-58). These instruments are
useful functional assessment tools for their designated
conditions and appropriately complement the customary
developmental evaluation.

INFORMING INTERVIEW

Informing the family about the findings of the examina-
tion and their implications is an important responsibility
of the physician. Factual information must be imparted
with a caring attitude. Informing the parents about a
newly established diagnosis should be considered as cri-
sis intervention. A diagnostic label is insufficient without
explanation of its meaning. The parents need to know
the estimated prognosis, including the uncertainties of
early prognostication, particularly in CNS dysfunction,
with the possibility of multiple handicaps. Future needs
in care and functional rehabilitation should be outlined.
One should emphasize the need to avoid focusing on
the physical disability alone and to consider the child’s
developmental and social needs. Effective counseling

and communication skills are essential for establishing a
partnership between the physician and family to ensure
the successful outcome of a comprehensive rehabilitation
program. Information for ongoing support is crucial.
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MEDICAL CARE OF CHILDREN

Children with special health care needs (CSHCN) are a
population who have been or are at risk for a chronic phys-
ical, developmental, behavioral, or emotional condition,
and require health and related services of a type or amount
beyond that required by children generally (1). An esti-
mated 15.1% of children in the United States had a special
health care need in a 2009 to 2010 survey (2). Due to this
high prevalence, primary care providers (PCPs) and pediat-
ric subspecialists are commonly called to care for this group
of children. Routine health maintenance visits are fre-
quently omitted in favor of visits for acute illnesses, which
can result in a failure to discuss routine health care issues,
such as growth and development, immunizations, vision,
hearing, and dental care. Evaluation for acute illnesses in
this population poses unique challenges to care providers
due to the oftentimes extensive past medical and surgical
histories, lengthy lists of medications, and the atypical pre-
sentation of typical childhood illnesses. This chapter will
focus on a discussion of the provision of medical care to
CSHCN using a medical home model, the routine health
maintenance issues for children with disabilities, and the
common acute medical issues that a PCP may be asked to
evaluate in this group of children. Finally, this chapter will
discuss the issue of palliative care for CSHCN.

MEDICAL HOME

The concept of a medical home has long been endorsed
by the American Academy of Pediatrics (AAP) as the
optimal model for the provision of primary care for all
children. The definition of medical home includes six
attributes: (a) a usual place for both acute and preventa-
tive care; (b) a personal nurse or doctor; (c) no difficulty
receiving referrals to subspecialists; (d) appropriate care
coordination; (e) family-centered care; (f) services to pro-
vide for necessary transition to adulthood that improve
treatment adherence, decrease health care disparities, and
access preventive health services (3). These six attributes

WITH DISABILITIES

Susan D. Apkon and Emily Myers

are used to measure the success of state Title V programs
at achieving Healthy People 2020 goals.

Beyond the provision of acute and routine medical
care, the medical home can provide both “vertical links”
within the medical system and “horizontal links” to the
wider community. Within such a network, families should
feel that they have a supportive, effective, informed, and
caring network to rely on to help them meet the acute,
chronic, and often unanticipated problems faced by their
CSHCN.

Families rely on the primary care physician to make
appropriate referrals to and communicate with the mul-
tiple subspecialists who also provide care to many of
these children. It can be of enormous benefit to have a
designated individual in the office or clinic who is able to
coordinate multiple appointments on the same day, thus
lessening the burden of travel for these families. Having
translator services available, as well as written materials
in the family’s primary language, is an additional benefit.

CSHCN often require therapeutic as well as sup-
portive services. Examples of therapeutic services include
home nursing; physical, occupational, or speech therapy;
and in some cases, mental health services. Supportive ser-
vices may include the provision of letters of medical neces-
sity, assistance with transportation, acquisition of durable
medical equipment, provision of information regarding
financial entitlements and respite care, connections to
community support groups, and communication with
schools. Knowledgeable individuals within the medical
home, typically experienced registered nurses and social
workers, should facilitate care coordination. These ser-
vices play a pivotal role in decreasing the care burden on
the family, promoting maximal independence of the child
and enabling full participation in community life.

Unfortunately, approximately one-half of CSHCN
do not have access to a medical home (4). Less than 25%
of children who require supportive and therapeutic ser-
vices have a high-quality medical home (5). Ongoing
advocacy for a medical home is critical to improve family
and patient health outcomes.
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DISABILITY CHARACTERIZATION

The International Classification of Functioning, Disability
and Health, known more commonly as ICFE is a classi-
fication of health and health-related domains. The com-
ponents focus on body function and structure, activity
and participation, and additional information includ-
ing severity and environmental factors. Care providers
should be familiar with standardized tools that capture
the ICF components with a focus on cognitive and learn-
ing, motor, speech-language, and social and adaptive
skills. These assessments are used by medical, educa-
tional, psychological, and therapeutic care providers to
determine and advocate for particular educational and
state supports. The focus on the following dialogue will
be on assessments of motor and speech function.

Speech and language impairment can dramatically
affect an individual’s ability to communicate his or her
wants and needs. Characterization of speech and lan-
guage impairment provides means to tailor therapeutic
programs and supports to meet an individual’s needs.
Table 2.1 lists some commonly used tools utilized by
speech-language pathologists to measure the different
components of these skills.

Motor skills have a significant impact on early
childhood development, as early social and cognitive
development partially depends on an individual’s ability
to explore his or her environment. Later, motor develop-
ment can impact adaptive and social function. Assessing
these functions in all individuals with disabilities and a
therapeutic program focusing on the limitations optimize
developmental and psychosocial outcomes. Table 2.2 lists
common pediatric assessment and categorization tools
for individuals at risk for disability.

ROUTINE HEALTH MAINTENANCE

CSHCN need to see physicians more frequently, and have
seven times the number of nonphysician visits than typ-
ically developing children (6). For this diverse group of

TABLE 2.1 COMMON MEASURES OF SPEECH AND LANGUAGE

individuals, acute care concerns often distract PCPs and
caregivers during these health surveillance visits. The
PCP must ensure that routine health care needs are being
addressed. The following are examples of health care top-
ics that should be addressed during routine visits.

Care Notebooks are very helpful in the ongoing
management of children with multiple and complex
medical needs, and should be reviewed and updated at
routine visits. The AAP provides specialized forms for
families and medical personnel to build a Care Notebook.
Care Notebooks include a child’s medical history, current
medications, past medical complications and their typical
presentations, and a treatment plan based on presenting
signs and symptoms (7). An up-to-date Care Notebook
provides medical providers important information,
allowing for safe and efficient care. Table 2.3 details a list
of commonly used medications that are regularly utilized
among individuals with CSHCN and are frequently listed
in Care Notebooks.

GROWTH AND NUTRITION

Assessment of growth is a fundamental component of the
routine physical examination of children. Length, weight,
and head circumference should be obtained at each
health maintenance visit. Obtaining a weight on a child
who is unable to stand on the office scale is often accom-
plished by having parents hold the child while stepping
on the scale themselves. This is more effective in a smaller
child, but is more difficult in a larger child or one with
severe spasticity or hypotonia. It is recommended that an
office that cares for large numbers of children who are
nonambulatory obtain a wheelchair scale, which allows
the child to be weighed easily in his or her own wheel-
chair. Assessment of the length of a child is also problem-
atic when the ability to stand is limited. Use of arm span
as a substitution for height may be an acceptable option.
Alternatives to standing height also include individual
measurements of lower extremity segments when signif-
icant joint contractures are present. To obtain segmental
measurements, the child is placed in the supine position

Clinical Evaluation of Language Fundamentals,
Fifth Edition (CELF-5) (63)

Comprehensive Assessment of Spoken
Language (CASL) (64)

Peabody Picture Vocabulary Test, Fourth
Edition (PPVT-4) (65)

Preschool Language Scale (PLS-5) (66)

Expressive and Receptive Syntax,
Semantics, Morphology

Expressive and Receptive Syntax,
Semantics, Morphology, Pragmatics

Receptive Vocabulary

Receptive and Expressive Language

Used for age range 5 to 21 years

Used for age range 3 to 21 years

Used from 2 years 6 months to

adulthood

For use from birth to 7 years
11 months
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TABLE 2.2 COMMON MEASURES OF MOTOR FUNCTION

INSTRUMENT

DESCRIPTION

COMMENTS

Gross Motor Function Classification
System (GMFCS) (67)

Alberta Infant Motor Scale (AIMS)
(68)

Manual Ability Classification System
(MACS) (69)

Beery-Buktenica Developmental Test
of Visual-Motor Integration, Fifth
Edition (BEERY VMI) (70)

Bayley Scales of Infant and Toddler
Development, Third Edition (71)

Bruininks-Oseretsky Test of Motor
Proficiency (BOT-2) (72)

Peabody Developmental Motor
Scales (PDMS) (73)

Motor Assessment of Infants
(MAI) (74)

Measures self-initiated movement status of
individuals with cerebral palsy

Designed to monitor and identify infants with
gross motor delay

Describes how children with cerebral palsy
use their hands to handle objects in their
daily activities

Screen for visual-motor deficits

Cognitive, language, motor, social-emotional,
and adaptive development measured

Norm reference test of motor abilities

Measures both gross and fine motor skills

Measures muscle tone, primitive reflexes,
automatic reactions, and volitional
movements of infants who had been treated

Most useful for individuals between
2 years and 18 years of age
Focus on functional limitations

Useful for infants from birth to
18 months

Used for individuals 4 to 18 years

Used for individuals 2 years through
adulthood

Used for children 1 to 42 months
For children 4 to 21 years
Used for children from birth to

83 months of age

Utilized in the first year of life

in the neonatal care unit

on the examination table and the assessment is done by
adding all of the measurements obtained from the head to
pelvis, the pelvis to knees, and knees to feet. Use of knee
height has also been used as another means of monitoring
a child’s growth (8-10).

Plotting a child’s anthropometric data on a growth
chart allows the PCP to track his or her nutritional status.
A weight-to-length ratio below the fifth percentile may
represent failure to thrive. However, growth velocity is
the more important piece of information. Many children
with disabilities will be below the fifth percentile for their
age, but as long as their weight and length increase in
parallel to a normal curve, growth may be appropriate.
A child’s age should be corrected for prematurity until
2 years of age. One must remember that some CSHCN
have short stature as part of their disease process or syn-
drome. Special growth charts are available for children
with Down syndrome (11), Turner syndrome (12), achon-
droplasia, arthrogryposis-amyoplasia, Marfan syn-
drome, Noonan syndrome, Prader-Willi syndrome, and
Williams syndrome.

A nutritional assessment should be completed
during routine health maintenance visits. When there is
concern about a child’s growth, a more careful investiga-
tion into the food intake is necessary. The amount, variety,
and consistency of food eaten may provide the examiner
with information regarding the caloric intake of the child.

Assessment of possible nutritional deficiencies may pro-
vide useful information about general health. Following
serum ferritin, vitamin D, and essential elements can be
very important in individuals with developmental dis-
abilities. The amount of food eaten is important, but the
amount of time it takes a child to complete a meal is also
essential. It is not unusual for a child with severe cere-
bral palsy (CP) or an infant with spinal muscular atrophy
(SMA) to eat a meal over a prolonged period. The amount
of energy to consume a meal may be significant. An
assessment of oral motor function during eating should be
performed at health supervision visits if there is a concern
for feeding problems. Prevalence estimates suggest that
80% to 90% of individuals with developmental disabili-
ties will experience dysphagia during their lifetime (13).
Signs and symptoms of feeding problems include cough-
ing or choking while eating, a wet vocal quality during or
after the meal, poor sucking, gagging easily, and vomiting
after a meal. A referral to a comprehensive feeding clinic
should be considered if there is a concern about the weight
of the child, or his or her safety while eating. An interdis-
ciplinary clinic may include an occupational and speech
therapist, nutritionist, gastroenterologist, and/or devel-
opmental or rehabilitation physician. Assessments used
to evaluate feeding in this population include behavioral
feeding examinations, oral motor feeding observations,
and video fluoroscopic swallow studies.
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TABLE 2.3 COMMON PHARMACOLOGIC THERAPIES FOR CHILDREN WITH SPECIAL HEALTH CARE NEEDS

MEDICATION (BRAND NAME)

INDICATION (MECHANISM OF ACTION)

CONSIDERATIONS

Polyethylene glycol (Miralax)

Docusate (Colace)
Sodium phosphate enema
(Fleets Enema)
Odansetron

Omeprazole (Prilosec)

Lansoprazole (Prevacid)

Ranitidine (Zantac)

Famotidine (Pepcid)

Metoclopramide (Reglan)

Erythromycin

Levetiracetam (Keppra)

Valproic Acid (Depakote)

Oxcarbazepine (Trileptal)

Phenobarbital

Topiramate (Topamax)

Gabapentin (Neurontin)

Melatonin

Trazodone

Constipation (osmotic laxative)

Constipation (surfactant laxative; stool
softener)

Constipation (saline enema)

Nausea (5HT, receptor antagonist)

Gastroesophageal reflux (proton pump
inhibitor)

Gastroesophageal reflux (proton pump
inhibitor)

Gastroesophageal reflux (histamine
type 2 receptor antagonist)

Gastroesophageal reflux (histamine
type 2 receptor antagonist)
Gastroparesis (prokinetic agent)
Macrolide antibiotic (prokinetic agent

Antiepileptic

Antiepileptic

Antiepileptic

Antiepileptic, barbiturate

Anticonvulsant

Antiepileptic, therapy for neuropathic
pain

Sleep initiation agent

Antidepressant, serotonin reuptake
inhibitor/antagonist, sleep adjunctive
agent

Can cause diarrhea, bloating, cramping

Can cause diarrhea, bloating, cramping

Can cause dizziness, rectal trauma, electrolyte
disturbances

Can be sedating

Give prior to meal on an empty stomach

Give prior to meal on an empty stomach

Food does not interfere with absorption

Food may increase bioavailability of
medication

Extrapyramidal symptoms more common in
children

Limited data available

Metabolized in blood, metabolites renally
excreted, lots of drug interactions, behavioral
problems reported

Hepatotoxicity is the major side effect (is a
substrate, inhibitor, and inducer of many liver
enzyme pathways), also should be avoided in
pregnancy

Induces CYP3A4 liver enzyme, many
drug interactions, metabolized by liver,
hyponatremia reported and should be
monitored

Interacts with many liver enzymes, is
hepatotoxic, can get tolerant over time, very
sedating

Used for infantile spasms, seizures,
and migraines, metabolic acidosis and
nephrolithiasis reported

Metabolism unknown, many drug interactions

Occasionally can see paradoxically activating
side effects

Limited data available but used frequently
in children with developmental disabilities,
important side effect is priapism
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IMMUNIZATIONS

Routine immunization against childhood diseases is rec-
ommended for all children with disabilities. The most
current schedule can be obtained through the Centers for
Disease Control and Prevention (CDC) and is approved
by the AAP and American Academy of Family Physicians
(14). Although children with disabilities are not neces-
sarily at higher risk for contracting childhood infections,
they may have greater morbidity and mortality when
ill. Administration of diphtheria, tetanus, and pertussis
(DTaP) and measles, mumps, and rubella (MMR) vac-
cines to children with a personal or family history of sei-
zures is controversial as these vaccines can increase the
risk of seizures (15). The seizures are typically short in
duration, generalized, self-limited, and associated with
a fever. Because the pertussis immunization is given
during infancy, the onset of a seizure after the vaccine
can be confusing. It is recommended that the DTaP vac-
cine be delayed until a complete neurologic evaluation
is completed and the cause of the seizure determined.
Conversely, the MMR vaccine should not be withheld
because it is typically first given after the onset of infan-
tile seizures and the etiology of the seizure is generally
already known.

Special attention should be given to children who
are immunocompromised. Children with physical dis-
abilities, such as those with rheumatologic diseases and
Duchenne muscular dystrophy (DMD) who are on chronic
corticosteroids, are included in this special population.
In general, it is not recommended that children who are
immunocompromised from corticosteroid use receive
live bacterial or viral vaccines. Although definitive guide-
lines do not exist, the current Red Book recommendation
is that children receiving high doses of systemic cortico-
steroids given daily or on alternative days for more than
14 days not receive live-virus vaccines until 1 month after
the discontinuation of the medications. High-dose corti-
costeroids are defined as dosages greater than 2 mg/kg
per day or greater than 20 mg/day if the child weighs
more than 10 kg. In the case of DMD, it is recommended
that children receive all of their immunizations prior to
the initiation of corticosteroids (16).

Immunization against influenza of CSHCN, fami-
lies, and medical providers on a yearly basis decreases the
potential devastating morbidity and mortality associated
with this virus. Influenza immunization of all high-risk
children older than 6 months of age and their close contacts
should be strongly encouraged each fall (17). Children
who are high risk include those with recurrent pneumo-
nias or upper respiratory infections, and those with CP
and neuromuscular diseases such as SMA, congenital
myopathies, and muscular dystrophies. Chemoprophy-
laxis during an influenza outbreak is also recommended
to decrease the duration the child is infectious. Children
who may have increased risk from complications due to

pneumococcal disease should receive the pneumococcal
conjugate and/or polysaccharide vaccine (15). Children
born prematurely or having certain cardiopulmonary dis-
eases often qualify for respiratory syncytial virus (RSV)
prophylaxis (15).

Among the general community, concern remains
regarding risk of vaccines causing other developmental
difficulties including autism spectrum disorder (ASD).
Though there is no evidence to support these concerns,
families continue to decline immunizations for their chil-
dren. It is very important for providers to document fam-
ilies” concerns and attempt to sensitively counsel them
regarding the state of the medical evidence and the risks
posed to children and communities that do not immunize.

DENTAL CARE

Tooth decay is one of the most common diseases of child-
hood (18). Almost 80% of CSHCN in the United States
are reported to need dental care (19), and as few as 10%
of dentists report that they serve this population (20).
Tooth decay and poor dental hygiene in children with
disabilities are related to swallowing problems, drool-
ing, and gastroesophageal (GE) reflux. Many medications
are given with sweeteners to increase palatability, and
increase risk of tooth decay; others cause gingival hyper-
plasia (eg, phenytoin) or decrease saliva production.
Routine dental care of a child or adolescent with severe
developmental disabilities may be challenging for par-
ents and caregivers due to an oral aversion, a tonic bite
reflex, or the inability of the child to follow instructions
to open his or her mouth. Other daily care activities, such
as administration of multiple medications or respiratory
treatments, may make dental hygiene less of a priority.
Once a child takes over the care of his or her own teeth,
the quality of cleaning may not be optimal because of
cognitive and physical limitations.

Dental health of children with CP compared to chil-
dren with other disabilities is most frequently described
in the literature. The incidence of dental caries in children
with CP is similar to the general population, although the
quality of the caries is different. The size of the carious
lesions is greater than what is seen in typical children
(21-23). Periodontal disease is more prevalent in children
with CP, likely due to the presence of gingival hyperpla-
sia from those receiving phenytoin (24). Malocclusion
and developmental enamel defects were also more com-
mon in children with CP (25-29). Erosion of primary and
permanent teeth has been attributed to chronic GE reflux.
The severity of erosion has been correlated with the dura-
tion of the GE reflux disease, frequency of vomiting, pH
of the acid, and the quality and quantity of saliva (30-33).
Despite the fact that children with CP do not participate
in high-risk activities as frequently as their able-bodied
peers, dental trauma is more common (34,35). These
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injuries, most commonly to the maxillary incisors, are
related to trauma during transfers or falls.

There is little information about dental problems
for children with spina bifida. An important issue that
must be addressed at each visit is to ensure that the den-
tal office or operating room provide a latex-free envi-
ronment (36). Families may need to remind the dentist
and hygienist of the child’s risk for an allergic reaction
to latex. Latex-free gloves must be available to reduce
the risk of an allergic reaction. Boys with DMD can have
malocclusion with anterior and posterior open bites,
which are associated with lip incompetence, mouth
breathing, and macroglossia. Deteriorating oral mus-
cle function as the child gets older is associated with
increased plaque and calculus formation and gingival
inflammation, but not necessarily with the presence of
dental caries (37,38). Boys with DMD have a greater risk
of malignant hyperthermia when anesthesia is used for
dental care (39,40).

Routine examinations and cleaning to maintain
optimal dental hygiene should be performed by a den-
tist comfortable in the care of children with special
needs. Some of the dental care may need to be accom-
plished under anesthesia in order to obtain the maxi-
mum benefit. Combining dental procedures with other
necessary procedures, such as a brainstem auditory
evoked response (BAER), local injections with phenol or
botulinum toxin, or certain orthopedic procedures, may
limit the exposure to anesthetic agents. The AAP Pol-
icy Statement on oral health care states that CSHCN be
referred to a dentist as early as 6 months of age and no
later than 6 months after the eruption of their first tooth,
or 12 months of age (whichever comes first) (41). Visits
will provide the dentist with the opportunity to provide
specific education to the family to allow for optimal den-
tal care.

VISION

Vision screening and eye examination should be a com-
ponent of all routine health care visits. The AAP recom-
mends that the evaluation begin in the newborn period
and then at all subsequent visits, with the goal of identi-
fying conditions that might result in visual impairments
or represent serious systemic diseases (42). In the child
with a disability, this is especially important, given the
frequent association of visual disorders with neurologic
diseases. The eye evaluation from birth to 3 years should
include a vision assessment, which is accomplished by
having the infant or young child fix on an object. The
examiner assesses the child’s ability to maintain the fix-
ation and follow the object into different gaze positions,
a skill that by 3 months of age is developmentally appro-
priate. Further evaluations of infants and young children
should also include external inspection of the eye and

lids, pupillary and red reflex examination, and ocular
alignment. Assessment of the child older than 3 years
should also include age-appropriate visual acuity mea-
surements and an attempt at ophthalmoscopy.

Ophthalmologic disorders frequently seen in chil-
dren with CP require very close follow-up with an oph-
thalmologist (43). Annual evaluation for cataracts should
be completed in children with myotonic dystrophy or
those on chronic corticosteroids, such as boys with DMD
or a child with a juvenile rheumatoid arthritis (16,44).
Detailed and accurate documentation of the ophthalmo-
logic examination of a child with spina bifida can be help-
ful when assessing possible ventriculoperitoneal (VP)
shunt malfunctions. For example, a malfunctioning VP
shunt may cause papilledema or changes in extraocular
movements. These are early indications that may mani-
fest prior to more obvious signs, such as headaches, leth-
argy, or vomiting.

The eye examination of a child with a disability is
best performed by a pediatric ophthalmologist due to
the child’s high risk for ophthalmologic problems. The
ophthalmologists have the skill needed to obtain a thor-
ough assessment. A referral to a pediatric ophthalmol-
ogist for specialized tests, such as an electroretinogram
(ERG), may be useful in assisting with the diagnosis
of rare neurologic conditions, such as mitochondrial
diseases.

HEARING

Newborn hearing screening is the standard of care in the
United States. In 1999, the AAP endorsed the implemen-
tation of a universal newborn hearing screening program
(45). Two technologies are used for newborn hearing
screening: BAER and otoacoustic emissions (OAEs).
Periodic reassessments of children with disabilities are
important, since these children are particularly at risk
for hearing impairment, and hearing loss will affect their
developmental skills.

PCPs should pay special attention to children with
specific disabilities, as they are at greater risk for devel-
oping hearing loss. For example, children with Down
syndrome are at increased risk of otitis media and con-
comitant transient conductive hearing loss (46). Children
with congenital cytomegalovirus (CMV), both symp-
tomatic and asymptomatic at birth, are at risk for pro-
gressive and late-onset hearing loss (47). Children with
athetoid CP due to kernicterus have a high incidence of
hearing loss, as do children who have been treated with
ototoxic antibiotics for systemic infections (48,49). Chil-
dren who have been placed on extracorporeal membrane
oxygenation (ECMO) have ongoing risk for hearing loss
and need regular hearing screening. Finally, all children
showing signs of speech or communication difficulties
should have their hearing screened.
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ILLNESSES IN THE PRIMARY CARE OFFICE

Children with disabilities present to PCPs with the same
childhood illnesses as their typically developing peers,
but the presenting signs and symptoms may be quite
different. Medical personnel should be aware of these
differences in order to provide accurate and timely man-
agement. Referring to previous medical records is help-
ful in determining the unique risk factors for a particular
child, and a patient’s Care Notebook is a useful diagnos-
tic tool as well.

The following section reviews specific acute and
chronic medical concerns of CSHCN and strategies for
the PCP to facilitate an appropriate diagnosis and treat-
ment plan. For a more detailed list of commonly used
medications in the primary care setting for treatment of
a multitude of comorbid conditions for children with
developmental disabilities, see Table 2.3.

RESPIRATORY COMPLICATIONS

Drooling

Difficulty in managing oral secretions in children with
disabilities results from poor oral motor control. Parents
may express concern over their child’s drooling, frequent
cough, or increased upper airway congestion. Manage-
ment of drooling can be pharmacologic or surgical. Treat-
ment is recommended when drooling causes significant
skin irritation, social problems, or the child is having
recurrent respiratory infections secondary to poor secre-
tion management (50).

When oral secretions are copious, use of a suction
catheter by caretakers can keep the oral cavity and upper
airway clear. Families should be instructed in the appro-
priate technique of oral cavity suctioning and have a por-
table suction machine that can be used in and out of the
home setting. Use of medications such as glycopyrrolate
or the scopolamine patch can decrease the volume of
secretions. The use of botulinum toxin injections into the
submandibular and parotid glands is being recommended
more frequently for children with CP (51). Surgical liga-
tion of the glands is typically reserved for cases that are
unresponsive to medications. As saliva is very important
in the prevention of dental caries, care must be taken to
maintain sufficient production of saliva to protect tooth
health.

Drooling may indicate that a child is having diffi-
culty with eating, drinking, or swallowing. In a child with
a degenerative neuromuscular disease, such as SMA, the
development of increased drooling or difficulty manag-
ing oral secretions should prompt a further investigation
into his or her feeding status. A referral to a feeding team,
and consideration of a swallow study should be initiated.
Alternative feeding modalities, such as a nasogastric tube

or a gastrostomy tube, may be necessary. Use of medica-
tions to dry secretions in a child with muscle weakness
may be counterproductive, as thicker secretions may be
more difficult to clear.

Respiratory Distress

Children with upper respiratory infections commonly
present to their PCP with fever, increased work of breath-
ing, and tachypnea. The evaluation and treatment of a
child with a disability who presents with these symp-
toms should be similar to a typically developing child.
However, the deterioration may be accelerated, requiring
a rapid diagnosis and initiation of treatment. The assess-
ment should begin with a review of vital signs, includ-
ing pulse oximetry. The physical examination focuses on
assessing the child’s level of alertness, his or her work
of breathing, and a chest examination. Children with
neuromuscular diseases will frequently increase their
respiratory rates in order to maintain oxygen saturation.
Unfortunately, a child can decompensate quickly in this
situation as a result of significant fatigue. Oxygen satu-
rations can be falsely reassuring in the face of hypoven-
tilation.

Diagnostic testing may include pulse oximetry,
chest x-ray, venous or arterial blood gas, sputum culture
looking for a bacterial etiology, and viral studies for iden-
tification of common viruses such as influenza and RSV.
Viral etiologies are the most common causes of upper
respiratory infections in both typically developing chil-
dren and children with disabilities.

Use of antiviral medications should be considered
in children with disabilities because of their high risk
for significant morbidity. Enteral or parenteral antibiot-
ics should be reserved for suspected bacterial etiologies.
Coverage for anaerobic bacteria should be initiated when
aspiration pneumonia is suspected.

A child with a neuromuscular disease, such as SMA
or DMD, may need assistance with secretion mobiliza-
tion and airway clearance. Secretion mobilization can be
addressed with chest percussion or a vibratory vest, skills
that a family should be comfortable performing. Air-
way mobilization can be accomplished with the use of a
cough-assist machine. The in—exsufflator, a commercially
available device that provides a positive pressure breath
followed by a large exhalation, improves peak cough expi-
ratory flow rates (52,53). Children and caregivers should
be familiar with the different techniques and initiating
their use at the first signs of a respiratory illness. When
symptoms increase and evidence of hypoventilation is
present, use of noninvasive and invasive respiratory sup-
port may be necessary. Noninvasive support may include
negative pressure ventilation or positive pressure venti-
lation with bilevel positive airway pressure (BiPaP) (54).
It is important for PCPs to have knowledge of the var-
ious options for respiratory support and to understand
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the family’s wishes on the extent of treatment the family
wants in the case of acute decompensation. Acute events
are less stressful when families and their PCPs have dis-
cussed their wishes while the child is well and prior to
the event.

NEUROLOGIC COMPLICATIONS

Seizure Activity

Children with CP are at increased risk of having seizures
(65). The PCP is frequently asked to evaluate a child who
is having increased seizure activity. Identification of an
intercurrent illness, which may lower the seizure thresh-
old, and a review of adherence to the current medication
regimen are critical questions that must be asked. Obtain-
ing levels of the antiepileptic medication is useful in deter-
mining whether suboptimal levels are the etiology of the
increased seizure activity and there is a subsequent need
to increase the medication dose if levels are low. A recent
increase in weight might trigger the need to adjust the
current dose. A referral for an EEG and consultation with
a pediatric neurologist may be generated if the pattern
of seizures is determined to be changing. Empowering a
family to treat seizure activity with fast acting benzodiaz-
epine in the home setting is an important way to decrease
the need for emergency room visits.

New-onset seizures in a child with a disability
should be evaluated thoroughly. For example, a new sei-
zure in a child with spina bifida and shunted hydroceph-
alus may represent a shunt malfunction with subsequent
worsening hydrocephalus.

Spasticity

The majority of children with CP have spasticity as a com-
ponent of their upper motor neuron disorder. PCPs are
frequently asked to evaluate a child with increasing tone.
The acute onset of increased tone may represent an inter-
current illness, such as an otitis media or a urinary tract
infection, causing pain in a child, which is manifested as
spasticity. The sole presenting signs of an acute fracture of
an extremity in a child who is nonverbal may be increased
tone. A careful assessment of all extremities is necessary
when the diagnosis is unclear. Treatment of the increased
spasticity should focus on treatment of the underlying ill-
ness. Use of antispasticity agents such as diazepam and
baclofen may be a necessary adjunct when tone is mark-
edly increased. Acute withdrawal from a malfunctioning
intrathecal baclofen pump (see the chapter on cerebral
palsy, Chapter 14) may present with increased tone, dia-
phoresis, tachycardia, hypertension, and irritability. The
irritability may be related to the pruritus that is an idio-
syncratic reaction not associated with a rash. PCPs who
care for children with intrathecal baclofen pumps should

be familiar with these common presenting symptoms and
management of the withdrawal from baclofen. Immedi-
ate administration of oral baclofen or intravenous (IV)
diazepam will help decrease the symptoms, but referral
to a center that can evaluate and treat the malfunction is
needed to resolve the problem (56).

Pain

Though there is relatively little literature addressing pain
in children with disabilities, the data reports that indi-
viduals with a wide range of disabilities have increased
risk for pain (57). The etiology of the pain experienced
by individuals with disabilities is as varied as the types
of disabilities themselves. For example, individuals with
CP may have significant pain from muscle spasms or in
the presence of fractures or pressure wounds. Individu-
als with CP also have increased risk of renal and uret-
eral stones when taking certain antiepileptic medications
such as topiramate. Individuals with disabilities more
frequently suffer from constipation and GE reflux, both
of which when chronic can lead to significant discomfort.
Individuals with Down syndrome have increased risk of
middle ear dysfunction and ear infections. Individuals
with disabilities also have increased numbers of neces-
sary medical painful medical procedures.

It is the clinician’s responsibility to assess for pain
at every visit, and to address concerns raised by both the
patient and the caregiver. Evaluation includes a thorough
review of systems pertinent to the complaint, which can
be more difficult in patients who are nonverbal. Consider
thorough otolaryngologic, oral, neurologic, gastrointesti-
nal, musculoskeletal, and urologic causes. Utilize an indi-
vidual’s Care Notebook for prior experiences as a guide
for evaluation and management. People with disabili-
ties are regularly undertreated for pain (57). Treatment
should include management of the underlying problem
as well as appropriate analgesia.

ORTHOPEDIC COMPLICATIONS

Fractures

The incidence of fractures associated with minimal
trauma is increased in children with CP, spina bifida,
and DMD (58). This is related to reduced bone mineral
density secondary to immobilization or limited mobility.
Children with CP or DMD with an acute fracture typi-
cally present with pain and/or irritability. However, chil-
dren with spina bifida or a spinal cord injury may only
present with swelling of the limb due to their lack of sen-
sation. Radiographs should be utilized when swelling of
a limb is present, even when no trauma history is elicited.

Treatment of fractures in children with disabilities
varies, depending on the diagnosis, type, and location of
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the fracture. Casting of a limb in a child may depend on
his or her degree of mobility. A child who is wheelchair-
dependent may not need a surgical procedure but a bulky
splint may be applied to maintain alignment and allow
healing. This is especially true for a child who is insensate,
since a plaster or fiberglass cast may lead to pressure sores.
Prophylactic treatment of reduced bone mineral density in
CSHCN is controversial and should be addressed by a spe-
cialist in disorders of bone metabolism (59).

Reproductive/Sexual Health

Most individuals with developmental disabilities are
able to have children. Thus, caregivers and individuals
with disabilities need appropriate guidance and man-
agement about sexual health, reproductive health, and
pregnancy (60). The benefits of this type of guidance and
education include decreased risk of sexual abuse as well
as improved feelings of autonomy and self-esteem. Edu-
cation in this realm can also reduce the fear and anxiety
that oftentimes accompanies these topics for both indi-
viduals and caregivers. Individuals should have appro-
priate education provided to them regarding sexual and
reproductive health, and it should be described in the
Individualized Education Program (IEP).

For adolescent females with disabilities, menarche
and menstruation can be particularly challenging. Peri-
ods can be very painful and add another level of self-care
skills for the adolescent. In some circumstances, patients
and caregivers may seek elimination of periods. Men-
struation suppression can be achieved by utilizing intra-
uterine devices, progesterone-only injections, and oral
contraceptives if appropriate. Permanent sterilization is
now considered unethical, and should not be pursued.
Gynecologic examinations should be performed in the
most sensitive manner, allowing for the individuals to
be as comfortable as possible. Assent from the adoles-
cent should be obtained if possible, and in severe circum-
stances pharmacologic analgesia and anxiolysis may be
used.

Sleep Health

Individuals with disabilities often present with a wide
variety of concerns regarding sleep, and it is a common
complaint when coming to a clinician’s office. Sleep dis-
turbances not only impact the child but can significantly
disrupt an entire family’s sleep. For example, individuals
with CP and intellectual disability have increased prev-
alence of bruxism, commonly occurring during sleep,
which can lead to family sleep disruption, tooth erosion,
headache, and tooth sensitivity (61). Obstructive sleep
apnea is common among children with developmental
disabilities, particularly those who have abnormal mus-
cle tone or neuromuscular diagnoses. Individuals can
present with behavior problems and irritability. Snoring,

difficulty breathing in sleep, and breath pausing are com-
monly present. Assessment of snoring and breath paus-
ing includes a complete otolaryngologic examination to
assess for adenotonsillar hypertrophy and, commonly, a
sleep study. Individuals may need an adenotonsillectomy,
continuous positive airway pressure (CPAP), or BiPAP.

Individuals with visual impairments and other
developmental disabilities can have circadian sleep dis-
turbances resulting in irregular sleeping patterns. Treat-
ment of sleep disturbances such as these includes strict
adherence to the principles of healthy sleep hygiene,
which include a regular and set bedtime routine, use of
appropriate transitional activities before sleep (reading,
quiet play, bath), and positive reinforcement for appro-
priate bedtime behavior. The best studied pharmacologic
therapy used in children for sleep is melatonin, and is
commonly used for individuals who have difficulty with
sleep initiation.

PALLIATIVE CARE

Primary care for CSHCN may include consideration for
palliative care services. Children who should be referred
for palliative care are those with potentially life-limiting
diseases. This diverse group includes children with diag-
noses of advanced or progressive cancer, neuromuscular
diseases, severe CP, acquired brain injuries, severe cen-
tral nervous system (CNS) malformations, complex and
severe cardiac abnormalities, and chromosomal or meta-
bolic abnormalities. Children with HIV infection, severe
immunodeficiency, cystic fibrosis, and severe epider-
molysis bullosa also meet the criteria for palliative care.
Palliative care for children can and often does include
life-prolonging treatments, such as a tracheostomy place-
ment for a boy with DMD, as well as potentially cura-
tive treatments, such as chemotherapy for a child with
advanced cancer.

In a policy statement on palliative care, the AAP
states, “Palliative treatments focus on the relief of symp-
toms (eg, pain, dyspnea) and conditions (eg, loneliness)
that cause distress and detract from the child’s enjoyment
of life. It also seeks to ensure that bereaved families are
able to remain functionally intact” (62). Palliative care
focuses on the quality of the life remaining to the child.
Palliative care addresses not only the physical symptoms,
but also the psychological, social, and spiritual issues of
a child who lives with life-threatening or terminal condi-
tions.

CONCLUSION

In summary, CSHCN account for a large percentage of
children in a primary care practice. It is imperative that the
PCP be familiar with the associated medical conditions of
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each child and the need to provide routine health care.
Furthermore, it is critical for the PCP to be familiar with
the frequently occurring acute medical illnesses in chil-
dren with disabilities and the common manner in which
they may present.
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PSYCHOLOGICAL ASSESSMENT IN
PEDIATRIC REHABILITATION

Jamie L. Spohn and Jane A. Crowley

Children’s needs within a rehabilitative setting are
different from adults in that recovery of skills and return
to baseline are not the end point. Rather, it is an evolution
toward the continued development of ever-changing abil-
ities in emotional, behavioral, and cognitive structures.
The goal of any pediatric rehabilitation process is to fos-
ter the continuing work of childhood. This additional dis-
tinguishing dimension of pediatric rehabilitation relates
to the central requisite of the pediatric population—
development. There is a dual goal: rehabilitation to prior
levels and capacity for the remaining development in that
child’s or teen’s life. An important tool for establishing
current levels, setting future goals, and tracking progress
and/or changes over time is psychological assessment.

The rehabilitation physician and the team will treat
a wide array of medical conditions among their patients.
Rehabilitation medicine departments will encounter
requests for treatment for those with congenital disabil-
ity, acquired disability from illness or injury, and chronic
medical conditions. A recent estimate of the incidence of
severe chronic illness seen in rehabilitation is more than
1 million children in the United States (1). These children,
and those who survive catastrophic illness or injury, are a
growing population due to medical advances that reduce
mortality, covering the full age range from infancy to
young adulthood.

In acknowledging that normal development
assumes an intact sensory, motor, and overall neuro-
logic system for interaction with the environments of
family and the larger world, the children and teens we
work with do not have the standard equipment or inter-
relationships among the aforementioned skills. For exam-
ple, a child’s motor disability can easily alter the basic
emotional developmental tasks. The protraction of phys-
ical dependence that is a reality for a child with a con-
genital disability like spina bifida, at the very least, risks
altering the psychological and developmental milestones
of separation/individuation. Cognitive sequelae of that
central nervous system (CNS) disorder can also result in
academic, social, and adaptive behavior deficits. In these

cases, standard developmental schema often does not
apply (2). These developmental scripts do not apply not
only because of deficits, but because there are unique
tasks to be mastered with a disability. Functional use of
a wheelchair, doing activities of daily living (ADLs) with
one arm, self-catheterization, and visual competence with
a field cut are but a few specific “milestones” our patients
face. In the case of a traumatic injury, the disruption of a
normal life as well as typical developmental progress and
engagement in the world, is an emotional maelstrom for
the patient and his or her family (3).

It is possible that many problematic distortions
in many aspects of the nurturing and individuating
demands of competent development abound in children
with disabling conditions (4). The barrage of medical
technology and interventions is vast in variety and effec-
tiveness. Yet, the psychological cost of these necessities
can be astronomical. The challenges of hospitalization,
a disruption of familiar routine, the therapy demands
of the rehabilitation structure, absence of parents, and
intrusive or painful medical procedures are additional
tasks against which to hinder the patient’s progress (5).
In a broader context, there is prejudice against those with
disability, and children must face the extra demands of
bridging ignorance and misconceptions among their
peers and anyone else they may encounter.

Inline with the centrality of development, the objects
of assessment constitute a “moving target.” Environmen-
tal demands change, as does the child’s or teen’s abilities
to meet them. At school age, the child must now function
competently in the ever-increasing demands for indepen-
dence reflected in the school setting. Furthermore, the
medical condition can itself change over a child’s devel-
opment, causing a need for constant adaption. A disease
process can progress (eg, juvenile rheumatoid arthritis),
or increasing body size can change the nature of mobility
(eg, spina bifida), and prior function can be lost, requir-
ing significant adjustment on the part of the child or teen,
as well as their parents or guardians. The task is to have
these experiences remain challenges to development and
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not become barriers. This argues for continued monitor-
ing throughout a child’s development as a vital factor and
the importance of psychological assessment as a vital part
of that monitoring to be utilized throughout the pediatric
course of a patient’s life. This allows for continuous mod-
ifications as support throughout the individual’s develop-
mental course.

The relationship of family functioning to outcome in
pediatric disability has been widely demonstrated (6,7).
The challenge to a family is to walk an unfamiliar path, as
few families have direct experience with childhood dis-
ability. The effects may be bidirectional (8), with the defi-
cits from the medical condition interacting with parental
features or the child’s status resulting in disrupted and
possibly ineffective parenting approaches. Parents often
must assume an additional role as case manager and
advocate in the medical and educational systems. In addi-
tion, they have to “translate” their child’s issues to other
family members at the nuclear and extended family lev-
els. The family becomes a vital arena of intervention. The
family is the first-order site of development and stimula-
tion as well as a filter for the world at large.

ADJUSTMENT VERSUS PSYCHIATRIC
DIAGNOSIS

It is important to recognize the distinction between psy-
chiatric disturbance and adjustment problems as informed
concepts in assessment for a pediatric rehabilitation
population. Indeed, psychiatric disturbance is not com-
mon in children with chronic conditions, as some studies
show that their functioning is better than children in the
mental health clinic population. Taken together, however,
children and teens seen in rehabilitation medicine set-
tings do have a greater risk for adjustment problems (9).
Their medical conditions act as life stressors not encoun-
tered by their healthy peers. To use psychiatric diagnoses
in this population belies the reality of behavioral symp-
tomatology that is indeed adaptive to the conditions and
situations of a child’s medical condition. Though some
behaviors may be unusual in the healthy child, they may
be adaptive to this population (9). The concept of adjust-
ment encompasses the variability that these patients
encounter. It can express the unique trajectory that these
children’s lives will take, and recognizes it as adaptive
in that it is age-appropriate for those conditions and ori-
ented ultimately toward healthy adult functioning.

A large body of literature focuses on the adjust-
ment of children with chronic physical conditions. This
group was twice as likely to have adjustment problems
as healthy children in a meta-analysis of 87 articles by
Lavigne and Faier-Routman (9). Though the specific prev-
alence rates were higher among these children, only a
minority showed maladjustment. Such children, then,
are more vulnerable than those who are healthy. Newer
assessment instruments have been developed that utilize

the concept of quality of life (10) and will be discussed here
in the section “Population-Specific Assessments.” With
this approach, the nature of a child’s or teen’s adjustment
and the reflection of the uncontrollable factors in his or
her situation are captured for a wider rubric than the
inadequate dichotomy of normal versus abnormal.

However, the use of psychiatric diagnoses can be
appropriate in both this population and those with neu-
rodevelopmental disabilities. The latter group showed a
rate six times that of the general population for signifi-
cant emotional and behavioral problems (drawn from an
outpatient clinic population) (11). The identified problems
run the gamut, encompassing a breadth of both emotional
and behavioral disorders, and are more likely to persist
into adulthood. There is the primary impairment of the
neurologic disorder and a secondary impairment of psy-
chosocial support problems (4). With the disturbance in
the brain being primary, these findings are not surprising.
Other factors exist as well to either exacerbate or amelio-
rate the brain’s abnormality, but the overall picture is one
of significant neurologic and psychological morbidity,
with the source of disability either congenital or traumatic.

The most common disabling injury of childhood,
in fact, is traumatic brain injury (TBL; 12), which carries
a substantial risk for long-term physical, cognitive, emo-
tional, and behavioral difficulties (13). Expressed differ-
ently, incidence figures are such that by the tenth grade,
1 in 30 students would have had a TBI (across severity
ranges of mild, moderate, or severe). This population will
be a substantial part of a pediatric rehabilitation medi-
cine practice. The causative link between cognitive and
behavioral functioning represents the juncture of think-
ing and adaptive behavior that can be devastating to the
ongoing development of a child survivor of an acquired
injury (14). There is a particular danger in the misattri-
bution that easily occurs. Behavioral deficits will likely
be attributed to more common etiologies, as opposed to
the organic brain disorder from the injury. With misat-
tribution comes the inevitable inappropriate treatment.
Cognitive limitations are not accounted for in treatment
efforts, or the wrong premise (eg, antecedent versus
contingent programming) used, and failure occurs or
even exacerbation of the original problems. Awareness
and consideration of the brain damage from an injury
means assessment must encompass a wide focus, look-
ing at emotional, behavioral, cognitive, personality, and
adaptive domains. Neuropsychological testing is the cen-
terpiece in these children and teens, representing a sub-
type of general psychological assessment that will be an
important aspect of many rehabilitation cases.

NATURE OF MEASUREMENT

The essence of psychological assessment lies in the con-
struction of the instruments used to explore various
domains of adjustment, personality functioning, behavior,
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emotion, and cognition. This construction always has at
its core the notion of standardization through its refer-
ence to a normative group, whose performance is charac-
terized by a transformation of the raw score earned by an
individual. Even the most skilled observer could not pro-
vide the richness of the information gleaned from a psy-
chometrically sound instrument. Such a test allows for
the comparison of that subject to the typical performance
of his or her peers in a fair and objective way. The value of
standardized assessment depends on some core concepts,
elucidated in the following sections. It is standard for cli-
nicians to rely on not only standardized instruments, but
also behavioral observation and input from the child’s
exterior world, including parental information as well
as information from the child’s school. Conclusions are
drawn when all sources of information have contributed.

NORM-REFERENCED MEASUREMENT

Norm-referenced tests are standardized on a clearly
defined group, referred to as the normative group, and
scaled so that each individual score reflects a rank within
that group. The examinee’s performance is compared to
the group, generally a sample that represents the child
population of the United States. The comparison is car-
ried out by converting the raw score into some relative
measure. These are derived scores and indicate the stand-
ing of a patient relative to the normative sample by which
the test was standardized. These scores also allow for
comparison of the child’s performance on different tests.
Stanines, standard scores, age- and grade-equivalent
scores, and percentile ranks are the most common tests.
A central concept in the expression of individual
performance as compared to a norm group is the nor-
mal curve. The normal curve (Figure 3.1) is a bell-shaped
curve. It represents the distribution of many psycholog-
ical traits, with the greatest proportion at the “middle”
of the curve, where it is the largest, and the abnormal

levels—both below and above average—at the two “tails.”
All derived scores have a distinct placement on the nor-
mal curve and are varying expressions of the location of
an individual’s performance on that curve.

Stanines are expressed as whole numbers from 1 to
9. The mean is 5, with a standard deviation of 2. Substan-
dard performance would be judged with stanines in the
range of 1 to 3 and above average at 7 to 9. In this trans-
formation, the shape of the original distribution of raw
scores is changed into the normal curve.

Standard scores are generally the preferred derived
scores (15). Their transformation of raw scores yields a
mean for the normative group and a standard deviation.
This places a given score across the normal curve, and
the scores express the distance from the mean of that
patient’s performance.

T scores, z scores, and the well-known IQ of the
Wechsler scales are all standard scores. Like all standard
scores, the z score derives a constant mean and standard
deviation across all age ranges The z score has a mean of 0
and a standard deviation of 1. It expresses below-normal
performances with the minus sign and above average
with the plus sign, with scores in a range of -3 to +3. These
scores are often transformed into other standard scores to
eliminate the positive and negative signs (see Figure 3.1).
T scores and the IQ scores are drawn from the z score,
with different numerical rubrics that eliminate the plus
or minus sign associated with the z score.

Multiplying by 10 and adding a constant of 50 yield
a T score ranging from 20 to 80, with an average of 50.
Another transformation occurs by multiplying the stan-
dard score by 15 and adding 100. This provides a range
from 55 to 145, with a mean of 100 and a standard devi-
ation of 15 or 16, depending on the test used. This is
the method that produces the Deviation IQ, the form of
derived score used on the Wechsler intelligence batteries.
The alternative to the Deviation IQ is the Ratio IQ, which
is the ratio of mental age to chronological age multiplied
by 100, used in the Stanford-Binet tests.

_30 —20 -1o
Z scores -3.0 -2.0 -1.0
Percentile 0.13 25 16
T - score 20 30 40
1Q (SD = 15) 55 70 85
SAT score 200 300 400
Stanine 1 2 3 4

Mean +1o +20
0.0 1.0 2.0 3.0
50 84 97.5 99.87
50 60 70 80
100 115 130 145
500 600 700 800
5 6 7 8 9

FIGURE 3.1 The normal curve.
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What appear more understandable, but are not as
psychometrically sound as standard scores, are percentile
ranks and age- and grade-equivalent scores. Percentile
ranks offer easy interpretation, with the rank reflecting
the point in a distribution at or below which the scores
of a given percentage of individuals fall. To a lay audi-
ence, this is often confused with percentages, which are
not referenced to a normative population—only to the num-
ber correct compared to the total number of items. For
example, function at the 50th percentile is average perfor-
mance, whereas a grade of 50% on a test would be consid-
ered failing.

Even more straightforward appeal exists for age-
and grade-equivalent scores. These scores are obtained
by discerning the average raw score performance on a
test for children of a given age or grade level. These scores
are often used when the child is given a test of academic
ability. The individual patient’s score on that test is com-
pared to that value. Grade equivalencies are expressed as
tenths of a grade (eg, a grade equivalency of 4.1 represents
the beginning of fourth grade). Despite their appeal, there
are limitations with these forms of derived scores. First,
a grade-equivalency value does not mean that a child is
performing at that particular level within his or her own
school, as the curricular expectations of the school might
be different from the mean score established by the nor-
mative sample. Some actual age- or grade-equivalency
values might not have been earned by any specific mem-
ber of a normative sample, but instead are extrapolated
or interpolated from other points of data. Furthermore,
age or grade equivalencies may not be comparable across
different tests. The meaning of a first grader who obtains
a raw score similar to a third grader is not that the child
is functioning as a third grader in that subject. He or she
shares that score, but the assumption that the child in
first grade has all the skills of a third grader is inappro-
priate. Similarly, a 12-year-old patient who achieves an
age equivalency score of 8 years, 4 months seldom actu-
ally functioned on the test the way a typical 8-year-old
child would, and certainly should not be treated like an
8-year-old for most issues in rehabilitation or academic
programming,.

Finally, as is the case with percentiles, age- and
grade-equivalents cannot be used in statistical tests, as
there is an unequal distribution of scores. Both require
conversion to another scale before they can be used in
data analysis.

RELIABILITY

This concept of reliability refers to the ability of a test to
yield stable (ie, reliable) results if readministered at dif-
ferent points in time. There needs to be a consistency
and stability of test scores, and the nonsystematic vari-
ation reduced as much as possible. Psychometric theory
holds that any score is composed of the measurement of

the actual trait that a child possesses as well as an error
score, which represents the variation or standard error
of measurement. The reliability coefficient is the familiar
statistic to express this property. It can vary from 0.00,
indicating no reliability, to 1.00, indicating perfect reli-
ability. High-reliability coefficients are considered partic-
ularly important for tests used for individual assessment.
In the case of cognitive and special ability tests, a reli-
ability coefficient of 0.80 or higher is required for suffi-
cient stability to be a useful test. Reliability coefficients
are calculated for a test across three conditions of reli-
ability. One is test—retest reliability, meaning the capacity
of the test to yield a similar score if given a second time
to a child. Another is alternate-form reliability, where the
child is tested with an alternate form of the test, mea-
suring the same trait and in the same way as the initial
testing. A third kind refers to internal stability in a test,
where in the ideal test, item responses are compared to
another item on the test to demonstrate the equivalence
of items in measuring the construct in a replicable man-
ner. Active judgments must be made in the choice of tests,
with reliability coefficients reviewed in the process of test
selection.

VALIDITY

Validity is another crucial component to consider in the
construction and use of standardized measures. Valid-
ity is the extent to which a test actually measures what it
intends to measure and affects the appropriateness with
which inferences can be made based on the test results.
Validity of a given test is expressed as the degree of cor-
relation, with external criteria generally accepted as an
indication of the trait or characteristic.

Validity is discussed primarily in terms of content—
whether test items represent the domain being measured
as claimed—or criterion—the relationship between test
scores and a particular criterion or outcome. The criterion
may be concurrent, such as comparison of performance
on neuropsychological test measures with neurophysi-
ologic measures (eg, computed tomography, electroen-
cephalography).

Alternatively, the criterion may be predictive—the
extent to which test measures relate in a predictive fash-
ion to a future criterion (eg, school achievement). In the
rehabilitation context, various events and contingencies
may affect predictive validity. An appropriate deter-
minant of predictive validity is the likelihood that the
individual’s test performance reasonably reflects per-
formance for a considerable period of time after the test
administration. Acute disruption in physical or emotional
functioning could certainly interfere with intellectual
efficiency, leading to nonrepresentative, or failure to mea-
sure what it is intended to measure, results. In contrast,
chronic conditions would be less likely to invalidate the
child’s performance from a predictive standpoint because
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significant change in performance as a function of illness
or impairment would not be expected over time. With
therapeutic interventions, a patient’s performance could
improve, so test results from prior to that would not be
valid. The more time that passes between test adminis-
trations, the more likely extraneous factors can intervene
and dilute prior predictive validity, making updated test-
ing imperative for continued ability. Anxiety, motivation,
rapport, physical and sensory handicaps, bilingualism,
and educational deficiencies can all effect validity (15).
For an inpatient population, the effects of acute medical
conditions (eg, pain, the stress of hospitalization, medical
interventions themselves, fatigue) can also affect validity.
Wendlend and colleagues (16) noted that in a study of cog-
nitive status postpoliomyelitis, the deficit seen could well
have been due to the effect of hospitalization as opposed
to the disease. The understanding of acute effects of hos-
pitalization on psychological testing makes it imperative
to retest the child in order to have results to compare to as
the child is released from the inpatient setting.

Construct validity refers to the extent to which the test
relates to relevant factors. Another important component
of validity is ecological validity, which refers to the extent
to which test scores predict actual functionality in real-
world settings. Test scores are typically obtained under
highly structured clinical testing situations, which include
quiet conditions, few distractions, one-on-one guidance,
explicit instructions, praise, redirection, and so on. These
conditions do not represent typical everyday tasks or
settings (17). This disconnect between the test setting
and real life is especially relevant in children with brain-
related illness or injury. These children, who have high
rates of disordered executive functioning (eg, distraction
control, organization, planning, self-monitoring, etc.) ben-
efit disproportionately from the highly directive nature
of clinical testing, and test scores may overestimate true
functional capacity for everyday tasks (18).

A test’s reliability affects validity in that a test must
yield reproducible results to be valid. However, as detailed
previously, validity requires additional elements.

In the rehabilitation population, all of these issues
have particular importance. Most tests are developed
on a physically healthy population. Motor and sensory
handicaps and neurologic impairment are not within
the normative samples. Issues of validity predominate
here, though with transitory factors as noted previously,
reliability can be affected as well. Standardized proce-
dures may have to be modified to ensure that a patient is
engaged in the testing in a meaningful way.

USES OF ASSESSMENT

The use of psychological assessment aims to further
the functioning and adjustment of children with a wide
range of disabilities or chronic illnesses. These purposes

encompass issues directly related to the medical and
rehabilitation setting, but often have equal utility in edu-
cational planning. Unique to the field of pediatric reha-
bilitation is this necessity for interaction between what
are arguably the two biggest public systems for children:
medicine and education. Both have their productive and
counterproductive forces and hold a vital place in the
individual child’s or teen’s life. Furthermore, both can act
to hinder or potentiate the salutary effect of the other. The
needs and parameters of engagement with both is at the
crux of the navigation of development for our patients,
and psychological assessment contributes significantly to
this process.

Psychological testing is often associated solely with
IQ testing. The IQ concept of intellectual development
is too narrow for many of the applications in a pediatric
rehabilitation setting. Instead, the broader notion of cogni-
tive abilities, not merely intellectual abilities, is considered
more important. Cognitive assessment covers testing the
wide array of known components of the brain’s thinking,
reasoning, and problem solving. Assessing these intake,
processing, and output modalities of thinking, their indi-
vidual elements or the combination of these skills is a
vital factor in school or in medical rehabilitation. School
is children’s work, and the interface with this system is
critical, as it is the arena where many key adjustment
and developmental issues are played out. Psychological
adjustment—indeed, overall functioning—is closely tied
to cognitive status. Coping with frustration, functioning
within a group, and inhibiting and planning for long-
term goals, are examples of processes vital to school that
have cognitive capacity at their center.

Within the schools, the psychological assessment
performed has typically included only intellectual and
academic achievement testing as prime components.
Though that is changing in some settings, it is not yet
common that cognitive processes are assessed within the
school setting. For the populations common to a reha-
bilitation medicine practice, many conditions have brain
involvement (eg, TBI). Their needs are clearly beyond the
limitations of typical school testing capabilities. Eligibil-
ity for services within the special education system under
the qualifying conditions of TBI (mandated by the federal
government in 1998) cannot be done without consider-
ation beyond IQ and achievement testing. Indeed, TBI as
its own inclusion category was done to reflect the serious
misunderstanding of the disorder when only evaluated
by IQ and achievement testing alone. TBI evaluation lies
in stark contrast to individuals with learning disabilities,
which is typical what the school is able to piece together
through the use of just intellectual and academic achieve-
ment testing. The intellectual assessment of children with
spina bifida needs explication beyond IQ testing as well.
Often, the component parts of the Full-Scale IQ score are
so divergent in children with spina bifida and other brain
conditions that it does not represent a true summary
score, and thus must be interpreted on an individual
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subtest level, rather than merely looking at composite
scores. To understand a child’s condition fully, further
assessment of cognitive processes needs to be done.
Pertinent abilities are attention, concentration, memory,
and executive functions. In the wide array of conditions
known to affect brain functioning there are primary and
secondary effects. Primary effects are seen from brain
tumors, seizure disorders, or cancer processes. Second-
ary, or “late” effects on cognitive processes are seen in
the process of infectious disease or cancer treatment. It is
necessary to evaluate a broader array of abilities rather
than relying solely on IQ to understand the full spectrum
of required cognitive skills for competent development.

In order to promote the fuller understanding of
medical conditions and their effects on cognitive func-
tioning, the rehabilitation practitioner will often be con-
sulted for more specialized assessment to capture the full
nature of functioning within his or her patients. Input
into the Individualized Educational Plan (IEP), which is
the centerpiece of planning in the special education sys-
tem, is essential in brain-based disorders to ensure full
consideration of the medical condition, its own process,
and its unique effect on brain functioning. The dynamic
nature of recovery is notably absent from most students
receiving special education services, but is often a pri-
mary part of the course in TBI, brain infectious processes,
cancer, or strokes. Frequent reassessment, specific reme-
diation or rehabilitative-focused services, or specialized
support in school reentry, and transition are several of
the unique concepts that are vital to sound educational
planning in our population but are largely unknown to
the traditional process of special education. This is the
most critical juncture of school and medical factors in a
pediatric rehabilitation process.

As per Section 504 of the Rehabilitation Act, accom-
modations are often sought on either a long-term or transi-
tory basis in rehabilitation medicine patient groups. These
are efforts to “level the playing field” within the school
setting in acknowledgement of disability that skews a
student’s ability to benefit from the standard educational
setting. These students do not require the breadth or type
of actual intervention or service gained through special
education classification and do not require special clas-
sification. Instead, these students need modifications in
the system in order to demonstrate their capacities or ade-
quately access the learning environment and mainstream
curriculum. Results of psychological/neuropsychological
evaluations can be useful in demonstrating such needs
related to cognitive issues. For example, deficits in infor-
mation processing speed can have a global effect on func-
tioning within the group instructional environment of
school. Accommodations such as reduction in homework,
extended time for tests, quizzes, or assignments, or lecture
notes, among others, can all be sought with the documen-
tation provided by evaluation results. The issue of how
long the accommodations are required can be answered
by repeated testing. An example is in the case of a brain

injury where recovery occurs and accommodations may
no longer be necessary.

It is of the utmost importance for the clinician to rec-
ognize and have a solid understanding of the role he or
she can play in securing vital (but not necessarily typical)
medical treatment for a patient. This includes speech and
language or occupational therapy, cognitive remediation,
or adjustment-focused cognitive behavioral work. The
documentation of that need, based on the medical diag-
nosis or history, can be obtained much quicker and with
the proper focus through the medical system in terms of
both insurance coverage and proper treatment frequency
and formulation. Obtaining assessment from a public
school system can be a lengthy process. For rehabilita-
tion patients, this can waste valuable time and, therefore,
cannot meet the time frame needed for an acute recovery.
A typical school psychological assessment could miss
acute issues and be even less likely to detect weaknesses
that could hamper development or skill acquisition dis-
tant from the injury or illness. Such evaluation needs
the medical framework of rehabilitation psychology to
be timely and pertinent. Furthermore, with a rehabilita-
tion psychology perspective and knowledge, appropri-
ate documentation emerges to secure services covered
by medical insurance or from legal settlement funds, if
such exists. Further, a broader range of knowledge exists
within a rehabilitation setting related to access to other
services, resources within the patient’s community, and
specific school and classroom placement planning. Keep-
ing the intervention within the medical perspective can
make it more integrated with disease or injury sequelae
and, therefore, more targeted and appropriate in terms of
goals and treatment techniques.

It can be seen that the assessment of a child’s or
teen’s learning process is essential to both the school and
medical setting. Memory processes, language abilities,
planning, and capacity to inhibit are essential functional
elements in either system. The preference of one modality
over another, or the explication of memory functioning,
can be of great use in school issues and in rehabilitation.
The need to master specialized tasks, such as wheel-
chair skills or self-catheterization, can be enhanced when
general learning styles of an individual patient can be
discerned.

This understanding of a patient’s cognition can
inform educating the patient about his or her medical
disorder, or the rationale about a medical procedure. The
feelings of victimization that can evolve around a painful
surgery and the subsequent effect on adjustment or even
personality formation are secondary sources of poten-
tial morbidity in a child’s development. The child or teen
senses that he or she was regarded enough in the consid-
eration of procedures to be included in the decision and
planning process. The experience of this and the skill to
be a meaningful participant are vital long-term skills and
are promulgated by knowing the proper way to present
material in a way to ensure understanding. Decisions
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about a child’s ability to benefit from a specific treatment
such as biofeedback, relaxation training, or the varieties
of behavioral programming available are part of diagnos-
tics that guide treatment.

Change as the result of intervention can be quan-
tified by assessment. However, change without overt
intervention, but to chronicle the long-term outplay of
a medical condition, is arguably the most common use
of assessment in rehabilitation. The risk for long-term
sequelae in TBI or from cancer processes and treatment
is well known (13,19). The serial assessment of a patient,
particularly through known critical developmental peri-
ods or illness interventions, is at the core of sound pediat-
ric rehabilitation practice. A developmental lag becomes
the object of treatment, whether to spur development or
to teach compensatory strategies. As the physical pro-
cess of a disease is monitored through traditional outpa-
tient clinic visits, so is the status of cognitive/behavioral
functioning in relation to the demand of one’s medical
condition or to changing developmental expectations is
equally important to monitor.

Understanding the individual experience of a child
or teen in relation to his or her body experience is another
use of assessment. Understanding the experience,
whether through a questionnaire about pain, assessment
of specific mood states like depression or anxiety, or a
general personality assessment of that patient, can be
quite useful. Differential diagnosis can be important, as
in the case of posttraumatic stress disorder, where cogni-
tive symptoms of that disorder can be mistaken for the
effects of a mild brain injury or concussion. In that cir-
cumstance, the deficits are due to the effects of the stress
and not to the mechanical disruption of trauma.

TYPES OF ASSESSMENTS

The purpose of psychological assessment is to discern
the status of an individual in relation to an appropriate
peer group. Jerome Sattler discerns four pillars of child
assessment as norm-referenced tests, interviews, obser-
vations, and informal assessment (15). This is a broader
list than many referral sources would recognize, as typ-
ically “tests” are all that might be considered as psycho-
logical assessment or evaluation. However, a central tenet
in psychology is that test scores or results cannot be inter-
preted in isolation. Information from naturalistic settings
must be sought through the methods of interview, obser-
vations, and informal assessments, as enumerated by
Sattler.

In a discussion of cognitive testing, the issues of sin-
gle tests versus batteries are an important consideration.
Single tests are designed to tap a specific dimension of
cognition, like verbal learning or visual-motor abilities.
As useful as they are for more in-depth examination of a
single construct, this strength is a source of limitation as
well. Seldom is the question at hand to be answered by

examining a single ability. Abilities are not the unitary
concepts that evolve from theoretic models. The influence
of other overarching cognitive abilities, such as attention
or processing speed, is not addressed directly and is dis-
cernible only through observation. Normative samples
for single tests can be restricted and not large enough
or representative enough to draw firm conclusions as to
standing within one’s peer group. Therefore, the use of a
test battery is preferred.

APPROACHES TO ASSESSMENT

Historically, there are three approaches to assessment,
especially neuropsychological assessment, that have
been widely used. The first is called a fixed battery of tests.
The best-known example of a test battery is the Wechsler
batteries for intelligence assessment, comprising a num-
ber of subtests. These collections cover an array of abili-
ties. The fixed battery is a predetermined set of subtests
that are administered in a standard format to every
patient. This same set of tests is administered regardless
of the referral questions or set of symptoms that a patient
presents with. The advantages of a fixed battery include
a comprehensive view of the patient’s cognitive domains.
They also provide the strongest basis for comparison of
a patient’s performance across subtests, as norms are
based on this arrangement of tests, given in the estab-
lished order or both strengths (what a patient is able to
do) and weaknesses. The use of a standardized format
in fixed batteries is also highly useful for research pur-
poses. Another advantage is when the evaluation results
are questioned, such as in a court proceeding, where the
examiner will be required to defend his or her evalua-
tion findings. This approach is also beneficial for green
practitioners who are not yet comfortable with choosing
their own batteries.

There are several disadvantages for the use of a
fixed battery approach. One is that it is exceedingly
time-consuming. Since all tests within the battery must
be administered, the time it takes to do such is often a
barrier to choosing this type of approach. The fixed bat-
tery approach requires the clinician to examine all areas,
even those that appear intact. This results in an exces-
sive collection of data that may have little or no use to
the clinician. Another disadvantage is the lack of flexibil-
ity in different clinical situations. This makes it sensitive
to detecting focal deficits, as opposed to diffuse deficits,
which is often what a child presents with.

A flexible battery is composed of a number of single
tests, assembled with the patient’s referral question or
known medical condition and/or symptoms in mind, with
an eye to tapping tests most likely to explicate suspected
deficits. Thus, the battery is individually tailored to each
patient based upon a diagnostic question. Flexibility can
allow for modification and possibly individualization of
directions during the assessment (20).
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Advantages of the flexible battery include possible
shorter administration time, lower economic costs, and the
ability to adapt to individual needs and situations. Disad-
vantages include the potential for examiner bias or omis-
sion of deficits due to a lack of comprehensiveness, which
is problematic in situations where an examiner is required
to defend his or her findings (eg, court proceedings).
Another disadvantage is a lack of standardized adminis-
tration rules for some of the tests, and a limited capability
of developing a research base, thereby making retest reli-
ability difficult. A common approach to alleviate these dis-
advantages would be to utilize a core set of tests that assess
major neuropsychological domains, and to supplement the
battery with additional tests as they are needed.

Lezak and colleagues (21) noted a survey of neuro-
psychologists where 70% responded that they use a flex-
ible battery approach. They note the position that fixed
batteries involve more testing than some patients need.
Further, the flexible approach continues to increase in
popularity, as health insurance corporations are continu-
ing to restrict reimbursement for longer evaluations (22).

Automated or computer use in testing has increased
substantially since the 1980s. Prior to that, automated
and later computerized administration and scoring of
tests was quite limited. Initially, computerized testing
of attention was developed (Connors Continuous Per-
formance Test). More recently, computerized tests have
been developed for concussion diagnosis and monitor-
ing, in addition to research purposes. Such techniques
offer repeatability, sensitivity to subtle cognitive changes,
and ease of administration. Reliability, validity, and other
considerations pertinent to general issues in more tradi-
tional so-called pen-and-paper tests are pertinent to this
type of assessment as well. Computerized testing for con-
cussion will be discussed in the Concussion chapter of
this book (Chapter 12).

Evaluation, then, is a robust and multifacto-
rial process, not to be confined to a set of test scores or
descriptions of test performance, but also to include nat-
ural setting, or qualitative observation, data. The norm-
referenced placement of a patient has a role, but the
assessment setting in and of itself imposes a high degree
of structure. While this one-to-one administration is not
replicated in real life, it is necessary for the standardiza-
tion of administration and the reference to a normative
sample, as described previously. This offers a “best case
scenario” for the patient, which has implication when
compared to “real-life” settings. Therefore, the addition
of perspectives from natural settings of the home, school,
and community is necessary, as is the consideration of the
aspects of the medical condition.

The interpretation of standardized tests must take
these factors into account: issues about the course of a
disease or injury recovery, the unique interface that the
course of an illness or recovery has on the timetable of
childhood development, and the actual length of the
struggle with the medical condition.

Some of these elements are captured in a good his-
tory taking and/or record review. Reserve factors con-
cerning coping and response are also gathered in history
but can additionally be tapped by standardized ques-
tionnaires, whose responses are sought from a variety
of sources. These encompass figures from the major set-
tings in a child’s life (ie, parents and teachers). The value
of such instruments is that they can reference responses
to those of a normative population such that the degree of
divergence from standard development can be expressed.
Some include consistency scales that add information
about the nature of the responses given.

CULTURE-SENSITIVE ASSESSMENT

Culturally sensitive psychological assessment is often a
challenging aspect of the testing process. Most measures
have a culture bias in terms of content and validity, and
normative data are seldom adequately representative of
diverse groups. Not all examiners are sufficiently sensi-
tive to the impact of cultural issues on children’s perfor-
mance, and when interpreted without caution, results can
be misleading. The assessment of English language learn-
ers, children who have reduced mastery of the English
language because their parents’ primary language is not
English, is particularly challenging. Use of interpreters or
test translations carries limitations, such as lack of equiv-
alent concepts in the two languages, minimal provision
for dialectical variations, performance anxiety to having
an “audience” present, and possible changes in the level
of difficulty or meaning of translated words (15).

Several “culture-fair” tests have been developed
to reduce culture bias by limiting the amount of ver-
bal exchange, using more abstract content that is less
grounded in culture and language, and using more
diverse groups during the norming process. This rep-
resents an important step in culturally sensitive assess-
ments, and some of these tests are discussed in the
following sections. However, there is no way to truly
eliminate cultural bias from tests, and demographic data
on normative groups must be carefully examined before
assuming that it is any more representative of the specific
patient than traditional tests. For example, many of the
“culture-fair” tests are normed only on children in the
United States. Their use for students with different back-
grounds, such as children from refugee camps in Africa
with little to no formal schooling, is clearly limited.

Culture-sensitive assessments in pediatric popula-
tions are made even more complicated by the frequency
of mild to severe motor impairment. Examiners assess-
ing individuals with motoric impairment rely heavily
on tests of verbal cognitive skills and try to reduce the
number of tasks that require speeded or complex motor
responses. Examiners assessing individuals from lin-
guistically or culturally diverse backgrounds rely heavily
on tests of nonverbal cognitive skills and try to reduce the
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verbal component. Examiners assessing individuals from
linguistically diverse backgrounds with motor impair-
ments are limited indeed in terms of valid options. Even
in pediatric groups that do not have motor impairment,
the higher frequency of discrepancies in functioning (sig-
nificant strengths and weaknesses in a single individual,
such as may be caused by damage to right versus left
hemisphere or cortical versus subcortical areas) makes
the traditional practice of assessing nonverbal skills and
considering the results representative of general function-
ing highly questionable. School and community-based
clinicians may not be aware of the complexity of issues
involved and may provide scores without adequate cau-
tion regarding limitations.

SPECIFIC INSTRUMENTS
NEUROPSYCHOLOGICAL EVALUATION

Originally, the neuropsychological assessment was
directed at diagnosing the presence, nature, and site of
brain dysfunction. The focus has shifted from diagnosis
to assessment of a child’s function to identify and imple-
ment effective management, rehabilitation, or remedia-
tion services.

NEUROPSYCHOLOGICAL BATTERIES

As mentioned earlier, neuropsychological batteries have
been developed to provide a comprehensive evaluation
of cognitive abilities. The two most common in practice
today are the downward extensions of the Halstead-
Reitan Neuropsychological Battery and the NEPSY-II,
developed specifically for children.

The Halstead—Reitan Battery has been refined and
redefined over the years since Ward Halstead’s original
conceptualization in the 1940s to a larger series of tests to
diagnose so-called brain damage for ages 14 and above
(23), and subsequently the downward extension for ages 9
to 14, called the Halstead-Reitan Neuropsychological Test
Battery for Older Children (HRNB-C). It takes approx-
imately 4 to 6 hours to administer, and it uses subtests
from the adult Halstead—Reitan Battery, with some modi-
fications. The battery for children aged 5 to 8 is called the
Reitan Neuropsychological Test Battery and requires a
similar time interval for administration. These batteries,
in wide use earlier, are criticized for a number of pivotal
problems. The first is on conceptual grounds, in that the
battery was not developed for children, but for adults,
and is perhaps reflected in the minimal assessment of
memory, academics, and language, with no direct mea-
sure of attention. The psychometric properties are widely
acknowledged to be quite poor, such that reliance on those
alone for interpretation is inappropriate. Considerable

clinical acumen is required to interpret findings. Dean
concludes a review of the batteries saying, “The HRNB
cannot be recommended for general clinical use without
considerable training and familiarity with research on the
battery (24).” Considering norms published in the interim,
Lezak et al. (21) is more favorable to the HRNB in saying
that what statistics it yields are misappropriated by “naive
clinicians,” implying the same point as Dean.

The only neuropsychological battery ever developed
specifically for children is the NEPSY-A Developmental
Neuropsychological Assessment (25), with the newest
version, the NEPSY-II (26), published in 2007. Both batter-
ies are based on the diagnostic principles of the Russian
neuropsychologist Alexander Luria. The original NEPSY
had two forms and covered ages 3 to 4 and 5 to 12, with
a core battery of 11 to 14 subtests represented to tap five
functional domains: attention and executive functions,
sensorimotor functions, language, visuospatial process-
ing, and memory and learning functions. This original
version was criticized for its content and psychometric
properties (27). It is well standardized, and though some
instability is noted in some subtests, this may indeed
reflect the reality of the developmental status of the brain.

The most recent version expands the age range to
16 years, extending one ostensible benefit of a battery that
covers the childhood range, allowing for the ideal serial
assessment. The content has also changed, with targeted
groupings of subtests for various diagnoses, nonverbal
elements, and new measures of executive functioning,
memory, and learning, which reportedly solves some
of its statistical problems. A functional domain in social
perception has been added as well.

ATTENTION, CONCENTRATION,
AND INFORMATION PROCESSING

The processes of attention, concentration, and informa-
tion processing are often central concerns for any patient
with a medical condition involving the brain (28). In many
ways, they form the basis on which the other component
processes occur. Overall performance on other tests look-
ing at other domains of cognitive functioning is signifi-
cantly impacted by attention and information processing.
Attention has been conceptualized in a number of
ways, generally relating to an organism’s receptivity to
incoming stimuli. Most do regard the issues of automatic
attention processes versus deliberate/voluntary as cen-
tral dimensions. Other characteristics include sustained,
purposeful focus—often referred to as concentration—
and the ability to shift attention as required by a stimu-
lus. Being able to ward off distractions is usually seen as
part of concentration (28). Vigilance is conceptualized as
maintaining attention on an activity for a period of time.
There are the needs to respond to more than one aspect of
a stimulus or competing stimulus—the capacity to divide
attention—alternating with shifts in focus.
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The multitude of processes subsumed in the concept
of attention is necessary because of the overall effect. Most
notable is the developmental nature of attention in child-
hood and adolescence. Increasing demands in school par-
ticipation are seen in the shifting requirements throughout
the academic process. In the early grades, a child is more
directly engaged by the teacher, but as the years progress,
the capacity for independent (ie, voluntary/deliberate)
processes grows. This capacity is matched with growing
expectation and demands for independent work as a child
progresses through grades. Attentional processes are a
central aspect of the changing capacity of typical develop-
ment. Attention’s vulnerability to normal variation, as with
fatigue or anxiety, is a part of typical functioning. Atten-
tional processes require a certain “tone” to the brain’s func-
tioning; attention and its concomitants are often affected in
brain disorders. Furthermore, with acquired deficits in the
disordered brain, the demands are higher, as an individual
struggles with recognizing the need to attend along with
implementing a specific compensatory task.

Lezak and colleagues (21) note that underlying
many attention problems is slowed cognitive process-
ing. This can be misinterpreted as a memory disorder
(29), as competing stimuli in normal activity interrupt
the processing of the immediately preceding stimuli and
something is “forgotten,” in common parlance. The dis-
cernment of this specific problem is important, as strat-
egies alleviating the effects of slowed processing would
be different from those for memory per se. All of these
aspects warrant examination, notably in those with a
brain disorder, due to the overall effect on functioning
and the demand for acquisition of academic and adaptive
behaviors throughout childhood. The effects of anxiety

TABLE 3.1 TESTS OF ATTENTION AND SPEED OF PROCESSING

about an illness process, its treatment, and demands for
coping can all affect attention, and in a competent diag-
nosis are differentiated from primary brain disruption.

Due to the issue of time in competent attention pro-
cesses, computerized testing has real utility to control for
calibration of presentation and response. In the absence
of a fully computerized administration, the use of taped
auditory stimulus in attention testing allows for stan-
dardized presentation increments. Typically, the com-
puterized tasks involve visual stimulus and the taped
presentations involve auditory ones. This differentiation
between verbal and nonverbal, or auditory versus visual,
is necessary to capture these two central aspects of stimu-
lus processing; there may be a distinct difference in one’s
ability to maintain visual attention versus auditory atten-
tion. This has significant implication with one’s ability to
learn and absorb information.

The recent development of a battery of attention
tasks for children, the Test of Everyday Attention-
Children, will be described next. It attempts to cover a
number of aspects of attention processes and for the com-
parison of subtest scores to allow for relative differentia-
tion of components.

Inattention, slowness of cognitive processing, and
poor concentration have a wide-ranging effect on compe-
tent cognitive and adaptive functioning. Other processes
may be quite competent, but attention and its aspects can be
a primary “rate limiting” factor. These should be addressed
in even a screening of functioning, whether at the bedside
or in the clinic, both as an overall indicator of current cogni-
tive activity and as a harbinger for developmental problems
to come, signaling the need for more stringent monitoring.
Commonly used tests are described in Table 3.1.

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Test of Everyday Attention
Test of Everyday Attention-Children
(TEA-Ch) (30)

Paced Auditory Serial Addition Test
(PASAT) Children’s Paced Auditory
Serial Addition Test (CHIPASAT) (31)

Continuous Performance Tests (32)

Symbol Digit Modalities (SDMT) (33)

Trail-Making Test (TMT) (34)

Batteries of eight or nine tasks for
ages 17 and above; TEA-Ch ages 6
to 16

Adding pairs of digits presented at
four rates of speed, controlled by the
audiotape presentations; adult and
child forms; ages 8 and above

Covers a category of tests; visual or
auditory stimulus where the individual
must respond to a target stimulus in
the presence of distractors; various
versions for ages 4 and up

Oral or written; requires visual
scanning and tracking to match preset
symbol and number pairs

Subject draws lines to connect
consecutively numbered (Part A) and
alternating numbers and letters in
order (Part B). Ages 9 and up

Taps visual/auditory attention including
dual tasks; selective, sustained and
executive control

Highly sensitive to deficits in processing
speed; sensitive to mild disruption, but can
be a stressful test to take, as many items
can be missed at normal ranges

Many versions exist; sustained, vigilance
and inhibition tapped; Connors Continuous
Performance Test |l and Test of Attention
are well known.

Taps information processing; Spanish
version with norms; seen as selectively
useful.

Part of Halstead-Reitan battery; test of
speed, visual search, attention, mental flex-
ibility, and fine motor; needs interpretation
with other tests; Part B is most sensitive
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PROBLEM-SOLVING AND EXECUTIVE
FUNCTIONING TESTS

Executive functioning is a cognitive domain that relates
to how other cognitive skills (such as attention, mem-
ory, language, and nonverbal reasoning) are executed in
different situations. Executive functioning requires self-
control over impulses and emotions, the ability to flexi-
bly shift, and skills related to manipulating information
in mind, planning, and organization. Deficits in problem
solving and executive functioning can have a devastat-
ing effect on functioning, just as difficulties with atten-
tion. Executive functions have both metacognitive and
behavioral components. Cognitive process can be intact,
but with executive functioning impairments, the output
can be substantially derailed. The basic tasks of life can
suffer, along with the ever-present demand in child-
hood to acquire new skills. These deficits can be more
obscured in children than in adults, as there is a natural
support of activity by parents or other family members,
thus creating a situation where many of these deficits
will not be identified until early adulthood. Return to
school can be the point at which executive functioning
problems can clearly be seen for the first time since an
acquired illness or injury. TBI presents a particular vul-
nerability to deficit in these skills. Executive functions
are associated with the frontal and prefrontal areas of
the brain, where, due to the mechanisms of closed head
injury and the shape of the brain and skull convexities,
damage can be focused across the full range of sever-
ity. Rehabilitation efforts suffer, both in commitment to
the process and in learning strategies to compensate for
deficits (23).

The competent measurement of executive skills
requires a multidimensional approach and can be quite
complex (35), given the variety of skills encompassed
under the umbrella term of executive function. Testing of
these functions imposes a degree of structure required by
standardization such that vital elements can be obscured.
Attempts at quantification in real-life situations becomes
particularly important, as that is where executive skills
are often played out. Questionnaires for parents and
teachers elicit descriptions of behavior that can be com-
pared to normative expectations. Particularly for parents,
this can be useful in understanding the need for treat-
ment. Teachers have a normal sample of age-appropriate
peers for comparison in the classroom and can be more
aware of such problems. In that circumstance, the ques-
tionnaire process can illuminate the component elements
to be addressed, as a deficit in classroom performance
can be composed of many factors, with differing contri-
butions to the overall presentation. The Behavior Rating
Inventory of Executive Function (BRIEF), described in
the section on “Psychosocial Evaluation,” is an instru-
ment focused on these behaviors. It covers the preschool
period through adolescence, as well as a self-report

questionnaire for older children, with basic forms for
teachers and parents to complete.

There are many models, as in attention, as to what
comprises these skills and how to measure the compo-
nents, since it is far from a unitary concept. Again, as in
attention, the developmental progress of these skills is
a central aspect of the developing child. In the teenage
patient, assessment of these skills is vital, as adult-like
capabilities for work, driving, and independence can be
severely affected and, in the particular case of driving,
can have disastrous results. The enactment of graduated
driver license requirements for teen driving in some
states implies the centrality of these skills and their neces-
sity for that activity. Stepwise exposure and supervision
of driving for teens allows for a graduated experience
before full driving privileges are granted. Specialized
assessment through rehabilitation-based driving evalua-
tions using computer simulation should be considered by
a rehabilitation team in any teen with a history of brain
disorder.

Executive skills include the capacity for planning
and flexible use of strategies, and the ability to generate,
maintain, and shift cognitive sets; to use organized search
strategies; and to use self-monitoring and self-correction,
as well as the capacity to utilize working memory. It is
distinct from general intelligence, though it does cor-
relate at lower levels of intelligence. Again, as in attention
skills, these skills are vulnerable and easily disrupted
in many circumstances, as they are largely acquired
throughout childhood as an essential central process of
competent development. Therefore, deficits acquired can
be unknown or hidden until they are called on for future
development. The range of tasks is wide, from inhibiting
behavior in the absence of visible authority to planning
how to accomplish several assignments due at the same
time.

Though the cognitive aspects are difficult to quan-
tify, the literature on these is substantial. However, the
emotional and behavioral aspects of executive skills has
not been studied as much (36). Executive skills act to reg-
ulate behavior (37,38), inhibit and manage emotions, tol-
erate frustration, and provide persistence. Notable is the
result of limited empathy (ie, taking the position of the
other). They are observed collaterally in any sound test-
ing process, but are captured better, to the extent possi-
ble, in the “real-world” questionnaire approach discussed
previously. The effect of impairment in these skills can be
widespread and debilitating, especially as expectations
for empathy and self-awareness increase in adolescence.

One of the questionnaires does differentiate these
two factors. In the BRIEF (131), questions about such
skills yield feedback for the behavioral regulation com-
posite, as differentiated from another composite reflect-
ing the cognitive aspect, metacognition composite. A list
of tests that cover this wide-reaching domain is listed in
Table 3.2.



34 PEDIATRIC REHABILITATION

TABLE 3.2 TESTS OF PROBLEM SOLVING AND EXECUTIVE FUNCTION

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Halstead Category (HCT) (39)

Wisconsin Sorting Test (WCST)
(40)

Tower of Hanoi (TOH) (41)

Tower of London—Drexel, 2nd
Edition (TOLDX) (42)

Stroop Color-Word Test (43)
Matching Familiar Figures (MFFT)
(44)

Fluency Tasks Verbal and Design

Delis—Kaplan Executive Function

Versions exist for ages 5-9 and 9-14,
as well as through adulthood; part of
Halstead-Reitan battery

Revised manual offers norms for ages 6.5
and above. Computerized and standard
administration

Computer and standard administration;
ages 4 and up

Arrange balls on pegs to match picture;
norms for 7 and up

Well-known test, quick administration in
paper form; several versions

Must find identical match for stimulus pic-
ture; ages 6 and up

Speeded tasks of response generation to
verbal and nonverbal stimuli

Battery of six subtests; ages 8 and above

Machine and booklet forms; measures
conceptualization and abstraction abilities

Requires inference of correct sorting
strategies and flexible use

Taps working memory, planning, rule use,
and behavioral inhibition

Taps inhibition, working memory,
anticipatory planning

Test of inhibition, selective attention, and
switching sets

Measures impulsivity

Taps self-monitoring, initiating, and
shifting; included in many batteries

Battery aids comparison of subtest scores

System (D-KEFS) (45)

NONVERBAL/VISUAL-PERCEPTUAL
FUNCTION TESTS

It is essential that before a clinician makes any judgments
regarding one’s deficits in sensory-perceptual abilities,
the clinician concludes that primary visual systems
are not damaged. This type of cognitive task is seen as
one of the two major classes of cognitive input/output.
From earliest infancy, humans already have sufficient
visual perception to mimic another’s facial expression
(27). Related to the developmental aspects of childhood,
by age 9, visual processes are integrated with tactile and
proprioceptive functions. Tests of visuoperceptual, visu-
ospatial, and visuomotor function are all within this
domain and include the ability to discriminate between
objects, distinguish between left and right, judge spatial
orientation and the relationship among objects in space,
copy a model, understand symbolic representations of
maps and routes, and solve nonverbal problems. Con-
crete functional outputs include being able to navigate
the environment and depth perception. Testing of these
functions can illuminate visual field cuts, visual neglect,
agnosia, and apraxia.

As with most domains of cognitive functioning,
these tasks often involve other aspects of cognition, such as
attention, memory, speed of thinking, and motor impair-
ment. At the base is the requisite of normal visual acuity,
which is screened for in the pediatric clinic setting or in
school admission testing. However, after a brain injury or

illness, the intactness of the basic perceptual components
of nonverbal functioning should not be assumed. Issues
like cortical visual defects or loss of binocular vision
require examination by vision specialists; in more severe
TBIs, such injuries are not uncommon. Consideration of
the myriad factors involved in this domain’s assessment
requires examining other test performances to discern
patterns, as well as factors that may affect visual function
output but not be a deficit in these processes per se. The
importance of these functions as a basic component of
input and output of cognitive function is seen in their pres-
ence in all intellectual and neuropsychological batteries.
Table 3.3 provides a representative listing of these tests.

LANGUAGE FUNCTIONING TESTS

The examination of language is imperative, as it is felt to
be a central aspect of brain functioning and the founda-
tion of human thought. Language development is well
delineated. It proceeds from spoken to written compe-
tency in typically developing childhood. Receptive and
expressive abilities require separate assessment, as do
the modalities of written language. There is a distinct
difference between speech and language. Speech as the
mechanical aspect of oral communication is assessed as
distinct from language per se. One element can be intact,
while the other has significant impairment, and evalua-
tion distinguishes between the two.
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TABLE 3.3 TESTS OF NONVERBAL/VISUAL-PERCEPTUAL FUNCTION

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Rey—Osterrieth Complex Figure Test
(ROCF) (46)

Beery Developmental Test of
Visual-Motor Integration. 6th Edition
(VMI) (47)

Facial Recognition Tests (48)

Wide Range Assessment Battery of
Visual Motor Ability (WRAVMA) (49)

Judgment of Line Orientation Test
(JLOT) (50)

Hooper Visual Organization Test (51)

Copying of complex figure and a delayed
recall condition; alternate forms exist for
repeat administration; ages 6 and up

Design-copying test of 24 forms of progres-
sive difficulty; supplemental tests of visual
perception and motor coordination; Ages
3+; procedures for younger children

Requires direct matching and side profiles of
photos of human faces; norms for ages 6+

Battery of three tests: drawing, matching,
and pegboard. Can be administered individ-
ually or as a battery yielding a composite;
ages 3-16

Pictures of line segments whose position can
be matched to 2 of 11 full-length lines; ages
7-74

Series of 30 line drawings of familiar objects
that are divided into fragments; child must
mentally reassemble fragments to determine

Taps planning, visual organization,
and memory for complex visual infor-
mation

Long-standing test with new addi-
tions; visuoperceptual, visuomotor
integration is assessed

Present in standalone tests, but also
in batteries, including memory aspect;
implications of right hemisphere
function

Sensitive to right cerebral dysfunction;
nonverbal test of visual spatial ability

Sound psychometrics yield standard
scores and percentile for each subtest

Measures visual analysis, synthe-
sis, conceptual reorganization, and
mental rotation

what the object is; ages 5+

An acute injury most notably, even an illness, may
produce a blatant aphasia, but this often resolves from its
most dramatic state fairly quickly. Deficits remain that are
more subtle, but important to address. Common deficits
after injury differ between an adult and a child. In child-
hood and adolescence, deficits in word finding, dyscalcu-
lia, and problems with formulating written language are
common (27). Functional problems, like difficulty with
instructions or following commands, require analysis to
determine the degree of linguistic difficulty versus other
factors, such as attention or memory. As is always the
case, the determination of concurrent difficulty in other
tasks provides the diagnostic information to hone in on
the core problem(s).

Components like phonological processing, con-
frontation naming, language comprehension (oral and
written), and understanding the syntactic structure of
language, as well as the productive aspects of language,
should be covered. The profound impact of language
deficits on academics makes it a particularly important
aspect for assessment. Problems with reading compre-
hension are often seen, and because reading is one of the
primary tools for learning once a child enters elemen-
tary school, the impact can be widespread on competent
school functioning. Deficits in the understanding of pho-
nemes are often an early sign of reading disability.

There are many well-accepted tests to measure all
these aspects. For receptive language, the Peabody Pic-
ture Vocabulary Test-IV (52), Token Test—Second Edition
(53), and the Bracken Basic Concept Scale—Third Edition
(54) are widely used. These vary from single-word
comprehension to grammatical/syntactical structure
to linguistic concepts. Similar tests exist to investigate
expressive oral language. Batteries like the Clinical Eval-
uation of Language Functions (55) or the Test of Written
Language-2 (56) offer the advantages of batteries, while
covering various aspects of language so that differential
levels can be discerned.

A long tradition in neuropsychological evaluation
is the evaluation of aphasia, the disturbance in the basic
language capacity of the brain. This capacity begins at the
level of auditory discrimination and phonological aware-
ness, proceeding to words, then meaningful word combi-
nations. The Boston Diagnostic Aphasia Examination (57),
though its full utility with children has been questioned,
has long been in use. Issues such as fluency skills, where
the ability to generate words within a parameter, such as
the beginning sound, or rapid naming are basic language
skills that can be lacking due to developmental or acquired
problems. Though they are not everyday language skills,
they represent an automaticity of language that can affect
more complex skills, such as reading.
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MEMORY AND LEARNING TESTS

Memory is often a presenting problem in children with
brain dysfunction. Memory involves cognitive mech-
anisms used to register, retain, and retrieve previous
events, experiences, or information (58). All aspects of this
activity need to be assessed to provide sound diagnos-
tic information in addition to developing remediation or
compensatory strategies. Questions of ecological validity
are particularly cogent in memory evaluation, as neces-
sary types of memory cannot be assessed in the testing
situation. Adaptive behavior questionnaires and devices
that attempt to incorporate real-life situations, like the Riv-
ermead Behavioral Memory Tests, are useful to round out
more traditional assessment tools, which are largely based
on theoretical laboratory models. The nature of material
to be remembered in everyday life is different, but so is a
naturalistic setting, and the attendant natural distractions
are part of many instances where memory is needed.

A full examination of memory covers a number
of distinctions, including declarative/explicit versus
implicit/procedural memory, recognition versus recall,
encoding versus retrieval issues, prospective and remote
memory, and short-term/working memory versus long-
term memory. An important distinction is verbal versus
nonverbal memory, and it should be included as a referral
question in most situations.

Findings need to be viewed in the context of the
recognized developmental changes in memory function-
ing through childhood (59). Developmental changes that
mark the progression toward mnemonic competence are
attributable to the child’s growing proficiency in the use
of compensatory strategies to aid encoding and retrieval
of information.

TABLE 3.4 TESTS OF MEMORY AND LEARNING

In situations of TBI, there is a specific role for moni-
toring the time span where brain functioning was insuf-
ficient to record ongoing environmental input, referred
to as posttraumatic amnesia (PTA). This is done through
tracking orientation and return of continuous recall. The
latter refers to the brain’s resumption of the capacity to
register everyday occurrences on an automatic basis. For
pediatric rehabilitation, the Children’s Orientation and
Amnesia Test (COAT) was developed for this purpose by
Ewing-Cobbs and colleagues (60), based on the Galveston
Orientation and Amnesia Test for adults. The duration of
PTA has been shown to more reliably predict recovery
than the Glasgow Coma Score (GCS), the rubric used in
general medicine to judge severity and, by implication,
prognosis. Retrograde amnesia should also be assessed,
representing the time span for which formation of long-
term memory was disrupted, so that minutes, hours, and
sometimes days prior to the injury are not recalled. This
also requires serial monitoring, as restoration of retrieval
processes results in more information being recalled as the
brain recovers. For retrograde amnesia, the monitoring is
essentially just patient responses to questioning of events
leading up to the injury (Table 3.4).

SENSORY-PERCEPTUAL AND MOTOR TESTS

Although at times minimized or omitted entirely, tests of
these functions can be illuminative for laterality issues as
well in determining the extent of impairment in the corre-
sponding cerebral hemisphere. Peripheral disorders must
be ruled out as the cause of discrepancies or abnormal
scores. There are well-established norms from age 3 and up
pertinent to motor sequencing, various hand movements,

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Rivermead Behavioral Memory
Test, 3rd Edition. Children’s
Version (61)

Wide Range Assessment
of Memory and Learning 2

(WRAML 2) (62) and delayed; ages 5-90

Test of Memory and Learning-2
(TOMAL-2) (63)
and cued recall

Child Memory Scale (CMS) (64)

California Verbal Learning
Test-C (CVLT-C) (65)

Tasks are analogues of everyday memory;
has immediate and delayed tasks; two
versions: adult (age 11+) and children
(ages 5-10); four parallel forms

Traditional memory battery covers non-
verbal and verbal, immediate, recognition,

Ages 5-60; traditional battery; covers
nonverbal, verbal, immediate, delayed,

Ages 5-16; battery; parallel structure of
adult Wechsler Memory Scale

Ages 5-16; verbal memory assessed; short
and long delay (20 min) procedures

Novel approach with everyday tasks
increases utility in case planning and reme-
diation. May miss moderate to mild deficits;
alternative forms very useful, though enough
statistics are not given for full utility; shows
general disruption

Excellent psychometrics; widely used; has a
screening form

Good psychometrics; easy to administer

Widely used; enables comparison with IQ
and achievement as part of Wechsler series

Hard to score by hand; good psychometrics
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and reciprocal coordination. This area includes tests of
tactile discrimination and fine motor or hand—-arm move-
ments. Rates of competence between the sides in simple
items and in items with gradually increasing complexity
are done for both tactile and fine motor functioning. The
techniques of A. R. Luria (66) are often used for fine motor
examination, with elements of executive function abilities
intrinsic to completion of the more complex movements.
Specific tests would include the Grooved Pegboard (67)
for skill motor movements—a timed task involving peg
placement in holes at various orientations to the shape
of the pegs. Though interpretation must be done in the
context of other data, such tests can provide information
about the course of a disorder. An example is in chronic
hydrocephalus, where monitoring with tactile proprio-
ception as in finger recognition and number-writing per-
ception can signal progression of the cerebral pathology.

Brief Smell Identification (68) allows for standard-
ized, forced-choice odor identification, with 12 micro-
encapsulated odorants as a screening test for olfactory
function. Many studies have documented a high inci-
dence of olfactory dysfunction post brain injury in adults,
correlated with higher-order cognitive skills that can
be elusive to discern in a direct fashion. The role in the
developing brain is less delineated. Norms have been
developed from age 5 and up.

COMPUTERIZED ASSESSMENT

Within this area, a number of devices have already been
listed under other sections, notably in the section titled
Attention, Concentration, and Information Processing. The
discussion here is relative to concussion. See “concussion”
chapter (Chapter 12) regarding the use of computerized
assessment of cognitive functions specific to abilities typi-
cally disrupted by concussion.

To characterize concussions presenting to an emer-
gency room (69), a version is being developed for children
aged 5 to 10.

COGNITIVE AND INTELLECTUAL MEASURES

A central component of all psychological assessment,
usually included in nearly all testing, has been a mea-
surement of intellectual or cognitive ability. There is a
large body of literature on general intellectual testing as
well as many theories, all beyond the scope of what can
be included here. As this pertains to children, the pur-
pose is typically to predict and plan for academic capac-
ity and appropriate educational programming. Tests of
this nature have also allowed clinicians and educators to
detect students who may be at risk for learning problems
and benefit from special services.

Of the major general cognitive tests, each is based
on different theoretical models, as mentioned previously;
however, all share a fundamental similarity: separate
assessment of verbal and nonverbal skills, with scores
combined to yield a general composite score. In the reha-
bilitation population, children whose illness or disability
differentially affects verbal or visual-spatial skills require
a more sophisticated selection, analysis, and understand-
ing of tests. These children are more likely than the typical
population to show significant differences and scatter on
different types of skill sets, and composite scores may not
provide much useful information. For example, a child
who scores in the average range on visual-spatial tasks
and in the impaired range on verbal tasks may be given
an overall composite score in the low-average range—
which does little to describe the child’s actual abilities
and even less in terms of guiding programming. There-
fore, individual indexes and subscales must be examined
in order to gain a clearer picture of the child’s ability.

In cases of significant physical or sensory impair-
ment, such as hemiparesis, clinicians are simply not able
to fully and adequately assess the full range of intellec-
tual functioning. Tests that require rapid bilateral fine
motor skills have to be modified, thus negating valid
interpretation, and replaced with less involved tests that
require pointing. These tests cannot be assumed to mea-
sure precisely the same skills—and may even be skipped
altogether in favor of using scores on verbal-response
tests as the primary index and then assuming that the
score reflects general capacity across domains. This prac-
tice is ill-advised even in normal populations, much less
in children where there is evidence of neurologic impact
that may differentially affect various skill sets. In general,
with children like these, scores on cognitive tests should
be carefully interpreted, with cognizance of limitations,
and used as part of a larger body of neuropsychological
assessment that applies more sophisticated and specified
measures to best assess the full span of skills that are
commonly affected by illness or disability.

The Wechsler scales include the Wechsler Intelli-
gence Scale for Children, 4th Edition (WISC-1V) (70), the
Wechsler Adult Intelligence Scale, 4th Edition (WAIS-III)
(71), the Wechsler Preschool and Primary Scale of
Intelligence, 3rd Edition (WPPSI-III) (69), as well as an
abbreviated battery, the Wechsler Abbreviated Scale
of Intelligence (72). The factor structure of the WISC-IV
was significantly changed from the previous editions.
The WISC-IV includes a full-scale score made up of four
separate composites, each of which is made up of sev-
eral different subtests. The four composites are verbal
comprehension, perceptual reasoning, working mem-
ory, and processing speed. The core working memory
subtests are primarily verbal in nature, and the core
processing speed subtests are primarily nonverbal in
nature. The WISC-1V is designed for use with children
aged 6 to 16 years. The WAIS-1IV is used with individuals
aged 16 to 90 years. The factor structure of the WAIS-IV
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was also updated. Similar to the WISC-1V, it yields a full-
scale score comprising verbal, performance (nonverbal),
working memory, and processing speed scaled scores.
Each index is made up of several different subtests. The
WPPSI-III has two different score structures, depending
on age. For children aged 2.5 to 4 years, there is a full-
scale score comprising verbal, performance, and gen-
eral language composites. For children aged 4 to 7 years,
3 months, there is one additional composite score: process-
ing speed. Important considerations in the assessment of
preschool-age children are addressed in the following
section, “Instruments for Use With Young Children.” The
WASI-II is an abbreviated measure of intellectual func-
tioning that measures both verbal and performance abil-
ities, leaving out working memory and processing speed.
This will often be used when other measures tapping
these skills are administered.

The Stanford-Binet Intelligence Scales, 5th Edition
(73) is designed for use with individuals aged 2 to 89 and
up. The full-scale score is made up of five factor indexes:
fluid reasoning, knowledge, quantitative reasoning,
visual-spatial processing, and working memory. Each fac-
tor index includes separate assessments of nonverbal and
verbal skills. It should be noted that some of the “non-
verbal” tasks require significant receptive language skills,
which may complicate interpretation in a child with a
basic discrepancy in verbal and nonverbal skills.

The Kaufman Assessment Battery for Children,
2nd Edition (K-ABC-II) (74) was designed for use with
children aged 3 to 18. It is unusual in that guidelines are
provided for interpreting results within two different
theoretical models: the Luria neuropsychological model
and the Cattell-Horn-Carroll psychometric model. Using
the Luria model can provide some coherence within a
broad neuropsychological assessment. Under this model,
there are five scales (sequential processing, simultaneous
processing, planning ability, knowledge, and learning
ability), each comprising multiple subtests. There is also a
distinct nonverbal index that can be administered entirely
through nonverbal gestures and responses, which can be
useful for children with certain disabilities.

INSTRUMENTS FOR USE WITH YOUNG CHILDREN

Tests of infant ability have been developed in an attempt
to measure the developmental status of infants and young
children. Such tests are primarily useful in describing
current developmental status, with minimal relation-
ship of these early childhood competencies to skills con-
sidered crucial during later developmental phases (75).
Predictive validity is considered viable only with infants
who are significantly developmentally delayed in the
first year of life (76,77). Furthermore, tests of infant abil-
ities heavily emphasize assessment of motor skills and
cooperative behaviors, which are areas compromised in

a child with chronic or acquired disability, causing addi-
tional complications for achieving test validity in this
population.

Research generally indicates that the younger the
child, the less predictive intelligence tests are of later test
scores and academic performance as the child ages (78,79).
Although this was a common belief and well proven in
the 1960s and 1970s, this is currently being examined in
the research to discern if there is moderate predictabil-
ity of some of these tests (80). The assessment of young
children typically requires adaptation and expansion of
existing tests to obtain reluctant and valid information.
Factors to be considered are that the young child can-
not be expected to perform on request and exceptional
efforts may be necessary to elicit the degree of respon-
siveness and cooperation necessary to obtain sufficient
and meaningful information. According to Stevenson
and Lamb (81), an infant’s response to a strange-adult-
influenced test performance and “sociably friendly”
infants scored higher on measures of cognitive compe-
tence. Ulrey and Schnell (75) noted that preschool chil-
dren have had minimal experience with test situations,
show minimal concern for responding correctly, and
have limited experience with the feedback process that is
contingent on being right. Usually, the process of merely
asking young children to complete a task may not yield
an accurate indication of their capabilities. It is, therefore,
incumbent on the examiner to make a judgment about
the extent to which the child’s performance represents
optimal functioning. The likelihood of obtaining ecologi-
cally valid information can be enhanced by incorporating
observations and analyses of infants’ or young children’s
interactions with the environment (eg, parents, siblings,
or caregivers) during spontaneous play.

The Bayley Scales of Infant and Toddler Develop-
ment, 3rd Edition (Bayley-III) (82) can be used to mea-
sure cognitive and motor ability in children aged 1 to
42 months. The cognitive scale measures memory, visual
preference, visual acuity, problem solving, number con-
cepts, language, and social development. The language
scale measures social communication, semantics, mor-
phology and syntax, prelanguage vocalizations, and
comprehension. (Separate receptive and expressive lan-
guage subtests are included.) The motor scale measures
functional grasp and hand skills, object manipulation,
visual-motor integration, head control, trunk control and
locomotion, motor planning, and quality of movement.
(Separate fine and gross motor subtests are included.)
There is also a social-emotional scale (covered in the
section titled Psychosocial Evaluation) and an adaptive
behavior scale that is the same as the early childhood ver-
sion of the Adaptive Behavior Assessment System-II (83),
which is covered in the section titled Adaptive Behavior.
The Bayley-III is considered the best available instrument
for infant assessment (15).

The Brazelton Neonatal Assessment Scale (BNAS)
(84) is administered to infants between 3 days and
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4 weeks of age to generate an index of a newborn’s
competence. This scale includes 27 behavioral items and
20 elicited responses to assess. Test scores may be most
useful when the test is repeated over the first several
weeks of life, so that changes in scores can be examined
to assess the infant’s ability to respond to parenting and
recover from the stress of birth. It is this recovery pattern
that predicts later functioning in childhood (85). Scores
have also been used to teach parents how to provide sen-
sitive and confident care to their infants, with small to
moderate effects (86).

ALTERNATIVE TESTS OF COGNITIVE FUNCTION

Alternative tests of cognitive ability are of particular util-
ity with rehabilitation populations, where patients often
have specific impairments (eg, motor impairments, sen-
sory impairments) that preclude the valid use of more
common measures. Some of the alternative measures
rely less on verbal responding, or reduce requirements
for motor output or speed of responding. In a pediatric
rehabilitation population, it is often necessary to use
alternative assessment measures to accommodate a range
of conditions that may interfere with the child’s ability
to meet requirements of standardized test administration
on traditional measures.

Given that many of these alternative measures were
designed for particular populations, scores generated are
not interchangeable with scores of the major intelligence
scales. Furthermore, the special formatting of these tests
limits the applicability of results to “real-world” envi-
ronments, where such intensive accommodations are
not always made, and scores may not be as predictive of
actual functioning in major settings such as school, home,
or community. These instruments may be most useful
as screening or supplemental tools in the assessment or
interpretation processes.

The Universal Nonverbal Intelligence Test (UNIT)
(87) is a test of intelligence that is designed to be com-
pletely nonverbal. It can be used with children aged 5 to
17 years. Administration is done through eight specified
pantomime gestures. Responses are also entirely nonver-
bal, and consist of pointing, paper—pencil, and manipu-
lating items. Multiple standardized teaching items are
provided to help ensure that the examinee understands
the purpose of gestures. The UNIT is most useful for
children who have significant hearing or oromotor limita-
tions, or who do not speak English. Relatively normal fine
motor functioning is required for valid use of the test.
There are four overlapping scales (memory, reasoning,
symbolic, and nonsymbolic), and a full-scale score. The
nonsymbolic scale is designed to measure abstract sym-
bolic functioning, which is typically measured through
verbal scales on cognitive tests. Some children who can
hear seem to find the examiner’s complete reliance on
nonverbal pantomime to be somewhat off-putting at first.

The Leiter International Performance Scale-3rd Edi-
tion (Leiter-3) (88) is a nonverbal test of intelligence for use
with individuals aged 3 to 75 years. It retains the best of
the widely used Leiter-R subtests and includes a number
of new measures. It also uses a refined block-and-frame
format plus foam manipulatives for easier manipulation
by all examinees, which was a disadvantage of the previ-
ous edition. Leiter-R subtests were combined and items
with similar difficulty levels were removed, reducing the
number of subtests from 20 to 10. The Leiter-3 measures
nonverbal cognitive, attentional, and neuropsychological
capabilities.

This test is useful with individuals with hearing or
oromotor limitations, or who do not speak English.

The Comprehensive Test of Nonverbal Intelligence,
2nd Edition (C-TONI-2) (89) is designed to assess intel-
ligence in individuals aged 6 to 89 years. It includes an
overall composite and two subscales: pictorial and geo-
metric, which include two subtests each. The test can be
administered orally or in pantomime (and is standard-
ized using both). The option of oral administration is for
use with children who are not hearing impaired, as these
children can be confused when a test is administered
completely nonverbally. The C-TONI has the additional
advantage of requiring no more complex motor response
than pointing to the correct answer. Tests requiring only
pointing are sometimes further modified by clinicians to
accommodate severely impaired children for whom even
pointing is too difficult (eg, the examiner points to each
option and the examinee provides indication through
predetermined head or trunk movements when the
correct choice is reached).

Raven’s Progressive Matrices include three sepa-
rate forms: Coloured Progressive Matrices (90) designed
for children aged 5 to 11, Standard Progressive Matrices
(91) for children aged 6 to 17, and Advanced Progressive
Matrices (92) for older adolescents and adults, including
individuals suspected of above-average intellectual abil-
ity. The tests are brief measures made up of abstract visual
arrangements, with the examinee required to select one
of multiple choices to complete the arrangement. Instruc-
tions can be administered orally or through pantomime.
These tests can be used with children with oromotor or
hearing impairments, or who do not speak English. The
examinee responds by pointing, so it is useful for children
with motoric impairment. They are limited as a measure
of general cognitive functioning because they assess only
one specific type of skill, which may be particularly prob-
lematic in a neurologic population where highly specific
strengths and weaknesses are often seen.

The Peabody Picture Vocabulary Test-III (PPVT-III)
(93) is a receptive vocabulary test, where the respon-
dent is given a vocabulary word and points to the best
match from a series of pictures. It is sometimes used as a
screening device to estimate verbal cognitive abilities for
students with expressive speech and/or motor difficul-
ties, though, of course, great caution is warranted, as the
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PPVT-III assesses only a single skill set. Visual-perception
and native English skills are required. The PPVT-III can
be used with individuals aged 2.6 to 90+ years.

As noted previously, the K-ABC-II (74) includes a
distinct nonverbal index that can be administered entirely
through nonverbal gestures and responses, which can
be useful for children with certain disabilities. This test
requires relatively complex and rapid motor responding,
and would not be appropriate for use with individuals
with even mild motoric impairment. Table 3.5 provides a
complete listing.

ACHIEVEMENT TESTS

The assessment of academic achievement is an imperative
component of the evaluation of children and adolescents,
as school is the “work” of childhood. An important task
of assessment is separating academic knowledge from

the rate of production (referred to as academic fluency)
in children with response speed deficits due to motoric
impairment or brain injury. Many tests of achievement
include a speeded component. Overall scores may be less
helpful than specific scores that separate out fluency and
basic skills. In addition, academic testing in youth with
recent-onset illness or injury may overestimate long-term
academic capacity. Academic testing generally measures
previously learned knowledge, which may be intact in
children whose illness or disability has not yet affected
schooling. Whether a child can continue to make prog-
ress is a critical question. This is particularly true in
brain-injured youth whose deficits in attention, executive
functions, and anterograde memory have a strong impact
on mastery of new academic skills, and applies to other
types of recent-onset conditions that place higher cop-
ing demands on the child, leaving fewer resources avail-
able for basic academic learning. Often, frequent retest is
necessary to track progress.

TABLE 3.5 ALTERNATE TESTS OF COGNITIVE ABILITY

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Universal Nonverbal Intel-
ligence Test (UNIT) (87)

Leiter International Per-
formance Scale-Revised
(Leiter-R) (88)

Comprehensive Test of
Nonverbal Intelligence
(C-TONI) (89)

Raven’s Progressive
Matrices
Tests (90,91)

Peabody Picture Vocabu-
lary Test-Ill (PPVT-III) (93)

Kaufman Assessment
Battery for Children-II
(KABC-II) (74)

Nonverbal test that measures both symbolic and
nonsymbolic cognitive skills in the nonverbal
domain. Age range: 5-17.

Nonverbal test developed for use with hear-
ing- or language-impaired subjects; measures
visual-spatial reasoning and nonverbal attention
and memory. Age range: 3-75.

Nonverbal test with pictorial and geometric sub-
scales to measure concrete and abstract nonver-
bal skills. Only motor skill required is pointing,
and this can be further adapted for severely
motor-impaired individuals. No time limits.

Measures nonverbal reasoning; three different
forms for different age ranges; limited motor
skills required; advanced version is useful for
individuals considered to have above-average
intelligence; no time limits.

Multiple-choice test of receptive vocabulary; for
individuals aged 2.6-90+; pointing is the only
response required, and further adaptations can
be made for severely motor-impaired; no time
limits.

General intelligence battery that includes a non-
verbal index that can be administered entirely
without spoken language. Relatively complex
and rapid motor responses are required.

Requires some fine motor functioning;
designed to reduce cultural bias; easy to
administer; useful with individuals with audi-
tory or oromotor limitations, or who do not
speak English.

Motor responses are relatively simple, but
some items are scored for speed, so motor
impairments may affect results. Useful with
individuals with auditory or oromotor limita-
tions, or who do not speak English.

Nonverbal test with option for oral adminis-
tration in English-hearing individuals. Useful
for individuals with combined limited motor
functioning and auditory or oromotor limita-
tions or who do not speak English.

Limited in that it uses a single type of task;
useful for individuals with auditory, oromotor,
or physical disabilities, or who do not speak
English.

Useful as a screening device for measuring
verbal functioning in children with significant
expressive verbal or motor impairments;
sometimes used to estimate general cog-
nitive functioning in individuals who cannot
participate in other types of assessment, but
should be interpreted with great caution.

Suitable for individuals with auditory or oro-
motor impairments, or non-English speakers;
not for use with individuals with even mild
motor impairment.
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Some of the more frequently used, individually
administered, norm-referenced, and wide-range screen-
ing instruments for measuring academic achievement
spanning kindergarten through twelfth grade include
the Kaufman Test of Educational Achievement, 2nd Edi-
tion (KTEA-II) (93), the Wechsler Individual Achievement
Test, 3rd Edition (WIAT-II) (94), and the Woodcock—
Johnson Psychoeducational Battery, Third Edition (W]-III)
(95). The Wide Range Achievement Test, 4th Edition
(WRAT-IV) (96), is frequently used, but is a brief measure
that yields limited information. The Peabody Individual
Achievement Test-Revised (97) addresses generally simi-
lar content areas as the other major assessment tools, but
minimizes the verbal response requirement by using a
recognition format (eg, point to correct response based
on four choices). Although this format may allow assess-
ment of children presenting with certain impairments,
language or motor, the results may not provide the best
indication of expectations for student performance in the
classroom, where recall and more integrated answers are
required.

New assessment guidelines under the Individuals
with Disabilities Education Act (IDEA, 2004) for diag-
nosing learning disabilities in public education settings

TABLE 3.6 MEASURES OF ACHIEVEMENT

include options for using response to intervention (RTI),
which is a process of assessing progress in skill acquisi-
tion in response to scientifically supported interventions,
using frequent brief assessments rather than a single clus-
ter of standardized testing. While RTI is not specified for
use in qualifying children under other special education
diagnostic categories, such as health impairment, ortho-
pedic impairment, sensory/physical impairment, or
brain injury, the RTI model provides a potential structure
for assessing progress in the school setting.

Table 3.6 provides a listing of achievement measures.

ADAPTIVE BEHAVIOR

Adaptive behavior includes behaviors and skills that
reflect competence to meet the demands of everyday liv-
ing in order to achieve a developmentally appropriate
level of independence. The American Association on Men-
tal Retardation (AAMR) distinguishes three major cate-
gories of adaptive functioning. Conceptual skills include
language, functional academics, and self-direction. Social
skills include establishing friendships, social interaction,

INSTRUMENT (REF.) DESCRIPTION

COMMENTS

Kaufman Test of Educational
Achievement-Il (KTEA-II) (93)

language. Ages 4.6-25.

Wechsler Individual Achieve-
ment Test-lIl (WIAT-11) (94)

comprehension. Ages 4-50.

Woodcock-Johnson Il Tests
of Achievement (WJ-III) (95)

Ages 2-90+.

Wide Range Achievement
Test-IV (WRAT-IV) (96)
computation. Ages 5-94.

Peabody Individual
Achievement Test-Revised
(PIAT-R) (97)

sion. Ages 5-18.

Reading (decoding and comprehension),
math (computation and applications), and
written language composites (spelling and
composition), as well as additional subtests
measuring reading-related skills and oral

Subtests measure pseudoword decoding,
word reading, comprehension, numerical
operations, math reasoning, written expres-
sion, spelling, oral language, and listening

Scales assess reading, oral language,
mathematics, written language, and knowl-
edge. Separate scales assess basic skills,
applications, and fluency for reading, math,
and written language. Multiple additional
scales of highly specified skills are included.

Subtests include sentence comprehension,
word reading, spelling, and math

Includes subtests for general information,
reading recognition, reading comprehension,
mathematics, spelling, and written expres-

Age- and grade-based norms provided;
norms broken down by fall, winter, spring;
reading-related subtests help identify specific
deficits in phonological awareness or rapid
naming.

Age- and grade-based norms provided,
norms broken down by fall, winter, spring;
conormed with the Wechsler Intelligence
Scale for Children-IV to promote statistically
sound comparisons between |Q and achieve-
ment scores.

Age- and grade-based norms provided;
scoring provided through use of computer
software only; lack of hand-scoring option
limits the clinician in interpretation in some
cases; specific fluency scores useful in popu-
lations with processing speed deficits; written
expression subtest relatively simplistic.

Brief measure that does not assess some criti-
cal aspects of academic functioning.

Uses a recognition format that accommo-
dates individuals with language and motor
impairments; measures relatively limited set
of skills compared to other tests.
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and social comprehension. Practical skills include basic
self-care skills and navigation of home, school, and com-
munity tasks and environments. In later adolescence,
vocational functioning is also assessed as part of the
practical domain.

Deficits in adaptive behavior are one of the core cri-
teria in determining a diagnosis of mental retardation,
along with significantly impaired intellectual functioning.
Adaptive functioning is assessed primarily through struc-
tured interviews and rating scales completed by persons
familiar with the child in natural settings, such as parents
and teachers. These scales are open to the response bias
inherent in this type of assessment, but are also directly
linked to programming assistance. There is great utility in
using responses to adaptive skills to identify target skills
for rehabilitation. Several issues are especially notewor-
thy in using these assessments with rehabilitation pop-
ulations. First, adaptive scores may be disparate with
intellectual testing scores in a TBI population, because
they represent more procedural learning and are often
less affected directly after the injury. The failure to gain
subsequent abilities can be a source of substantial dis-
ability as time goes on, due to impairments in sensory or
cognitive abilities. Second, in contrast to individuals with
developmental mental retardation, who may be expected
to show a general pattern of mastery of easier skills and
nonmastery of more difficult skills on each scale, the reha-
bilitation population is more likely to show uneven peaks
and valleys across skills even within the same domain.
For example, a person with motoric impairment may
struggle with some “easier” self-care skills, but have the
cognitive and adaptive ability to handle more “difficult”
skills in the same domain. In these individuals, standard-
ized scores may not provide a meaningful picture, but
analysis of specific items can provide direction for reha-
bilitation programming.

The Vineland Adaptive Behavior Scales-II (98) is
a widely used set of scales that has four forms: Survey
Interview, Parent/Caregiver Rating, Expanded Interview,

TABLE 3.7 MEASURES OF ADAPTIVE FUNCTIONING

and Teacher Rating. Each assesses four broad domains.
The communication domain assesses expressive, recep-
tive, and written communication. The daily living skills
domain assesses personal, community, and domestic
skills. The socialization domain assesses interpersonal
relationships, play and leisure time, and coping skills; the
motor skills domain assesses fine and gross motor skills
for young children. The domain scores are combined to
yield a composite index. A maladaptive behavior domain
surveys inappropriate social or behavioral displays. The
survey interview and rating scales take 20 to 60 minutes to
complete, while the expanded interview is lengthier. The
second edition includes updated content and increased
coverage of early childhood adaptive behavior for use
down to early infancy.

The Adaptive Behavior Assessment System-II
(ABAS-ID) (83) includes five forms, each taking 15 to 20
minutes to complete: Parent/Primary Caregiver Form
for birth to 5 years, Teacher/Daycare Provider Form for
children aged 2 to 5 years, the Teacher Form for ages 5
to 21 years, the Parent Form for ages 5 to 21 years, and
the Adult Form for ages 16 to 89. In the second edition
of the system, the domains are closely aligned with the
AAMR definition of adaptive behavior. The conceptual
domain assesses communication, functional academics
(or pre-academics), and self-direction. The social domain
assesses leisure and social skills. The practical domain
assesses self-care, home/school living, community use,
health and safety, and, for older adolescents and adults,
work skills. The scales are well validated. Table 3.7 pro-
vides a complete listing of these tests.

PSYCHOSOCIAL EVALUATION

The assessment of psychosocial status has different con-
ceptual bases, depending largely on the age of the child.
A multimethod, multisource assessment is critical, as

INSTRUMENT (REF.) DESCRIPTION COMMENTS

Vineland Age: Birth to 90 years. Measures four domains:  Assessment of adaptive motor skills relevant for
Adaptive communication, daily living skills, socialization, a rehabilitation population.

Behavior and motor. Also includes a maladaptive behav-  Rating scale and interview formats available.
Scales-Il (99) jor scale.

Adaptive Age: Multiple scales covering birth to 89 years.  Composite areas specifically match AAMR
Behavior Measures three domains: conceptual, social, guidelines.

Assessment and practical.

System-I|

(ABAS-II) (83)

Abbreviation: AAMR, American Association on Mental Retardation.
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different sources are sensitive to different areas of func-
tioning (100). Structured interview, observational meth-
ods, performance evaluation, and careful analysis of both
medical data and psychosocial variables should be com-
bined, and, where possible, multiple sources of informa-
tion should be included, such as parents, teachers, and
child self-report.

CAVEATS

One of the trickiest issues in psychosocial assessment in
rehabilitation populations is the need to account for the
biologic factors on assessment results. Most psychoso-
cial assessment tools are not specifically designed for use
with children with disabilities or chronic illness, making
their interpretation of results questionable. There is to
be expected a level of adjustment that exists in children
with disabilities or chronic illness. While children with
chronic physical conditions appear to be at increased
risk for psychological adjustment problems, the majority
of children in this population do not show evidence of
maladjustment (100). Furthermore, assumptions based
on group membership by disability or medical condi-
tion can be inaccurate. For example, intuitive reasoning
would indicate that individuals with disfigurements,
such as amputations or burns, would be particularly
affected. Such is not the case, however, as demonstrated
in research of these groups (99).

It is important to be aware that some items on
psychosocial assessment scales can elicit medical as
opposed to psychological distress. Particularly in chil-
dren, “somatization”—or the tendency to express high
levels of physical symptoms—is often assessed in scales
measuring emotional functioning. A high level of soma-
tization is considered indicative of internalizing prob-
lems such as depression and anxiety in general child
populations, and high somatization scores can lead to
high scores on composite scales meant to measure gen-
eral internalizing problems. Obviously, in youth with
chronic illness, the extreme physical symptoms relating
to the medical condition may, even in the absence of other
areas of significant symptomology, yield a score on the soma-
tization subscale that is high enough to lead to elevated
“total” emotional symptoms scores. It is incumbent on
the professional to analyze the general profile and indi-
vidual items in these cases. If there are low rates of other
indicators of emotional distress besides those symptoms
specific to the medical condition, it is important not to
overinterpret the elevated scores. At the same time, high
total scores should not be disregarded just because they
are in part due to medical symptoms, as this population
does frequently show elevated symptoms of distress,
even when somatic items are not included in scoring
(101). An intimate familiarity with the items making up
the measure and the specific variables associated with

the individual child’s medical condition is required for
psychosocial assessment in this population. Physicians
should be wary of scores provided by school and com-
munity clinicians who are not specifically familiar with
the challenges in the assessment for this population.
Referral to clinicians who specialize in pediatric rehabilitation
should be strongly considered when psychosocial concerns are
an issue.

Unique to the arena of personality of psychosocial
functioning is the empirically based or criterion-group
strategy of assessment. This approach grew in response
to the serious liabilities presented by self-report tests,
which used items that had face validity. For example,
an item that asks about arguing with others was a direct
question, just as could be asked in a live interview. There
are great liabilities to that approach; it assumes that sub-
jects can evaluate their own behavior objectively, that
they understand the item in the way it was intended, and
that they chose to respond candidly. In a radical depar-
ture, the developers of what came to be known as the
Minnesota Multiphasic Personality Inventory (MMPIL
now in the second edition and restructured form—
MMPI-2-RF) formulated the test with the main prem-
ise that nothing can be assumed about the meaning of
a subject’s response to a test item—the meaning can be
discerned only through empirical research. Items are
presented to criterion groups, such as depressed, schizo-
phrenic, or passive—aggressive personality disorders,
and control groups. By their answers as a diagnostic
group, the items become indicative of a given disorder or
personality outplay, regardless of what the content of the
items was or an intuitive judgment of what it should indi-
cate. This approach also allows for the determination of
respondent’s bias—whether an adolescent self-reporting,
as in the case of the Minnesota Multiphasic Personality
Inventory-Adolescent (MMPI-A), or parents filling out a
behavioral checklist such as the Personality Inventory
for Children-2.

In young children, temperament is a more cogent
concept than that of personality. The dynamics of psycho-
logical functioning are the effect of innate temperament
in interaction with parents and other caregivers within
the basic sensorimotor exploratory nature of infancy and
early childhood. If school is children’s work, play is the
work of this youngest group. What an interview or a
self-report measure yields in older children, the observa-
tion of play provides in the preschooler. To quote Knoff
(102), “This information reflects the preschooler’s unique
perceptions of his or her world, perceptions that are
important in any comprehensive assessment of a referred
child’s problems.” Projective techniques such as the Ror-
schach are not recommended in this population because
of the need to interpret ambiguous visual stimuli. The
active developmental maturation of visual-perceptual
systems and the attendant normative variability mitigate
against the appropriateness in preschoolers.
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INDIVIDUAL ASSESSMENT TOOLS

Functional behavior assessment (FBA) is highly appro-
priate when young children, as well as older youth, with
disability or illness are displaying significant behavior
problems (103). When the ability to effectively commu-
nicate or independently access one’s wants and needs
is inhibited by cognitive or physical disability, rates of
inappropriate behaviors can increase as the child learns
(sometimes subconsciously) that these behaviors can
effectively serve a function. FBA is a structured assess-
ment method for determining the underlying function
(ie, purpose) of inappropriate behavior. This assessment
method has the advantage of being directly linked to
intervention strategies—when a function is identified,
environmental interventions can be developed to teach
the child to use more appropriate behaviors to meet his or
her purpose. There is an adaptive emphasis for children
who cannot use developmentally appropriate language
or mobility, and children with even severe impairments
in cognitive, language, sensory, or motor functioning can
be assessed through this method. Functional behavior
assessment includes structured interviews examining
the antecedents and consequences of behavior, struc-
tured observations of behavior in naturalistic settings
to identify environmental mediators, and experimental
manipulation of environmental conditions (functional
analysis) to determine whether behaviors serve to meet
children’s need for attention, tangible items or activities,
to escape from nonpreferred situations, or to meet inter-
nal needs, such as the release of endorphins through
self-injury.

Transdisciplinary play-based assessment (TPBA)
(104) is a standardized observation of play. It provides
an exhaustive listing of developmentally cogent play
behaviors under four domains: cognitive, language and
communications, sensorimotor, and social-emotional
development. It allows the child to engage in the most
natural of activities, but is limited in that there may not be
an expression of a specific behavior of interest but rather a
global picture of the child in interaction with the environ-
ment. Because of the limitations of individually adminis-
tered tests in the young child, this acts as cross-validation
of parental report and is less influenced by the demand-
ing characteristics of traditional testing. The advantage of
hearing spontaneous language production is particularly
useful, for this is often the primary shutdown of younger
children in an evaluation setting (105). There are other
systems for play observation. Some are designed for the
more evocative structure of play designed to tap certain
themes (eg, abuse) used in children. In the rehabilitation
population, nonpathologic issues such as adjustment and
developmental integrity predominate, so the TPBA offers
an excellent choice.

The Bayley Scales of Infant and Toddler Develop-
ment, 3rd Edition (82) provides a normative framework

for this domain by providing scaled scores for the pop-
ular Greenspan Social-Emotional Growth Chart (106),
which is a parent-report instrument to assess early indi-
cators of social-emotional functioning in children aged 0
to 42 months.

The MMPI-A (107) is based on the criterion-group
strategy described in the introductory comments to this
section. It is the first revision of the original MMPI spe-
cifically for use with adolescents. For the original test
(MMPI), adolescent norms were developed in the 1970s,
but it was only a downward extension at best. Now, new
items tap specific adolescent developmental or psycho-
pathologic issues. There are new supplemental scales that
give feedback relative to alcohol and drug problems and
immaturity. There are 15 new content scales in addition to
the original 10 clinical scales. Development of the validity
and response bias of the subject was expanded by devis-
ing response-inconsistency scales.

The original MMPI interpreted with adolescent
norms had been used extensively with adolescent med-
ical populations, including those with physical disabil-
ity (108). For the development of the MMPI-A, extensive
rewriting and some revision of test items were done.
A national representative adolescent sample was used
for normative data (not the case in the original MMPI).
The new length is 478 test items presented in a book-
let form, with true/false response. The reading level
required is best considered to be seventh grade, although
it had been designed with the goal of fifth-grade com-
prehension. In actuality, the range is from fifth to eighth
grades. The test is available in an audiotape format as
well, which takes about 90 minutes. Each item is read
twice. This aspect was designed for access by the visually
impaired, but doubles for individuals who have reading
comprehension problems. The language comprehension
level required for the audiotape format is fifth grade.
A computer-administered form is also available that
presents items singly and with a response entered on the
keyboard.

The effective use of the MMPI-A with pediat-
ric rehabilitation patients is contingent upon cautious
interpretation. For example, elevated scores on scales
such as “hypochondriasis” or “lassitude-malaise” will
be interpreted differently in a patient with chronic ill-
ness than in general populations. A correction factor is
recommended for use with spinal cord injury to obvi-
ate responses to items that reflected the reality of the
medical condition, as opposed to the criterion value
assigned to the item (109). Recommended uses for the
MMPI-2, which would also appear appropriate for the
MMPI-A, in medical assessments include assessment of
response bias, as the validity scales allow for assessment
of the accuracy of the patient’s self-report, identification
of emotional distress factors relating to the medical
condition that may influence recovery, and comorbid
psychiatric conditions that would be expected to affect
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recovery and participation in rehabilitation. Attempts to
use the MMPI-2 (and likely the MMPI-A) to differenti-
ate between organic and functional conditions are dis-
couraged, as research suggests that elevated scores on
scales suggestive of somatic preoccupation can reflect
the effects of the medical condition (110). The updated
version of the MMPI-2 is now called the MMPI-2-Re-
structured Form (RF). This new form has about 200
fewer questions, although the same normative sample
was used to create it.

The Personality Inventory for Children, 2nd Edition
(111) is a behavior rating scale for children aged 5 to 19. It
comprises 275 items to be completed by a parent. There
is a brief form that takes about 15 minutes to complete.
Composite scales include cognitive impairment, impul-
sivity and distractibility, delinquency, family dysfunc-
tion, reality distortion, somatic concern, psychological
discomfort, social withdrawal, and social skill deficits.
Three validity scales are designed to assess response
biases, including inconsistency, dissimulation, and defen-
siveness, that may invalidate responses. Sattler (112) finds
that additional research is needed on the reliability and
validity of this new version of the scale, and there have
been some concerns noted about the use of previous ver-
sions with specific rehabilitation populations—notably
those with brain injury.

The Achenbach System of Empirically Based
Assessment (113,114), including the Child Behavior
Checklist for Ages 6-18 (CBCL/6-18), the Child Behav-
ior Checklist for Ages 1.5-5 (CBCL/1.5-5), the Youth
Self-Report (YSR), and Caregiver-Teacher Report Forms
(TRF), are commonly used measures of psychosocial
adjustment. They were each developed through factor
analysis (or the statistical grouping of items into clusters/
scales, as opposed to using clinical judgment to group
items), but also include DSM-oriented scales developed
through clinical judgment. Broad domains include inter-
nalizing symptoms and externalizing symptoms. The
CBCL/6-18, TRF, and YSR each include 112 items in eight
scales. The CBCL and TRF are designed for completion
by parents or teachers, respectively, of children aged 6
to 18 years. The YSR is designed for self-report of ado-
lescents aged 11 to 18, and requires a fifth-grade read-
ing level. The CBCL/F/2-5 and Caregiver-Teacher Form,
for use with younger children, each consist of 100 items,
separated into seven and six scales, respectively. The
scales are commonly used in children with chronic phys-
ical conditions (99). Limitations of its use with children
in this population include limited sensitivity to milder
adjustment problems, a possible confound by medical
symptoms, incomplete assessment of social functioning,
and methodological concerns (115).

The Behavior Assessment System for Children-2
(BASC-2) (116) includes three parent rating scales (Pre-
school, aged 2-5 years; Child, aged 6-11; and Adolescent,
aged 12-21); three teacher rating scales, following the same
age ranges; and three self-report of personality scales

(Child, aged 8-11 years; Adolescent, aged 12-21 years; and
Young Adult, aged 18-25 years, attending a postsecond-
ary school). Each scale takes 20 to 30 minutes to complete
and requires a third grade reading level. Parent rating
scales include composite scores for adaptive skills, behav-
ioral symptoms, externalizing problems, and internaliz-
ing problems. Teacher rating scales measure these four
areas and add a school problems scale. The self-report
scales include composite measures of emotional symp-
toms, inattention/hyperactivity, internalizing problems,
personal adjustment, and school problems. The BASC-2
scales also include several indexes to measure response
sets that would indicate invalid scores, such as high rates
of negative answers, high rates of positive statements,
endorsement of nonsensical or implausible items, or
inconsistent responses. The BASC-2 system is well vali-
dated and provides an integrated multisource system of
assessment (114).

The Rorschach Inkblot Technique (117) remains a
widely used test in children and adolescents. It is the
classic technique of 10 inkblots presented with the
instruction to say what it looks like to the examinee.
An alteration in administration with younger people is
to follow up each card with the inquiry, asking why it
looked like whatever the response was, whereas with
adults, this is done only after all blots are viewed. Nor-
mative data on this technique for children and ado-
lescents began appearing in the 1970s; however, these
are not representative of the general population, being
over-representative of children with above-average
intelligence, with incomplete attention to race and socio-
economic status (117). Despite the fact that some norms
exist down to age 2 years, most authors agree that the
Rorschach should not be used with children below the
age of 5 years. There is little experience with this type of
test in assessing the type of adjustment issues common
to the rehabilitation population. Therefore, it should be
used guardedly.

Children’s Apperception Test (CAT) and Thematic
Apperception Test (TAT) (116) represent another type of
projective test, but this time, the stimuli are ambiguous
pictures and the subject is asked to make up a story con-
cerning what is happening, what led to the scene in the
picture, and what will happen next. It requires consid-
erable skill on the part of the examiner, and should be
given only by a professional, as is the case with all pro-
jective techniques. There is usually follow-up question-
ing about the story given, and the recording is verbatim.
There are no real normative data on the CAT, but some
authors believe that it remains a powerful technique in
discerning children’s personalities (118). Some believe it
taps themes of confusion and conflict, with the child’s res-
olution being a central focus of interpretation. It is based
on the author's personality theory as opposed to a patho-
logic model. The entire set contains 20 cards, although a
standard administration uses only selected pictures. Over
the years, individual cards have been identified as being
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particularly useful with certain age groups. There are
concerns regarding lack of adequate reliability and valid-
ity of data (112).

In these days of cost-efficiency considerations,
more specific, shorter measures are of great utility.
The choice of a specific construct is often suggested by
the results of other examinations or by knowledge of the
presenting problem. Anxiety is a common correlate of
chronic physical conditions (119). The Revised Children’s
Manifest Anxiety Scale for Children (RCMAS) (120) is
a single-construct measure of anxiety. The RCMAS has
37 short statements to which the child responds yes or
no. There is a total anxiety score, as well as a lie sub-
scale that examines the candidness and honesty of the
response set. The brevity of the instrument results in the
three anxiety subscales that can be generated but are of
limited use. The standardization sample was large and
representative of socioeconomic status, demographics,
race, and gender. Validity and reliability are extensively
reported in the manual and are helpful in informed
interpretation. The reading level is third grade, so a wide
variety of children and adolescents can use this device.
Because of its brevity and specificity, it should be only
one part of a battery.

The Children’s Depression Inventory-2nd edition
(CDI-2) (121) is a well-recognized self-report measure
of depressive symptoms in children aged 7 to 17 years.
There are five subscales: negative mood, interpersonal
problems, ineffectiveness, anhedonia, and negative
self-esteem. Reliability for the total score is stronger than
for subscales. Though a popular measure, questions have
been raised about the psychometric properties (112) of
the first edition. Although research on the newest edition
is sparse at this point, this was to be one of the issues
addressed.

The Behavior Rating Inventory of Executive Func-
tion (BRIEF) system (122) includes a parent version
(ages 5-18) a teacher version (5-18), a preschool version
of Parent and Teacher Rating Scales that can be com-
pleted by parents or teachers/daycare providers (ages
2-5), and a Self-Report (ages 11-18). The behavioral rat-
ing of executive functioning is an important addition
to the assessment of psychological functioning in any
child with neurologic impairment. Soliciting the obser-
vation of executive functioning in natural environments
is especially important in light of previously mentioned
concerns regarding ecological validity of clinical tests
of executive functioning due to the highly structured,
directive nature of clinical assessment. The preschool
version of the BRIEF includes three broad indexes—
inhibitory self-control, flexibility, and emergent meta-
cognition—and a global composite, as well as two
validity scales to identify excessive negativity or incon-
sistency in responding. The other versions have two
broad indexes—metacognition and behavioral regula-
tion—and a global composite, as well as the two validity
scales. Table 3.8 provides a complete listing.

FAMILY ENVIRONMENT

The instruments noted here are part of the ever-growing
recognition of the pivotal importance of family function-
ing in the face of a child’s disability and adjustment. The
most dramatic impetus has been the requirement of a
family service plan in all early-intervention services for
children up to 3 years of age. Beyond the case to be made
in the youngest age group, many studies show a strong
relationship between family functioning and a child’s
psychological adjustment across a number of different
medical conditions (1). Further, the maximization of skills
from treatment to the community requires the dedication
of family members to be involved in the recovery pro-
cess. The importance of such considerations is clear. The
following are synopses of two widely used instruments
for populations often within the scope of a rehabilitation
practice.

The Home Observation for Measurement of the
Environment Sale (HOME) (124) is a checklist designed
to assess the quality of a child’s home environment. It is
an involved process including observation of the home
setting and an interview with parents. Six areas are
assessed: responsiveness of parent, parental acceptance
of child, organization of physical environment, provision
of appropriate play materials, parental involvement with
child, and opportunities for variety in stimulation. In
young children, the home setting is a strong predictor of
later functioning.

The Family Environment Scale (FES) (125) rates
parental perception of the social climate of the fam-
ily, and is rooted in family systems theory. It contains
90 true—false items that break down into 10 subscales:
cohesion, expressiveness, conflict, independence,
achievement orientation, intellectual-cultural orienta-
tion, active-recreational orientation, moral-religious ori-
entation, family organization, and family rules. Scores
are plotted on a profile, with two forms available—the
actual state of the family as perceived by individual
members and the ideal state. Profiles derived from each
parent can be compared, from which the family incon-
gruence score is calculated.

There has been controversy about the psychometric
properties of the FES relative to the stability of its factor
structure. It was suggested that the factor structure var-
ies, depending on which family member's perceptions
were used. There is some caution expressed about its use
as a clinical diagnostic tool in a rehabilitation setting with
adults (126). Others have used it successfully in studies
of children with chronic medical conditions. In one such
study by Wallander and colleagues (127), family cohesion
made a significant contribution to social functioning in
children with spina bifida. A measure of family function-
ing specific to children with disabilities (Parents of Chil-
dren with Disabilities Inventory [PCDI]) is presented in
the following section on population-specific assessments.
Table 3.9 provides a full listing of these tests.



CHAPTER 3 PSYCHOLOGICAL ASSESSMENT IN PEDIATRIC REHABILITATION 47

TABLE 3.8 MEASURES OF GENERAL PSYCHOSOCIAL FUNCTIONING

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Functional Behavior
Assessment
(FBA)

Transdisciplinary Play-Based
Assessment (TPBA) (106)

The Bayley Scales of Infant
and Toddler Development-ll|
(82)

Minnesota Multiphasic Per-
sonality Inventory-Adolescent
(MMPI-A) (107)

A style of observation-based behavioral
assessment geared toward identifying
the underlying purpose of problem
behavior.

Normed for 6 months to 6 years.
Administered in home or clinic.
Structured play observation.

Ages 0-42 months. Provides normative
framework for major social-emotional
milestones.

Objective self-report for adolescents
aged 14-18. Revision of most widely
used personality test for this age.

Detailed assessment of response bias.

Personality Inventory for
Children-2 (PIC-2) (111)

Two versions cover ages 3-16 years.
Parent-report rating scale. Separate
norms for mother and father as
respondents. Assesses response bias.

Achenbach System of Empiri-
cally Based Assessment (123)

Includes parent report (CBCL), and
teacher report (TRF), scales ranging
from ages 1.5-18 years, and a
self-report scale (YSR) for ages 11-18.
Empirically driven and DSM-oriented
scales provided.

Age: Parent and teacher scales range
from 2-21 years. Self-report scales
range from 8-25 years. Several scales
measuring response bias.

Behavior Assessment System
for Children-2 (BASC-2) (114)

Projective personality test using inkblots
as ambiguous stimuli. Standardized
scoring norms provided for ages 5-16.

Rorschach Inkblot Technique
(117)

Projective personality test using
ambiguous pictures. Some structured
scoring.

Children’s Apperception Test
(CAT) and Thematic Apper-
ception Test (TAT) (116)

Results are directly linked to interventions for
behavior change. Can be successfully used with
individuals with severe disabilities in any domain.

Designed with intervention development as the
primary goal. Taps a naturalistic activity; more
engaging for young children.

Conormed with the cognitive measures on the
Bayley Scales.

Excellent standardization and psychometric
properties. Audiotape administration available.
Likelihood of continued widespread use facili-
tates comparison across different groups. Length
can be problematic in terms of engagement by
subjects. Some subscales specifically measuring
physical complaints must be interpreted carefully.

Well normed for clinical population, but less
research in rehabilitation population. Some
concerns noted in use with brain injury.

Parent and teacher forms are widely used
instruments in rehabilitation and nonrehabilita-
tion populations. Does not assess response bias.
Subscales measuring physical complaints must be
interpreted carefully in a rehabilitation popula-
tion.

Computer-scoring program provides easy
comparison of information from multiple sources.
Subscales measuring physical complaints must
be interpreted carefully in a rehabilitation
population.

Psychometrically unsound. Concerns regarding
impact of visual-perceptual impairments in
rehabilitation population.

Assesses themes of confusion and conflict,
but requires careful interpretation. Absence of
psychometric/normative data.

Abbreviation: DSM, Diagnostic and Statistical Manual of Mental Disorders.

POPULATION-SPECIFIC ASSESSMENTS

The PCDI (128) was designed to assess not only the

frequency of disability-related stressors, but also parent

While most of the measures listed previously are designed
for general use in the assessment of psychosocial func-
tioning in children and adolescents, an increasing number
of measures are being developed specifically for use with
pediatric rehabilitation populations. Population-specific
measures are more sensitive to the unique adjustment
challenges that these youth face.

perceptions of the stressors, which are an important factor
in family adjustment. Four areas of concern are measured:
medical and legal, concerns for the child, concerns for the
family, and concerns for the self. Limited psychometric
data is available, though initial estimates of reliability
and concurrent and construct validity appear adequate.
Further validation and normative studies are needed.
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TABLE 3.9 MEASURES OF SINGLE DIMENSIONS

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Revised Children’s Manifest Anxiety
Scale for Children (RCMAS) (120)

Children’s Depression Inventory
(CDI) (121)

Self-report of anxiety. Includes a lie
scale to assess response bias.

Self-report measure of depression. Five
subscales: negative mood, interpersonal
problems, ineffectiveness, anhedonia,

Items assessing physiologic symptoms
must be interpreted with caution in
rehabilitation population.

Well-recognized scale. Some questions
have been raised about the psychometric
properties.

and negative self-esteem.

Behavior Rating Inventory of Execu-
tive Function (BRIEF) System (122)

scales included.

Parent, teacher, and self-report rating
scales. Measures behavior regulation
and metacognition. Two response-bias

Allows for assessment of executive skills in
naturalistic environment, which is import-
ant, as this can be hard to validly assess in
clinical settings.

The Pediatric Inventory of Neurobehavioral Symp-
toms (PINS) (129) has the advantage of having been
specifically designed for the assessment of personality,
emotional, and behavioral issues associated with TBI.
It has the disadvantage of having less research support,
though there is some evidence of construct validity.
It comprises 54 items, and can be completed by the parent
or the teacher. Five general scales are obtained: mental
inertia, social inappropriateness, dissociation of affect
and behavior, episodic symptoms, and biologic symp-
toms.

The Pediatric Pain Questionnaire (PPQ) (130) is a
structured interview completed with patients and par-
ents. It measures both pain intensity and location, using
body outline and visual analogue, as well as the emotional
and perceptual experience. There are separate forms for
children, adolescents, and parents. The adolescent form
also covers the social and environmental influences on
the experience.

History taking is an integral part of the process,
including extensive history of treatments, child and fam-
ily pain history, and environmental aspects. The ana-
logue scale provides no numbers or markings, but instead
elicits present and worst pain intensity of the past week.
Different semantic anchors are used for children (not
hurting versus hurting a lot), along with happy and sad
faces. The adolescent and parent versions are anchored
by no pain and severe pain and pain descriptors of hurting
and discomfort. The body outlines are age-appropriate
on the children and adolescent forms. The child can indi-
cate four levels of pain intensity by coloring in the body
outline with a choice of eight crayons. The child chooses
colors to demonstrate the intensity gauged by four cat-
egories of pain descriptors. In this way, the child can
show multiple sites and register the appropriate range
of intensity in each. A separate list of pain descriptors
is provided that assesses the evaluative, emotional, and

sensory quality of the child’s own experience. Words are
provided for younger children or anyone who may have
trouble generating labels.

The multidimensional aspect of the PPQ is appeal-
ing for anyone who has struggled to understand the expe-
rience of pain in children. It allows for engaging visual
representations as well as standard language expression.
Expecting parent reports to match the child’s is erroneous.
As in the adult literature, the subjectivity of the pain expe-
rience mitigates against this being the case. Comparison of
child and parent reports is useful more as a gauge of con-
vergence in the relationship between parent and child, not
as a validating measure. Despite the unusual structure of
some of its components, reliability and validity have been
shown for the PPQ, and it holds considerable promise.

Measurement of health-related quality of life
(HRQOL) represents an important component in the
assessment of psychosocial functioning in pediatric
populations. The PedsQL (131) is designed to measure
HRQOL through brief child and/or parent ratings, with
separate scales designed for different age groups within
the 2- to 18-year range. Physical, emotional, social, and
school functioning scales are included in the generic core
scale, and supplemental condition-specific modules are
available for asthma, rheumatology, diabetes, cancer, and
cardiac conditions. Additional disease-specific measures
of HRQOL are available for use with other populations
such as epilepsy (132) and cystic fibrosis (133). A listing of
population-specific measures is shown in Table 3.10.

The assessment of disease-related knowledge
should not be overlooked. Most children with chronic ill-
ness or disability face the dual challenge of needing to
cope with higher demands (as compared to normal pop-
ulations) in terms of medical treatment regimens, using
lower general coping resources due to primary symp-
toms and secondary deficits. Treatment adherence is of
critical concern. Assessment of general developmental
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TABLE 3.10 POPULATION-SPECIFIC MEASURES

INSTRUMENT (REF.)

DESCRIPTION

COMMENTS

Parents of Children
with Disabilities Inven-
tory (PCDI) (128)

Assesses frequency and perceptions of family stress-
ors in the areas of medical/legal, concerns for child,
concerns for family, concerns for self.

Limited psychometric data available.
Assessment of perceptions of stressors is
important, as this construct is related to

Pediatric Inventory

of Neurobehavioral

Symptoms

(PINS) (129)
biologic symptoms.

Pediatric Pain Ques-
tionnaire (PPQ) (130)

Designed to assess sequelae associated with trau-
matic brain injury. Five domains assessed: mental
inertia, social inappropriateness, dissociation

of affect and behavior, episodic symptoms, and

Assesses pain intensity and location, as well as emo-
tional and perceptual experience. Different scales

adjustment.

Limited research on scale, though some
construct-validity data is available.

In-depth assessment of highly subjective
experience.

for children, adolescents, and parents.

PedsQL (131)

Measures health-related quality of life through child
and parent ratings. Generic core scale measures
physical, emotional, social, and school functioning.
Condition-specific modules available for asthma, rheu-

Measures important aspect of functioning
in pediatric populations. Disease-specific
measures tap unique issues within separate
illnesses.

matology, diabetes, cancer, and cardiac conditions.

maturity and psychosocial adjustment is a key indicator
for addressing this issue. Informal assessment of patient
understanding may help identify barriers to treatment
adherence.

CONCLUSION

This chapter seeks to be a point of reference primarily
to physicians working within rehabilitation settings, but
it also has utility for other members of a pediatric reha-
bilitation team. It details the uses of psychological and
neuropsychological assessment and hopefully acts as a
primer of sorts on how to be a “good consumer” of such
services. Since the first edition of this book an important
development in the Current Procedural Terminology (CPT)
codes has occurred. In 2002, the addition of the health and
behavior assessment and intervention codes established
diagnostic interview and interventions for psychosocial
adjustment and psychoeducational purposes as a legiti-
mate and billable activity. Prior to this, treatment or even
a referral for evaluation would require assigning a psy-
chiatric diagnosis for CPT coding, which was inappro-
priate and most times did not match what was actually
happening with the patient. With this change, there is
now a complete framework for the supportive and inter-
vention role of mental health staff to assist patients and
families in the significant coping challenges in the med-
ical setting. This recognition removes all barriers to the
inclusion of valuable psychosocial interventions to enable
our patients and their families to have the services vital to
the optimum outcome of the rehabilitation process.
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LANGUAGE DEVELOPMENT AND
DISORDERS OF COMMUNICATION
AND ORAL MOTOR FUNCTION

Lynn Driver, Rita Ayyangar, and Marie Van Tubbergen

Communication, as defined by the National Joint
Committee for the Communicative Needs of Persons
with Severe Disabilities (1), refers to “any act by which
one person gives to or receives from another person infor-
mation about that person’s needs, desires, perceptions,
knowledge, or affective states. Communication may be
intentional or unintentional, may involve conventional
or unconventional signals, may take linguistic or non-
linguistic forms, and may occur through spoken or other
modes.” Communication is clearly a dynamic process
used to exchange ideas, relate experiences, and share
desires.

Communication takes a variety of forms, including
speaking, writing, gesturing, and sign language. As we
know, interference with the physical ability to perform
any of these acts has a significant impact on communica-
tion. Oral motor and neurologic impairments that affect
communication may also significantly affect swallowing.

The purpose of this chapter is to provide a basic
understanding of the acts of communication and swal-
lowing, as well as an understanding of the primary dis-
orders resulting from abnormal development or acquired
injury of structures or systems related to these acts. The
chapter is divided into two sections. The first section
describes speech and language development and disor-
ders through the exploration of four main topics:

¢ The primary anatomic systems of speech along with
brief examples of deficits that result from disruption in
these systems

¢ The primary components of speech and language,
including milestones for acquisition

¢ Common speech and language disorders, both devel-
opmental and acquired, as well as common associated
disorders

o A brief description of speech and language assessment
and intervention

The second section describes feeding and swallow-
ing processes and disorders and includes the following:

¢ Development of feeding skills, including expected
milestones

¢ Anatomy and physiology of the swallowing mechanism

¢ Common disorders of deglutition, both congenital and
acquired

¢ Feeding and swallowing assessment and intervention

SPEECH AND LANGUAGE DEVELOPMENT
AND DISORDERS

Within the field of communication sciences and disor-
ders, we think of communication as broadly comprising
speech and language. Speech generally refers to aspects of
communication that involve motor output for production
of speech sounds. Production of speech sounds requires
functional input from respiratory, phonatory, and articu-
latory systems (Table 4.1). Language generally refers to
the process by which we both encode and process mean-
ing within messages, and is divided into three primary
components: form, content, and use. These components
can be further subdivided based on five key aspects of
language—specifically, phonology, morphology, syntax,
semantics, and pragmatics.

ANATOMY OF SPEECH SYSTEMS

As noted previously, production of speech requires input
from respiratory, phonatory, and articulatory systems. An
airstream is generated by the lungs, passes through the
vocal cords, and is then shaped by the articulators to form
speech sounds. Impairments in any of these systems most
likely will have a significant impact on speech production.
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TABLE 4.1 COMPONENTS OF SPEECH
RESPIRATORY PHONATORY ARTICULATORY
Upper Airway Larynx Lips
Nose Vocal Cords Tongue
Mouth Cartilage Palate
Pharynx Muscle

Nasopharynx Mucous

Oropharynx Membrane

Hypopharynx Ligaments

Lower Airway
Trachea

Lungs

Respiration

The respiratory system is composed of the upper and the
lower airways. The upper airway consists of the nose,
mouth, pharynx, and larynx, and the lower airway con-
sists of the tracheobronchial tree and the lungs (2).

UPPER AIRWAY. The upper airway has many functions. The
mucous membranes covering much of the upper airway
structures are softer, looser, and more fragile in infants
and young children than in older children and adults, and
more susceptible to edema and injury from trauma.

NOSE. All children are obligate nasal breathers during
the first 6 months of life, during which time the soft pal-
ate is in close anatomic approximation with the epiglot-
tis. This factor, combined with the relatively large size of
the tongue relative to the oral cavity at this age, renders
nasal patency essential for maintaining an airway. Those
children with nasal obstructions from conditions such
as choanal atresia are at risk for respiratory compromise
(cyanosis) during feeding.

MOUTH. The lips, mandible, maxilla, cheeks, teeth,
tongue, and palate are the most important components
of the oral cavity with regard to manipulation of airflow
for respiration and speech production. The infant tongue
takes up a larger area in the mouth and rests more ante-
riorly in the oral cavity than that of the adult. There are
numerous congenital craniofacial anomalies, often asso-
ciated with syndromes, that have an adverse impact on
airflow. Some anomalies, such as cleft palate, prevent
sufficient valving of the airstream, resulting in inac-
curate production of speech sounds. Other anomalies,
such as glossoptosis (oropharyngeal or hypopharyngeal
obstruction during feeding caused by tongue retraction;

common in disorders such as Pierre Robin sequence), can
result in blockage of the airstream and subsequent respi-
ratory distress.

PHARYNX. The pharynx, a muscular tube shared by the
respiratory and digestive tracts, is sometimes referred to
as the aerodigestive tract, and serves vital functions for
both respiration and swallowing. It is divided into three
portions: the nasopharynx, oropharynx, and the hypo-
pharynx. The pharynx in an infant is gently curved, and
as the child grows and develops, the angle increases to
approximately 90 degrees.

The nasopharynx is the portion of the pharynx
directly behind the nasal cavity, extending from the roof
of the nasal cavity to the roof of the mouth. In addition
to conducting air, the nasopharynx acts as a resonator for
voice. The eustachian tubes from the middle ear open into
the nasopharynx.

The oropharynx is that portion of the pharynx
directly behind the oral cavity, extending from the roof
of the mouth (pharyngeal aspect of the soft palate) down
to the base of the tongue, at the level of the tip of the epi-
glottis. Movement of the pharyngeal walls in this portion,
together with elevation of the soft palate and the poste-
rior portion of the tongue, is crucial for velopharyngeal
closure. Inadequate closure, or velopharyngeal incompe-
tence, can result in disordered speech production.

The hypopharynx extends from the base of the tongue
at the level of the hyoid bone and tip of epiglottis down to
the entrance of the larynx and esophagus.

Lower Airway

The lower airway consists of the tracheobronchial tree
and the lungs. The tracheobronchial tree consists of a sys-
tem of connecting tubes that conduct airflow in and out of
the lungs and allow for gas exchange.

TRACHEA. The trachea is situated anterior to the esoph-
agus, beginning at the cricoid cartilage and extending
inferiorly to the carina, where it bifurcates into the right
and left main-stem bronchi. It is composed of C-shaped
cartilage rings joined by connective tissue. These cartilage
rings assist in keeping the trachea open during breathing.
As noted previously, the mucous membranes of the tra-
chea are softer, looser, and more fragile than those of the
adult and more susceptible to damage, increasing the risk
of obstruction from edema or inflammation.

LUNGS. The lungs are situated in the thoracic cavity,
enclosed by the rib cage and diaphragm, the major mus-
cle of ventilation, which separates the thoracic cavity
from the abdominal cavity. The diaphragm in an infant
is flatter than that of an adult, resulting in less efficient
functioning for respiration. The air passages in infants
and small children are much smaller, increasing their
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susceptibility to obstruction. The respiratory bronchi-
oles, alveolar ducts, and alveoli grow in number until
about 8 years of age, after which they continue to grow
in size. Impairments in lung function can occur as a
result of birth-related conditions such as bronchopulmo-
nary dysplasia (BPD) and diaphragmatic hernia, or due
to acquired disorders such as spinal cord injury (SCI).
These impairments often require tracheostomy and/or
mechanical ventilation, which in turn have an impact on
speech production.

CONTRIBUTION OF RESPIRATORY DYSFUNCTION
TO SPEECH DISORDERS

Speech disorders related to respiratory dysfunction are
often secondary to the presence of tracheostomy and/
or ventilator dependence. The primary diagnoses of chil-
dren requiring chronic tracheostomy and/or ventilator
dependence include conditions due to trauma such as
brain injury, SCI, and direct injury to the trachea; con-
genital conditions; progressive neurologic disorders; and
acquired nontraumatic conditions such as Guillain-Barré
syndrome and anoxic encephalopathy (3). It is important
to note that the causes of respiratory failure and subse-
quent need for mechanical ventilation are not always
respiratory disease or disorder. The lungs themselves
may be healthy, but access to them or the systems that
contribute to their function may be impaired.

A primary means of airway management in the
presence of chronic respiratory insufficiency is a trache-
ostomy. A tracheostomy is an artificial opening created
between the outer surface of the neck and the trachea
between the second and third tracheal rings. The open-
ing itself is referred to as the stoma, and the tracheos-
tomy tube inserted into the trachea through the stoma
serves to maintain the opening, as well as provide means
for connecting mechanical ventilatory devices. Tracheos-
tomy provides a secure airway, long-term airway access,
and a means for interface with mechanical ventilatory
devices, and as such, is the most frequently used method
of airway management. Placement of the tracheostomy
tube diverts airflow away from the trachea through
the tube and out the neck, bypassing the upper airway,
including the vocal cords. Depending on the size and
type of tracheostomy tube, a portion of the airflow will
still pass around the tube and through the vocal cords;
this may or may not be sufficient to produce sound. In
the event that it is not sufficient, options to facilitate
sound include downsizing of the tracheostomy tube to a
smaller diameter and use of a unidirectional flow valve
such as the Passy-Muir valve (4), which directs greater
airflow through the upper airway and out the nose and
mouth. Table 4.2 shows a decision flow chart for manip-
ulating factors related to the tracheostomy tube in order
to facilitate voicing.

TABLE 4.2 TRACHEOSTOMY TUBE DECISION FLOW CHART

TTS—CUFF  LWPRESS  LWPRESS  TALKING AAC
l- AIRCUFFl — AIRCUFFT — TRACH —
U U U
CUFFLESS  CUFF PRTCUFF 1

ADJ VENT —
SAME SZ —  ADJ VENT U
U ]
PHON PHON PHON ENT-
W/LEAK -  W/LEAK —  W/LEAK —  VFEXAM
U 4 ]

CUFFL{DAY
UFV UFV CUFFTNT
IN LINE IN LINE 4

UFV

IN LINE

Note: A double arrow pointing down indicates progression if success-
ful with that step; arrow pointing to the right indicates progression

if that step was not successful. Single arrow pointing down indicates
deflate/decrease pressure. Arrow pointing up indicates inflate/
increase pressure.

Abbreviations: AAC, augmentative and alternative communication;
ADJ, adjust; ENT, otolaryngologist; LW PRESS, low pressure;

PHON, phonation; PRT cuff, partial cuff; Same SZ, same size;

TTS, tight-to-shaft cuff; UFV, unidirectional flow valve; VF, vocal folds.

Source: Adapted from Ref. (5). Driver LE, Nelson VS, Warschausky,
SA, eds. The Ventilator Assisted Child: A Practical Resource Guide.
San Antonio, TX: Communication Skill Builders; 1997:73.

Phonation

The phonatory system comprises the larynx, and provides
the sound source for speech. When this sound source is
disrupted, it may result in alterations in voice quality,
thus affecting communication.

The larynx is made up of cartilage, ligaments,
muscles, and the mucous membrane. It protects the
entrance to the lower airway and houses the vocal cords
(Figure 4.1) (6).

Sound is generated in the larynx, and that is where
pitch and volume are manipulated. The strength of expi-
ration of air from the lungs also contributes to loudness,
and is necessary for the vocal folds to produce speech
(Figure 4.2) (6).

Most of the muscles of the larynx receive their
innervation via the recurrent laryngeal branch of the
vagus nerve. This branch descends downward and
wraps around the aorta, and for this reason, children who
undergo cardiac surgery can sometimes experience voice
disorders. If the recurrent laryngeal nerve is stretched or
damaged during surgery, innervation to the vocal cords
can be disrupted, and vocal hoarseness can occur.
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FIGURE 4.1 The larynx.

CONTRIBUTION OF PHONATORY DYSFUNCTION TO
SPEECH DISORDERS

Speech disorders related to phonatory dysfunction are gen-
erally classified as voice disorders, and include dysphonia
(abnormal voice quality) and aphonia (loss of voice). Dys-
phonia is an impairment of voice secondary to cranial nerve
involvement, laryngeal pathology, or tracheostomy, and is
characterized by varying degrees of breathiness, harsh-
ness, and vocal strain. Dysphonia may be a prominent
feature of dysarthria related to cranial nerve involvement.
Laryngeal pathologies resulting in dysphonia may include

polyps, granulomas, nodules, or other lesions affecting the
vocal fold mucosa. A common vocal fold trauma resulting
in dysphonia is traumatic intubation following serious
injury requiring assisted ventilation.

Articulation/Resonance

The articulatory/resonatory system is composed of the
structures of the oral and nasal cavities, which modulate
the airstream into the acoustic waveforms perceived as
speech. Articulators responsible for production of speech
sounds include the lips, tongue, and palate.

Median Root of tongue
glossoepiglottic (lingual tonsil)
ligament
Epiglottis
Vocal folds
(true cords) Ventricular
folds

Trachea

Pyriform
fossa

Corniculate
tubercle

Esophagus

Normal larynx: Inspiration

(false cords)

Cuneiform
tubercle

Interarytenoid
incisive

Normal larynx: Phonation

FIGURE 4.2 The vocal cords.
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Palato- Velar

alveolar Palatal
Alveolar
Dental

Labiodental

Interdental

FIGURE 4.3 Places of articulation.

In addition to the placement of articulators, suc-
cessful production of accurate speech sounds requires
adequate functioning of the oral and nasal cavities as reso-
nating chambers (resonance). Modulation of the airstream
by these structures is a complex process that relies on
intact structures as well as precise neuromuscular coordi-
nation. Figure 4.3 illustrates where various articulators are
located, as well as places of articulation for various speech
sounds. Impairment in one or more of these components
is likely to result in a disorder of articulation/resonance.

CONTRIBUTION OF ARTICULATORY/RESONATORY
DYSFUNCTION TO SPEECH DISORDERS

Speech disorders related to articulatory/resonatory dys-
function include disorders that result from impairment in
any component of the articulatory/resonatory system, and
as such are quite comprehensive. They include all motor
speech disorders, including dysarthria and apraxia, as
well as disorders resulting from congenital conditions
such as cleft palate.

Although the three components of speech described
previously are considered separately as individual com-
ponents, they function as a single coordinated and inter-
active unit for production of speech, and as such, are
subsystems of a complex motor act requiring precise
coordination of muscle groups. It is easy to understand
how impairments in any of these components can have
an impact on communication, as the extent and complex-
ity of the speech system make it susceptible to the influ-
ence of a myriad of factors.

MOTOR SPEECH DISORDERS

Motor speech disorders are a collection of communica-
tion disorders involving retrieval and activation of motor
plans for speech, or the execution of movements for
speech production (7). Subcategories include dysarthria
and apraxia of speech. Motor speech disorders occur in
both children and adults and may be acquired or devel-
opmental in nature (Table 4.3).

Dysarthria refers to a group of related motor speech
disorders resulting from impaired muscular control of the
speech mechanism, and manifested as disrupted or dis-
torted oral communication due to paralysis, weakness,
abnormal tone, or incoordination of the muscles used in
speech (Table 4.4) (8). It affects the following:

» Respiration: respiratory support for speech, breathing/
speaking synchrony, sustained phonation

» Phonation/Voice: loudness, quality

o Articulation: precision of consonants and vowels

» Resonance: degree of airflow through nasal cavity

o Prosody: melody of speech, use of stress and inflection

Movements may be impaired in force, timing,
endurance, direction, and range of motion. Sites of lesion
include bilateral cortices, cranial nerves, spinal nerves,
basal ganglia, and cerebellum.

Associated characteristics of dysarthria include
slurred speech; imprecise articulatory contacts; weak
respiratory support and low volume; incoordination of
the respiratory stream; hypernasality; harsh or strained/
strangled vocal quality; weak, hypophonic, breathy vocal
quality; involuntary movements of the oral facial mus-
cles; spasticity or flaccidity of the oral facial muscles; and
hypokinetic speech.

Some common etiologies for dysarthria in children
include stroke, brain tumor, aneurysm, traumatic brain
injury (TBI), encephalopathy, seizure disorder, cerebral
palsy (CP), and high-level SCL

Apraxia refers to a group of related motor speech dis-
orders resulting from the impaired ability to produce move-
ment in musculature in the absence of muscle weakness.

TABLE 4.3 MOTOR SPEECH DISORDERS

DEVELOPMENTAL ACQUIRED

Acquired: an adverse event
(usually neurologic) occurs
that impedes continuation

Developmental: no specific
identifiable etiology to
explain delays in speech

acquisition of previously normal speech
acquisition
Phonological disorder Dysarthria

Verbal apraxia Verbal apraxia

Articulation disorder Articulation disorder
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TABLE 4.4 TYPES OF DYSARTHRIA

SPASTIC HYPOKINETIC HYPERKINETIC ATAXIC FLACCID MIXED
Site of lesion Bilateral upper  Extrapyramidal Extrapyramidal Cerebellum Unilateral or Multiple sites
motor neuron  system system bilateral lower  of lesion

Associated
characteristics

Spasticity

of orofacial
muscles
Imprecise
articulatory
contacts
Strained/
strangled voice
quality
Monopitch
Reduced stress
Reduced rate

Rigidity of orofacial
muscles

Imprecise
articulatory
contacts
Hypophonia
Monopitch
Reduced stress
and

inflection

Transient increased
rate/rapid rate

motor neuron

Involuntary Irregular Flaccidity of Characteristics
movements of articulatory the orofacial dependent on
orofacial muscles breakdown muscles site of lesion
Imprecise Harsh vocal Imprecise

articulatory quality articulatory

contacts Incoordina- contacts

Harsh voice tion of the Breathy voice

quality respiratory quality

Incoordination stream Low vocal

of the respira- Excess and volume

tory stream equal stress Reduced stress

Transient pattern and inflection

increased rate

Reduced rate

Hypernasality

Example of Cerebral palsy  Parkinson’s disease  Dystonia Friedreich’s Bulbar palsy Amyotrophic
disorder ataxia lateral
sclerosis

Source: Adapted from Ref. (8). Driver LE, Kurcz KB. Speech, language, and swallowing concerns. In: Brammer CM, Spires MC, eds. Manual of
Physical Medicine and Rehabilitation. Philadelphia, PA: Hanley and Belfus, Inc.;2002:319.

Oral apraxia refers to an impairment of the voluntary
ability to produce movements of the facial, labial, man-
dibular, lingual, palatal, pharyngeal, or laryngeal muscu-
lature in the absence of muscle weakness.

Verbal apraxia (also called apraxia of speech, or AOS)
refers to an impairment of motor speech characterized
by a diminished ability to program the positioning and
sequencing of movements of the speech musculature for
volitional production of speech sounds. Verbal apraxia
may result in perceptual disturbances of breathing/
speaking synchrony, articulation, and prosody. Verbal
apraxia is an acquired diagnosis related to an injury or
illness. The site of lesion is generally the left precentral
motor or insular areas.

Developmental verbal apraxia (also called developmen-
tal apraxia of speech, or DAOS) refers to a speech disorder
resulting from delays or deviances in those processes
involved in planning and programming movement
sequences for speech. Associated characteristics of DAOS
include receptive-better-than-expressive language, pres-
ence of oral apraxia (may or may not exist with DAQOS),
phonemic errors (often sound omissions), difficulty
achieving initial articulatory configuration, increase in
errors with increase in word length and/or phonetic com-
plexity, connected speech poorer than word production,
inconsistent error patterns, groping and/or trial-and-
error behavior, and presence of vowel errors. DAOS is
not related to a specific identifiable lesion and is defined
primarily by speech symptoms.

Children with motor speech disorders may demon-
strate impaired phonological systems because their ability

to acquire the sound system of their language is believed
to be undermined by difficulties in managing the intense
motor demands of connected speech (9).

COMPONENTS OF SPEECH AND LANGUAGE

With regard to models of language, the prevailing school
of thought follows Bloom and Lahey’s philosophy, which
proposes three main components of language: form, con-
tent, and use (Figure 4.4). According to Bloom and Lahey,
language can be defined as “a knowledge of a code for
representing ideas about the world through a conven-
tional system of arbitrary signals for communication
(10).”

These three components can be subdivided further
into phonology, morphology, syntax, semantics, and pragmat-
ics, as described in the following sections.

Form

Form with reference to language refers to the rule-based
structure humans employ to formulate language, ranging
from phonemes to sentences, and comprises phonology,
morphology, and syntax.

Phonology refers to the rule-governed system
by which sounds, or phonemes, are combined to cre-
ate meaningful units, or words. The English language
contains 44 recognized phonemes, which are classified as
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Form

Phonology,
Morphology, Syntax

word order, word endings, speech

‘ e

Pragmatics

Content

Semantics
word meanings, the ways
in which word meanings
link together, sequencing

conversation, social
rules, matching
language to situation

FIGURE 4.4 The three components of language.

consonants or vowels. This distinction involves the pres-
ence or absence of interruption of the airstream. Vowels
are formed through modulation (without interruption)
of the airstream via variation in position of the lips and
tongue (Figure 4.5) (11).

Variations in tongue position for production of dif-
ferent vowels are systematically characterized as high,
mid, or low, as well as front, central, or back, and can
further be described as tense or lax (Figure 4.6) (12). For

ip

Central

FIGURE 4.5 Vowel areas.
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FIGURE 4.6 Tongue positions for vowel production.
Source: Reprinted with permission from Ref. (12). Bronstein
AJ. The Pronunciation of American English. New York, NY:
Appleton-Century-Crofts, Inc., 1960.

example, the vowel /i/, pronounced “ee,” is considered a
high, front, tense vowel, as the front of the tongue is high
and the tongue is tensed. Diphthongs are combinations
of vowels, and require movement of the tongue from one
position to another during production.

Consonants are formed through a combination of
varying degrees of interruption of the airstream and vari-
ations in tongue and lip posture (see Figure 4.3). Phone-
mic acquisition in children follows a systematic sequence,
and it is believed that children acquire phonemes not in
isolation, but rather in the context of their relationship to
other sounds in a word (Table 4.5) (13).

TABLE 4.5 PHONEMIC ACQUISITION: AGE AT WHICH 75% OF
CHILDREN TESTED CORRECTLY ARTICULATED CONSONANT
SOUNDS

AGE (YEARS) SOUNDS

2 m, n, h, p, M

2.4 f,j.k d

2.8 w, b, t

3 g,s

3.4 r, |

3.8 $ (she), t3 (chin)

4 d (father), Z (measure)
4+ dz (jar), 0 (thin), v, z

Source: Adapted from Ref. (13). Soifer, LH. Development and disorders
of communication. In: Molnar GE, ed. Pediatric Rehabilitation. 2nd ed.
Baltimore, MA: Lippincott, Williams & Wilkins;1985.
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TABLE 4.6 ACQUISITION OF CONSONANT SOUNDS

2 3 4 S 6 7 8
- P—
N m____
- h_
N n____
- w____
- b S
__k _
9 -
_d _
_t - -
_Nng N N -
. . _
- y__
_r R -
I
S R - R -
_ ch__ . .
_ sh . -
N z___ - N -
_ - -
v - _ S
th

(voiceless as in “think")

__TH

(voiced as in “that")

zh

(as in “treasure”)

Source: Adapted from Refs. (14) and (15).

Table 4.6 provides a graphic representation of the
typical age ranges during which most children acquire
consonant sounds (14,15). This is useful in determining
at what age a child is considered outside of the norm for
acquisition of a specific sound and when intervention
might be indicated.

With regard to how well one can expect to
understand a child’s speech over the course of pho-
nemic acquisition, Lynch et al. provide an estimate of
speech intelligibility at different ages, summarized in
Table 4.7 (16).

Phonological disorders are a subset of sound pro-
duction disorders in which linguistic and cognitive fac-
tors, rather than motor planning or execution, are thought
to be central to observed difficulties (common etiologic
variables include otitis media with effusion, genetics, and
psychosocial involvement) (17). Developmental phonolog-
ical disorders result when children fail to progress in their
acquisition of specific phonemes. The currently accepted
theory regarding phonology in children proposes the exis-
tence of phonological processes that are present in the pho-
nological systems of all children as they develop language,



CHAPTER 4 LANGUAGE DEVELOPMENT AND DISORDERS OF COMMUNICATION AND ORAL MOTOR FUNCTION 61

TABLE 4.7 SPEECH INTELLIGIBILITY IN CHILDREN

By 18 months, a child’s speech is normally 25% intelligible.

By 24 months, a child’s speech is normally 50%-75%
intelligible.

By 36 months, a child’s speech is normally 75%-100%
intelligible.

Source: Adapted from Ref. (16). Lynch JI, Brookshire BL, Fox DR. A
Parent-Child Cleft Palate Curriculum: Developing Speech and Lan-
guage. Oregon: CC Publications;1980:102.

and are systematically eliminated at predictable ages in a
standard developmental progression. Failure to eliminate,
or resolve, these processes, results in a phonological pro-
cessing disorder. An example of a developmental phono-

logical process is “stopping of fricatives,” in which a child
systematically substitutes a stop sound (a sound that stops
airflow, such as /p, t, k/) for a fricative sound (a sound that
produces friction through partial interruption of airflow,
such as [th, s, z, £, v]), producing words such as “dum” for
“thumb,” “tun” for “sun,” or “dip” for “zip.” These sound
substitutions are systematic and applied by the child in the
same context each time that sound occurs. Nondevelop-
mental phonological processes are indicative of disordered
versus delayed phonological development, and are rarely
seen in normal development. An example of a nondevel-
opmental phonological process is initial consonant dele-
tion, in which a child deletes the initial sound in a word,
such as “ee” /”key” or “ake” /”make.”

Table 4.8 illustrates the typical developmental
sequence for resolving phonological processes (18).

TABLE 4.8 RESOLUTION OF PHONOLOGICAL PROCESSES: AGES BY WHICH PHONOLOGICAL PROCESSES ARE ELIMINATED

PHONOLOGICAL PROCESS EXAMPLE GONE BY APPROXIMATELY (YEARS; MONTHS)
Context sensitive voicing pig = big 3;0
Word-final devoicing pig = pick 3;0
Final consonant deletion comb = coe 3;3
Fronting car = tar 3;6
ship = sip
Consonant harmony mine = mime 3;9
kittycat = tittytat
Weak syllable deletion elephant = efant 4;0
potato = tato
television = tevision
banana = nana
Cluster reduction spoon = poon 4;0
train = chain
clean = keen
Gliding of liquids run = one 5,0
leg = weg
leg = yeg
Stopping // fish = tish 3;0
Stopping /s/ soap = dope 3;0
Stopping /v/ very = berry 3;6
Stopping /z/ zoo = doo 3;6
Stopping “sh” shop = dop 4; 6
Stopping “j" jump = dump 4; 6
Stopping “ch” chair = tare 4; 6
Stopping voiceless “th” thing = ting 5,0
Stopping voiced “th” them = dem 5,0

Source: Adapted from Ref. (18). Bowen C. Developmental Phonological Disorders: A Practical Guide for Families and Teachers. Melbourne:

ACER Press;1998.
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Morphology refers to the rule-based system by which
words are constructed and altered, often through addi-
tion of prefixes and suffixes, to reflect concepts such as
number, possession, and verb tenses. For example, addi-
tion of the phoneme “-s” to the end of a word makes it
plural. The “-s” in this instance is considered a morpho-
logical marker signifying the notion of “plural.”

Disorders affecting morphology are most typi-
cally developmental and result when children have
difficulty mastering the acquisition of rules for apply-
ing morphological markers. Difficulty with use of mor-
phological markers can also be seen following certain
types of focal brain injury, such as damage to Broca’s
area, when expressive language becomes telegraphic in
nature, losing the nuances provided by morphological
markers.

Syntax refers to the system of rules by which words
are combined to create phrases, clauses, and sentences.
The various parts of speech in English (eg, nouns, pro-
nouns, verbs, adverbs, adjectives, etc.) serve different
functions within these constructions, such as description,
action, and attribute, and as such have specific rules for
combination with each other. For example, the basic word
order in English is subject—verb—object.

As with morphology, disorders affecting syntax are
typically developmental and are the result of difficulty
mastering the acquisition of rules for creating grammati-
cally correct sentences.

Content

Content with reference to language refers to the seman-
tics, or meaning, of words, as they relate to, or represent,
objects, actions, and relationships. Semantics, or meaning,
is conveyed through the use of words or other symbols
within a given context. Development of semantics in chil-
dren reflects growing and changing concepts related to
experiences, culture, and cognitive level. An example of
a changing semantic notion is that of overgeneralization.
Children first learn the meaning of a word based on one
representation of that word and initially overgeneralize
it to apply to all similar representations. Hence, “dog”
may at some point be applied to denote all four-legged
creatures.

Child language disorders affecting semantics may
be developmental and related to general cognitive devel-
opment, or they may be acquired. Examples of disorders
that involve semantics include specific language impair-
ment (SLI), semantic-pragmatic language disorder, and
Landau—Kleffner syndrome (19). In all these cases, children
exhibit some degree of difficulty understanding the mean-
ing of words and sentences. For children with semantic
processing difficulties, the more abstract a concept is, the
more difficult it is to understand. This holds true for things
that require interpretation beyond the literal meaning,
such as might be required in idioms or slang expressions.
Deficits related to semantics can also result in difficulty

identifying the key points in a sentence or story, which in
turn may lead to problems with topic maintenance.

Use

Use with reference to language describes the function lan-
guage serves within a social context, and is governed by
pragmatics. Pragmatics refers to how we use the language
we have acquired to communicate in social situations.
Within a social interaction, language may be used in
many different ways, such as to make comments, to ask
questions, to acknowledge comments, and to answer
questions. In 1976, Elizabeth Bates described three critical
components of pragmatics: the ability to use speech acts
to express intentionality in order to accomplish a given
purpose (function), the ability to use social understanding
and perspective-taking ability to make presuppositional
judgments, and the ability to apply rules of discourse (eg,
quantity, quality, relevance, clarity) in order to engage in
cooperative conversational exchanges (20).

Child language disorders affecting pragmatics are
most typically those associated with disorders on the
autism spectrum. Recent changes presented in the Diag-
nostic and Statistical Manual of Mental Disorders (DSM-5)
include a new diagnosis separate from autism spectrum
disorder termed social communication disorder (SCD).
This disorder is characterized by the presence of deficits
in social communication that cannot be explained by cog-
nitive impairment (21). Acquired injuries that may have
an impact on pragmatics include TBI affecting the frontal
lobes. Frontal lobe injury often impairs executive function-
ing and increases impulsivity, resulting in impaired judg-
ment. This, in turn, may impair one’s ability to understand
perspective and to apply rules of discourse appropriately.

To summarize, language competence requires the
successful intersection of form, content, and use. As sim-
ple as it may seem, having a successful conversation is
a complex act requiring integration of many aspects of
language and involving a blending of linguistic features
with sociocultural understandings. “Conversation is not
a chain of utterances, but rather a matrix of utterances
and actions bound together by a web of understandings
and reactions” (21).

SPEECH AND LANGUAGE ACQUISITION

Acquisition of speech and language skills follows a fairly
systematic progression, with easily identifiable mile-
stones associated with specific ages in each area, as briefly
outlined here (22,23).

e Birth to 3 months
® Makes pleasure sounds such as cooing
B Develops differential cries for different needs
® Develops social smile
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¢ 3 to 6 months
B Increase in variety of vocalizations
B Babbling sounds more speech-like, with increased
consonant productions
® Uses sounds and gestures to indicate wants
6 to 12 months
® Reduplicative babbling occurs (eg, dada, bibi, etc.)
® Uses speech sounds to get attention
B First words emerge (~10-12 months)
B Responds to simple requests
B [mitates speech sounds
12-18 months
B Imitates words overheard in conversation
® Names familiar objects on request
® Follows one-step commands during play
B Finds a familiar object not in sight
18 to 24 months
® Uses words more frequently than jargon
B Has expressive vocabulary of 50 to 100 words
B Has receptive vocabulary of 300+ words
2 to 3 years
® Uses two- to three-word sentences
B Points to pictures in books
B Speech is understood by familiar listeners most of the
time
o 3 to 4 years
® Uses simple sentences with negatives, imperatives,
and questions
® Talks about activities at school and home
® Understands simple “wh-" question words
e 4 to 5 years
B Mean length of utterance (MLU) = 4.6 to 5.7 words
B Uses grammatically correct sentences
B Relays a long story accurately
e 5to 6 years
® MLU = 6.6 words
® Uses all pronouns consistently
® Comprehends 13,000 words
e 6 to 7 years
® MLU = 7.3 words
® Comprehends 20,000 to 26,000 words
B Refines syntax

SPEECH AND LANGUAGE DISORDERS

Speech and language disorders in children can be concep-
tualized as falling into two categories: developmental and
acquired. Within the category of developmental, we can also
distinguish between developmental delay and develop-
mental disorder. Developmental language delay refers to delay
in the acquisition and development of age-appropriate
language skills, typically across all domains. This can be
due to medical or psychosocial factors. A developmental lan-
guage disorder is characterized by atypical development of
language skills in one or more domains, often with aber-
rant or interrupted development. As noted previously,

there are specific milestones associated with each age as a
child acquires speech and language skills. It is important to
monitor development and watch for any signs that might
indicate delay or disorder. The following is a list of danger
signals of communication problems by age (24):

o By 6 months
B Does not respond to the sound of others talking
B Does not turn toward speaker out of view
® Makes only crying sounds
® Does not maintain eye contact with caregiver
o By 12 months
® Does not babble
® Does not discontinue activity when told “no”
B Does not follow gestural commands, such as “want
up” or “give me”
o By 24 months
B Does not say a meaningful word
B Does not refer to self by name
B Does not follow simple directions
® Does not talk at all at 2 years
B Vocabulary does not seem to increase
® Does not have any consonant sounds
B Does not answer simple yes/no questions
o By 36 months
® Does not say whole name
® Does not seem to understand “what” and “where”
questions
® Uses jargon a great deal
B Answers your question by repeating the question
® Continues to echo statements made by others
® Does not use two- to three-word utterances
W Points to desired objects rather than naming them
® Does not name any objects in pictures
B Leaves off the beginning consonants of words
® Cannot be understood even by parents
® Does not respond when you call name

An acquired language disorder is characterized by lan-
guage deficits in one or more domains secondary to neu-
rologic insult. This can and often does result in aberrant
development due to interruption in the normal course
of language acquisition. When considering a speech and
language disorder resulting from a congenital disorder
such as cleft palate or Pierre Robin sequence, classifica-
tion becomes more difficult. The disorder does not fit the
definition of a developmental delay, in that the devel-
opment is atypical secondary to structural deficits. The
disorder is also not considered acquired, as the structural
deficit leading to the disorder occurred at birth, before the
child began to develop language.

Some common causes of loss or deterioration of lan-
guage in childhood include head injury, unilateral cere-
brovascular lesions, cerebral infections, brain tumors,
seizure disorders, and cerebral anoxia. These disorders
can result in acquired childhood aphasia (25), defined as
a language disorder secondary to cerebral dysfunction
in childhood appearing or occurring after a period of
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normal language development. The cerebral dysfunction
may be the result of a focal lesion of one of the cerebral
hemispheres (eg, cerebrovascular accident (CVA)), a dif-
fuse lesion of the central nervous system (CNS) above
the level of the brainstem (eg, TBI, cerebral infection), a
diffuse lesion related to convulsive activity, or lesion of
unknown etiology (eg, Landau—Kleffner syndrome). In
general, pediatric-acquired aphasia tends to be charac-
terized by nonfluency, with primary deficits in verbal
expression, with parallel deficits in written expression,
and auditory comprehension relatively intact.

Pedjiatric TBI can result in more generalized dysfunc-
tion secondary to diffuse axonal injury caused by accelera-
tion forces. Although such damage can have a significant
impact on a variety of brain functions, the damage, sus-
tained at the axonal or cellular level, is often not detected
by brain scans. The definition of TBI, written by the Fed-
eral Division of Special Education as part of Public Law
101-476 (Individuals with Disabilities Act, or IDEA), was
published in 1992 as the guideline for state departments
of education to use in determining how to provide edu-
cational services to these children. It reads as follows (26):

“Traumatic Brain Injury” means an acquired injury
to the brain caused by an external force, resulting in
total or partial functional disability or psychosocial
impairment, or both, that adversely affects a child’s
educational performance. The term applies to open
or closed head injuries resulting in impairments
in one or more areas, such as cognition; language;
memory; attention; reasoning; abstract thinking;
judgment; problem-solving; sensory, perceptual,
and motor abilities; psychosocial behavior; physical
functions; information processing; and speech. The
term does not apply to brain injuries that are con-
genital or degenerative, or brain injuries induced by
birth trauma (Federal Register, Vol. 57, no. 189).

Other common acquired disorders that can affect
speech and language development include high-level SCI
and hearing loss. High-level SCI often affects some of the
cranial nerves that are responsible for movement of the
articulators necessary for speech production (Table 4.9) (27).

With regard to hearing loss, if children acquire
hearing loss during the period of speech and language
acquisition, they are at significantly increased risk for
communication disorders.

There are many congenital disorders that can have
an impact on speech and language development. Some
of the most common include CP, cleft palate/craniofacial
anomalies, hearing loss, and autism.

Cerebral palsy (CP) is defined as a group of disorders
of development of movement and posture, causing activ-
ity limitation, that are attributed to nonprogressive distur-
bances that occurred in the developing fetal or infant brain.
CPis the most common diagnosis associated with childhood
disability, affecting 2% to 3% of the population. The motor
disorders of CP are often accompanied by disturbances of

TABLE 4.9 CRANIAL NERVES INVOLVED IN SPEECH AND

SWALLOWING

Trigeminal (V)
Face (sensory)
Head (sensory

Facial (VII)

Taste (anterior 2/3)

Ear (sensory)

Facial expression (motor)

Glossopharyngeal (IX)
Pharynx (motor)
Oropharynx (sensory)
Posterior tongue (sensory,
taste)

Vagus (X)

Larynx (sensory and motor)
Hypopharynx

Soft palate

Cricopharynx

Spinal Accessory (XI)
Soft palate (motor)
Tongue (motor)
Pharynx (motor)

Hypoglossal (XII)
Tongue (motor)
Hyoid (motor)

Extrinsic larynx

Source: Adapted from Ref. (27). Dodds WJ. The physiology of swal-
lowing. Dysphagia. 1989;3:171-178.

sensation, cognition, communication, perception, and/or
behavior, and/or by a seizure disorder (28). CP may signifi-
cantly affect tone, which in turn affects ability to use those
muscles appropriately to perform the necessary movements
for speech production. As noted previously, speech produc-
tion is a complex motor act requiring precise coordination
of muscle groups, including respiratory, phonatory, and
articulatory systems. When abnormal tone is present, either
hyper- or hypotonicity, this interferes with coordination
both within and across these systems, resulting in motor
speech dysfunction, specifically dysarthria. The most com-
mon types of dysarthria associated with CP include spastic,
ataxic, and hyperkinetic (see Table 4.4).

Children with spastic CP are more likely to exhibit
imprecise articulatory contacts, strained/strangled voice
quality, and reduced rate. Children with ataxic CP typi-
cally exhibit irregular articulatory breakdown, harsh vocal
quality, incoordination of the respiratory stream, and
reduced rate. Children with athetoid CP exhibit imprecise
articulatory contacts, harsh vocal quality, incoordination
of the respiratory stream, and transient increased rate.

Treatments for hypertonicity, such as intrathe-
cal baclofen, selective dorsal rhizotomy, and various
oral medications, may have an influence on speech and
communication. These treatments frequently result in
improvements, but in some cases may worsen impairment
(29,30). The authors of this chapter report clinical observa-
tions of improved breath support for voice production and
improved articulation with intrathecal baclofen therapy.

The presence of combined motor and cognitive
impairments makes assessment of communication dif-
ficult. Efforts toward a more standardized classification
system along the lines of the Gross Motor Function Classi-
fication System (GMFCS) (31) and Manual Ability Classi-
fication System (MACS) (32) have developed over recent
years. The Communication Functional Classification
System (CFCS) is a tool used to classify the everyday
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TABLE 4.10 EXPRESSIVE PRODUCTION RATING SCALE (ExPRS)

Child’s communication: Mark the item that best describes your child’s typical abilities:

___Speaks in a generally age-appropriate way; minor limitations, if any.

___Speaks with some difficulty; speech may be slow or somewhat difficult to understand by a new listener.

___ Speaks with significant difficulty; speech is slow or quite difficult to understand by a new listener.

__ Communicates independently with limitations; individual uses adapted techniques such as signing or an augmentative

communication device.

___ Communication is severely limited even with the use of augmentative technology.

Source: Adapted from Ref. (35). Albright KJ, Van Tubbergen M, Omichinski D, et al. Measurement of the Perceived Utility of Cognitive Assess-
ments: Initial Reliability and Validity Testing of a New Research Tool. Poster presentation at: 8th Annual Conference Rehabilitation Psychology;

March 2006; Reno, NV.

communication of individuals with CP using five descrip-
tive levels for everyday communication performance. It
has been found to have excellent test-retest reliability and
moderate to strong interrater reliability depending on
whether raters were professionals or parents (33). There
has been some concern that by establishing a single rating
to incorporate both receptive and expressive communica-
tion abilities, the ratings may be confounded by overall
cognitive abilities. Vos et al. (2014) found that expressive
language impairments are more closely related to motor
impairments while receptive language impairments are
more closely related to cognitive impairments among
children with CP (34). Van Tubbergen and Albright devel-
oped a five-level ordinal scale to classify levels of expres-
sive language: the ExPRS (Expressive Production Rating
Scale) (35). Like the GMFCS and MACS, the ExPRS pro-
vides a descriptive classification system for expressive
communication, including the use of alternative or aug-
mentative communication (Table 4.10). Further investiga-
tion on the reliability and validity of the ExPRS is needed
to enhance its potential in transdisciplinary settings.

Cleft palate and other craniofacial anomalies involving
the oral cavity most typically affect a child’s articulation as
well as resonance. A cleft palate prevents the ability to valve
the airstream at the level of the palate, making it impossible
to close off the nasal passage during speech. This results in
hypernasal speech. A number of other syndromes, such as
velocardiofacial syndrome (also known as DiGeorge syn-
drome), affect the ability of the soft palate to function prop-
erly, resulting in velopharyngeal incompetence, in turn
resulting in impaired resonance (hypernasality).

Congenital hearing loss can have a significant
impact on the development of speech and language,
depending on the severity of the loss. Speech and lan-
guage disorders resulting from hearing loss may affect
multiple areas of communication, including language
comprehension, syntax, vocabulary, and articulation.
The nature and extent of communication disorders in
children with hearing impairment are influenced by
type and degree of hearing loss, causative factors, age at
onset, cognitive status, and environment. Early identifi-
cation and intervention are critical to maximize poten-
tial for developing communication skills in children
with hearing loss. Intervention can include provision

of hearing aids, environmental modifications (eg, fre-
quency modulation (FM) systems in the classroom),
aural habilitation/rehabilitation, sign language, total
communication (combination of auditory—vocal lan-
guage, signs, gesture, and speech reading), or surgical
implant (cochlear implant).

Autism is one of the fastest-growing childhood dis-
orders in our nation today. The current estimate accord-
ing to the Centers for Disease Control and Prevention
(CDC) Autism and Developmental Disabilities Monitor-
ing (ADDM) Network is that 1 out of every 68 children
is diagnosed with autism. This represents a 30% increase
from 1 in 88 reported 2 years ago. The term autism, or
autism spectrum disorder (ASD), refers to a group of
complex disorders of brain development characterized
by deficits in social interaction, verbal and nonverbal
communication, and restricted, repetitive behaviors
(www.autismspeaks.org/what-autism/diagnosis/dsm-
5-diagnostic-criteria). Until publication of the DSM-5
diagnostic manual in May, 2013, the spectrum of autism
disorders included distinct subtypes including autistic
disorder, pervasive developmental delay—not otherwise
specified (PDD-NOS), Asperger's syndrome, Rett’s dis-
order, and childhood disintegrative disorder. All of these
distinct diagnoses have now been subsumed under the
diagnosis of ASD, with levels of severity (mild, moderate,
severe) based on the level of support required to achieve
success in social communication. The new diagnostic cri-
teria for ASD include persistent deficits in social commu-
nication and social interaction across multiple contexts,
with severity based on social communication impair-
ments and restricted repetitive patterns of behavior.
Severity levels range from level 1: “requiring support,” to
level 3: “requiring very substantial support.” A separate,
related diagnosis of social communication disorder
(SCD) also appears in the fifth edition of the DSM (36).
The diagnostic criteria for SCD include persistent defi-
cits in the social use of verbal and nonverbal commu-
nication resulting in functional limitations in effective
communication, social participation, social relationships,
academic achievement, or occupational performance.
The primary feature that distinguishes ASD from SCD
is the presence of restricted repetitive patterns of behav-
ior, such as inflexibility, difficulty coping with change, or


http://www.autismspeaks.org/what-autism/diagnosis/dsm-5-diagnostic-criteria
http://www.autismspeaks.org/what-autism/diagnosis/dsm-5-diagnostic-criteria

66 PEDIATRIC REHABILITATION

TABLE 4.11 PRIMARY DISORDERS OF SPEECH, LANGUAGE, AND SWALLOWING
DEVELOPMENTAL ACQUIRED
Motor speech disorders Phonological disorder Dysarthria

Verbal apraxia

Avrticulation disorder

Language disorders Language delay

Language disorder

Voice disorders Aphonia
Dysphonia
Fluency disorders Nonfluency

Verbal apraxia
Articulation disorder

Aphasia
Aphonia
Dysphonia

Dysfluency/stuttering

Dysfluency/stuttering

Communicative—cognitive disorders
Autism

Memory disorders

Swallowing disorders Oral aversion

Discoordination of suck-swallow-breathe

Learning disabilities

Traumatic brain injury
Aphasia

Short-term memory deficit
Long-term memory deficit
Verbal learning deficit

Oral dysphagia
Pharyngeal dysphagia
Oropharyngeal dysphagia

Source: Adapted from Ref. (37). Driver LE, Kurcz KB. Speech, language, and swallowing concerns. In: Brammer CM, Spires MC, eds. Manual of Physi-
cal Medicine and Rehabilitation. Philadelphia, PA: Hanley and Belfus, Inc.; 317.

other repetitive behaviors that interfere with functioning
in a variety of contexts (www.autismspeaks.org/what-
autism/diagnosis/dsm-5-diagnostic-criteria).

ASSESSMENT AND TREATMENT OF SPEECH/
LANGUAGE DISORDERS

Speech-language pathologists provide diagnostic, treat-
ment, and educational services to children who are expe-
riencing impairments of speech, language, voice, fluency,
communicative-cognitive, memory, and swallowing
skills. The primary disorders are outlined in Table 4.11
(37), divided into developmental versus acquired.

Assessment

In assessing language disorders in children, the normal
developmental level associated with the chronologi-
cal age of the child is a crucial starting point to identify
the impact of a neurologic event or other interruptions
in typical maturation. Early identification of children at
risk is also critical, as we know that speech and language
delays/disorders in infancy and toddlerhood can result
in difficulties in academic learning, social interaction, and
development of appropriate peer relationships through-
out childhood (37,38).

Areas of assessment in pediatric communication dis-
orders include pragmatics, cognition, orientation, attach-
ment/interaction, prelinguistic behaviors, phonological

development/intelligibility, oral motor function, language
comprehension (auditory and reading), language produc-
tion (verbal and written), fluency, voice, hearing, and feeding
and swallowing. These areas are assessed formally through
test batteries, objective procedures, and parent interview
questionnaires, as well as informally through direct obser-
vation of and interaction with children in naturalistic con-
texts. Detailed descriptions of specific assessment materials
and procedures in each of these areas is beyond the scope
of this chapter. It should be noted that assessment is often
done as part of a multidisciplinary evaluation, and input
from other disciplines is often vital in providing the most
comprehensive diagnosis and treatment plan. One area of
common need for multidisciplinary input is augmentative
and alternative communication (AAC). For children who
are nonverbal or who have significant motor impairment,
a reliable means of access to augmentative communica-
tion devices and to computers must be identified, and this
process may require input from speech pathology, occupa-
tional therapy, rehabilitation engineering, and sometimes
physical therapy. The rapid evolution of personal technol-
ogy has led to an explosion of widely available devices,
applications, and programs that can be incorporated into
a child’s therapy and home/community participation. The
appsforaac.net community website maintains a current,
curated list of useful resources. Once a child has under-
gone a thorough evaluation, results are carefully reviewed,
a diagnosis is made, and treatment recommendations are
formulated. A child’s parents or caregivers are included as
much as possible in the assessment process, as well as in the
development of the treatment program.
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With regard to the diagnosis, it is important to have
a clear understanding of a child’s medical history and
any contribution that medical status may have made
to the child’s communication disorder. This will deter-
mine whether the deficit is considered developmental
or acquired, and the diagnosis will then drive the treat-
ment recommendations, including specific goals and
objectives, treatment time frame, and projected outcome
(prognosis). A clear understanding of a child’s cognitive
level is also crucial in making appropriate diagnoses as
well as treatment recommendations. If a child’s cognitive
level is commensurate with the level of language ability,
expectations for improvement and prognosis are differ-
ent than for a child exhibiting a significant discrepancy
between language and cognitive skills.

Individuals with speech and other impairments
require accessible and sensitive cognitive assessment
tools and strategies. Typical standardized tests assessing
various cognitive abilities specify the modality in which
information is presented to the child and the modality in
which the child must respond. Many procedures assume
clear and fluent speech for participation. For example,
most tests of phonological awareness require the partici-
pant to verbally present words or sounds to demonstrate
skills. For an individual with significant apraxia, it is dif-
ficult to determine whether errors are due to underlying
deficits in phonological awareness, effects of apraxia, or
other reasons. For individuals who use alternative or aug-
mentative communication, most communication devices
require them to make selections from preprogrammed
arrays. This presents a further confound in that the abil-
ity to make choices of preference may be more developed
than the ability to answer a factual question on demand if
there are impairments in pragmatics (39).

Given the dearth of accessible speech, language, and
cognitive assessment tools for individuals with commu-
nication impairments, especially if there are concurrent
motor impairments, efforts to develop such instruments
are a priority to optimize educational and medical inter-
ventions, as well as to provide accurate and meaningful
diagnoses (40,41).

In addition to developing treatment recommenda-
tions, it is important to make any other referrals as appro-
priate. For example, if a child’s history includes language
regression, a referral to pediatric neurology may be indi-
cated. If a child with documented speech and language
delay has not had a formal hearing assessment, a referral
to audiology is warranted. If a child is exhibiting charac-
teristics consistent with a disorder on the autism spectrum,
a referral to pediatric specialty clinic may be necessary
to obtain a formal diagnosis. Due to recent legislation,
some insurance companies require a multidisciplinary
assessment through an approved autism evaluation cen-
ter (AAEC), with consensual team diagnosis including
a pediatrician or another appropriate developmental or
behavioral physician (eg, behavioral pediatrician, pedi-
atric neurologist, pediatric geneticist, pediatric psychia-
trist), a speech-language pathologist, and a psychologist.

This consensual, multidisciplinary diagnosis is required
to access funding for ASD treatment.

Treatment

Once a child has been evaluated, recommendations for
treatment are made. These include specific goals and
objectives in the identified deficit areas. Treatment for
children with developmental speech and language delay
or disorder differs in a number of important aspects from
treatment for children with an acquired speech and lan-
guage disorder. Again, we distinguish between devel-
opmental delay and disorder in that delay implies typical
but slowed or late development of communication skills.
Disorder implies aberrant development of communication
skills. For example, most typically developing children
overgeneralize certain semantic concepts in the course
of acquiring expressive vocabulary. At some point, they
may use the word dog to refer to all four-legged animals,
or juice to refer to all drinks. For children with develop-
mental delay, they would be expected to persist in these
overgeneralizations beyond predicted ages. In contrast,
children with developmental disorders may exhibit atyp-
ical language patterns, such as reversing word order or
leaving out certain parts of speech (eg, verbs) completely
in their development of expressive language. These errors
are not part of the typical pattern of language acquisition,
and thus would be considered a disorder.

Treatment for children with developmental speech
and language delay will typically focus on general language
stimulation within the specific areas of delay. For example,
for a child with delay in expressive language, a general
goal might be for him or her to use language successfully
to get daily needs and wants met. Objectives within that
goal might be to increase expressive vocabulary, increase
utterance length, ask and answer questions, or improve
speech intelligibility. Treatment for children with develop-
mental disorders will need to be more tailored to the spe-
cific errors exhibited, which will not necessarily fall within
the typical acquisition of speech/language milestones.
Augmentative communication forms, including sign, Pic-
ture Exchange Communication System (PECS), and other
devices may be used in the treatment of developmental
disorders. According to a recent study reported in Lan-
guage, Speech, and Hearing Services in the Schools, AAC has
been found to have positive effects on the natural speech
and language development of some children with severe
communication impairments, specifically with the use of
an integrated multimodal intervention (IMI) technique that
applies a variety of speech production and augmentative
communication techniques to practice natural speech pro-
duction within meaningful social communication contexts
(42). The study demonstrated that the integration of speech-
generating AAC devices and traditional speech interven-
tion techniques did not impede development of natural
speech, but in fact supported natural speech production.
Children with the diagnosis of autism would fall under the



68 PEDIATRIC REHABILITATION

category of developmental disorder, in that their language
development does not follow the typical developmental
progression. There are a number of treatment programs
for children with autism, ranging from applied behav-
ioral analysis (ABA) (41,43) to the “floortime” (DIR—the
Developmental, Individual Difference, Relationship-based
intervention program created by psychiatrists Stanley
Greenspan, MD, and Serena Wieder, PhD) approach (44).
The decision regarding which treatment approach to use
in part is determined by the severity of the communication
disorder; children with more severe disorders are often
referred to ABA programs due to the increased amount of
structure. Children with milder disorders may benefit more
from a play-based approach such as DIR.

Treatment for children with acquired communication
disorders can be somewhat more complex, as it requires a
detailed understanding of the specific deficits as well as
how they relate to the child’s development of communi-
cation as a whole. In addition, it requires the ability to dis-
tinguish between gains due to spontaneous recovery from
injury, gains due to typical expected development, and
gains due to treatment. One of the most common areas
of treatment in acquired communication disorders is TBL

Janet Lees proposes three stages of recovery in pedi-
atric brain injury: acute period, lasting from emergency
admission to reestablishment of stable conscious state;
consistent recovery, lasting from reestablishment of stable
conscious state to the point where progress begins to slow
down, or plateau; and the slowed recovery, or plateau stage
(45). The period during which a child makes the greatest
progress is the second stage, in which intensive therapy
and educational input can maximize recovery. The period
where long-term residual deficits become apparent occurs
during the third stage. The length of each stage varies,
depending on the severity of the head injury. When treating
children with acquired TBI, it is important to keep in mind
the unique characteristics and needs specific to pediatric
brain injury. For example, pediatric brain injury occurs on
a moving baseline of normal development upon which fur-
ther development is expected. For this reason, assessment
tools need to be appropriate for the developmental age of
the child; in young children, this means some functions will
not be accessible. Plasticity in the developing nervous sys-
tem may allow the preservation of certain functions, par-
ticularly those related to language. In addition, plasticity
could theoretically involve relocation of function to the
opposite hemisphere or elsewhere in the same hemisphere.
Normal recovery may occur, can be a most dramatic and
unexplained phenomenon, and should not be confused
with plasticity. Finally, critical periods for the development
of a particular function may exist, which, at most, cannot be
retrieved. This may, for example, apply to the development
of social communication in young children at relatively
high risk of the development of autistic features (45).

When it is not possible to promote or maintain ver-
bal communication in children, regardless of whether
they have a developmental or acquired disorder, it may

be necessary to provide augmentative or alternative
options for communication. Numerous options are avail-
able for nonverbal children, ranging from sign language to
high-tech augmentative communication devices. Common
low-tech solutions include signing, pictures (eg, PECS) (46),
and recordable devices with finite selections, such as the
Cheap Talk Device (product information available at www
.enablingdevices.com). Children in need of augmentative
or alternative communication typically are evaluated by
speech pathology first, and if a more comprehensive assess-
ment is indicated, a second evaluation may be done as part
of a multidisciplinary assessment, including occupational
therapy and rehabilitation engineering. Children who have
significant motoric impairments often need input from
occupational therapy regarding access solutions. Children
who have complex needs requiring more custom solutions
often benefit from input from rehabilitation engineering.

FEEDING AND SWALLOWING PROCESSES
AND DISORDERS

During the first 12 months, infants have a number of unique
anatomic and physiologic characteristics that gradually
diminish with growth and maturation (Figure 4.7) (47).
For example, the larynx in infants is positioned higher
in the neck than in older children and adults, with close
approximation of the epiglottis and soft palate, resulting in
added airway protection, as well as obligate nasal breath-
ing (Figure 4.7A,B) (47,48). This is important in promoting
the suck-swallow-breathe sequence, the most complex
sensorimotor process undertaken by the newborn infant.
Structural or functional abnormalities in the upper airway
of infants put them at greater risk for feeding difficulties.
Other unique features of infants include sucking pads in
the cheeks to provide additional stability during sucking
and a significantly larger tongue with respect to the oral
cavity, which restricts tongue movement to the anterior—
posterior direction characteristic of suckling.

Infants also exhibit a number of unique physio-
logic aspects that are important for successful feeding
and swallowing. These include reflexes that assist with
the development of feeding, such as the suck-swallow
reflex, the rooting reflex, and the phasic bite reflex. As
cortical development advances, these automatic reflexes
gradually evolve into more volitional actions, beginning
during the period from 4 to 6 months of age. For exam-
ple, at about 6 months of age, the transition from suckling
to sucking begins to occur, with anatomic and neuro-
logic maturation resulting in gradual lowering of the jaw,
allowing more space for tongue movement, and grad-
ual increase in volitional control permitting increased
refinement and control of movements. The development
of motor milestones in infants and toddlers is accompa-
nied by attainment of feeding and swallowing skills, as
outlined in Table 4.12 (47,49).


http://www.enablingdevices.com
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FIGURE 4.7A The pharynx: infant.

Critical periods are believed to exist in the devel-
opment of normal feeding behavior. This can sometimes
become problematic when caregivers are not sensitive to
these critical stages. For example, caregivers may choose
to maintain children on pureed foods due to apprehen-
sion regarding readiness to handle solid, chewable foods.
However, research shows that delaying introduction of
solid foods can result in food refusal and sometimes the
development of food aversions (50). By the time children
reach the age of 3 years, their ability to chew and swal-
low has matured and, with the exception of laryngeal
position, their anatomy and physiology closely resemble
those of the adult.

Infants with anatomic or physiologic abnormalities
are at even greater risk for developing significant difficulty
with establishing and maintaining oral feeding due to the
inability to initiate oral feedings within age-appropriate
time frames. It is crucial for clinicians to have a thorough
understanding of normal anatomic and physiologic devel-
opment for feeding and swallowing in order to understand
the implications of disorders.

Feeding and swallowing abilities involve multi-
ple, interrelated anatomic and physiologic components
within the body (eg, oral motor, pharyngeal, esophageal,
respiratory, gastrointestinal). For this reason, effective

management of children with feeding and swallowing
disorders typically requires input from many specialists.
These specialists may work separately or ideally may
work within an interdisciplinary feeding and swallowing
team, providing the added benefit of coordinated care.
An interdisciplinary approach is recommended at institu-
tions where professionals evaluate and treat children with
complex feeding and swallowing problems. Table 4.13
describes the members and functions of a comprehensive
feeding and swallowing team.

Primary components of clinical assessment of pedi-
atric feeding and swallowing skills include a thorough his-
tory, a prefeeding evaluation, and a feeding observation or
trial feeding. If aspiration is suspected or risk of aspiration
is a factor, instrumental assessments of swallowing, such
as videofluoroscopic swallow study (VFSS) and fiberoptic
endoscopic evaluation of swallowing (FEES) may also be
necessary following the clinical evaluation.

Feeding and swallowing difficulties can occur
within a broad range of disorders, including anatomic
or structural defects, neurologic deficits, systemic con-
ditions, or complex medical conditions. Congenital
anatomic or structural defects commonly affecting swal-
lowing include tracheoesophageal fistula (TEF), cho-
anal atresia, and cleft palate. Acquired anatomic defects
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include laryngeal trauma. Neurologic deficits commonly
affecting feeding and swallowing include CP, TBI, genetic
syndromes, hypoxic/ischemic encephalopathy, menin-
gitis, and Arnold—Chiari malformation. Systemic condi-
tions typically associated with feeding and swallowing
disorders include respiratory diseases such as BPD and
reactive airway disease (RAD), and gastrointestinal dis-
orders such as gastroesophageal reflux (GER). Complex
medical conditions resulting in swallowing disorders
include prematurity and cardiac abnormalities. Given the
interrelated nature of systems contributing to swallowing
function, abnormalities (congenital or acquired) in any
one of these systems can result in a feeding or swallow-
ing disorder. For example, premature infants or infants
with cardiac abnormalities often have abnormally high
respiratory rates. If respiratory rates are above 60 breaths
per minute, successful feeding is often not possible
because energy expended for breathing leaves no energy
for feeding, resulting in breakdown in coordination and
increased risk for aspiration (51). Infants and children

with reflux are at increased risk for feeding difficulties, as
reflux contributes to negative experiences associated with
feeding (gastroesophageal pain/discomfort, aspiration),
and subsequent feeding aversion may develop. Structural
defects such as vocal fold paralysis, laryngeal cleft, tra-
cheoesophageal fistula, glossoptosis, and choanal atresia
can result in difficulty protecting the airway, leading to
aspiration. Thus, obtaining a thorough medical history is
crucial to understanding the etiology of a child’s swal-
lowing disorder.

In addition to medical history, a feeding history
is important to obtain, as this will determine how to
approach feeding assessment. If a child has been eating
but his or her diet has been restricted to specific consis-
tencies secondary to swallowing difficulties, this will
be important to know. If a child has never been an oral
eater, this is also critical information in subsequent clini-
cal assessment decisions. Also, if a child has specific feed-
ing utensils that he or she is accustomed to using, these
should be used during the clinical assessment.
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TABLE 4.12 ATTAINMENT OF FEEDING AND SWALLOWING MILESTONES

AGE (MONTHS) DEVELOPMENT/POSTURE

FEEDING/ORAL SENSORIMOTOR

Birth to 4-6
extensor tone
Visual fixation and tracking

Learning to control body against gravity
Sitting with support near 6 months

Rolling over
Brings hands to mouth

6-9 (transition feeding)

Extended reach with pincer grasp
Visual interest in small objects
Object permanence

Stranger anxiety

Crawling on belly, creeping on all fours

Pulling to stand
Cruising along furniture
First steps by 12 months

Assisting with spoon; some become independent

Refining pincer grasp

12-18
Walking independently
Climbing stairs
Running

Grasping and releasing with precision

18-24
extremity coordination

Increasing attention and persistence in play

activities

Parallel or imitative play
Independence from parents
Using tools

24-36 Refining skills
Jumping in place
Pedaling tricycle

Using scissors

Neck and trunk with balanced flexor and

Sitting independently for a short time
Self-oral stimulation (mouthing hands and toys)

Refining all gross and fine motor skills

Improving equilibrium with refinement of upper

Nipple feeding, breast, or bottle

Hand on bottle during feeding (2-4 months)
Maintains semiflexed posture during feeding
Promotion of infant-parent interaction

Feeding more upright position

Spoon feeding for thin, smooth puree
Suckle pattern initially suckle—suck

Both hands to hold bottle

Finger feeding introduced

Vertical munching of easily dissolvable solids
Preference for parents to feed

Cup drinking

Eats lumpy, mashed food

Finger feeding for easily dissolvable solids
Chewing includes rotary jaw action

Self-feeding: grasps spoon with whole hand
Holding cup with two hands

Drinking with four to five consecutive
swallows

Holding and tipping bottle

Swallowing with lip closure
Self-feeding predominates

Chewing broad range of food
Up-down tongue movements precise

Circulatory jaw rotations

Chewing with lips closed

One-handed cup holding and open cup
drinking with no spilling

Using fingers to fill spoon

Eating wide range of solid food

Total self-feeding, using fork

Source: Adapted from Refs. (47) and (49).

In addition to indirect assessment through parent
interview and thorough review of medical records, direct
observation of the child prior to introducing food should
address alertness, ability to tolerate oral stimulation, and
presence of a non-nutritive suck or ability to manipulate
a bolus. Oxygen saturation and respiratory rate during
these activities may need to be monitored. Positioning
restrictions secondary to physical limitations or medical
interventions should also be identified, as these may have
an impact on the child’s ability to feed. A complete oral
motor examination should also be completed to determine
the presence of any structural or functional abnormalities

of the oral musculature. The presence/absence of swal-
low response, laryngeal elevation, and vocal fold function
should all be screened prior to the introduction of food.

With regard to the level of alertness, children
with TBI and associated cognitive impairment are at
increased risk for aspiration related to decreases in cog-
nitive level. A retrospective study completed by the
authors found a significant correlation between Rancho
Los Amigos Level of Cognitive Functioning and swal-
lowing ability (52).

Regarding oral presentation of materials, there are
a number of aspects to consider. Until recently, the Evans
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TABLE 4.13 FEEDING AND SWALLOWING TEAM MEMBERS

TEAM MEMBER

FUNCTION

Parents
Physician
(Pediatric physiatrist, gastroenterologist,

developmental pediatrician)

Speech-language pathologist

Occupational therapist

Dietitian

Psychologist

Nurse

Social worker

Additional specialists

Otolaryngologist

Pulmonologist

Radiologist

Pediatric surgeon
Cardiovascular surgeon
Neurologist/neurosurgeon

Physical therapist and rehabilitation engineer

Primary caregivers and decision makers for child
Medical leader

Team coleader
Pediatric health and neurodevelopmental diagnosis
Medical and health monitoring within specialty area

Team coleader (active in feeding clinic and coordinates programmatic
activities)

Clinic and inpatient feeding and swallowing evaluation

VFSS with radiologist

FEES (with otolaryngologist)

Evaluates and treats children with problems related to posture, tone, and
sensory issues such as oral defensiveness
Oral sensorimotor intervention program

Assesses past and current diets
Determines nutrition needs
Monitors nutrition status

Identifies and treats psychological and behavioral feeding problems
Guides parents for behavior modification strategies
Directs inpatient behavioral feeding program

Organizes preclinic planning

Reviews records and parent information
Coordinates patient follow-up

Changes gastrostomy tubes

Assists families for community resources
Advocacy for the child

Physical examination of upper aerodigestive tract
Detailed airway assessment

FEES with speech-language pathologist

Medical and surgical treatment of airway problems

Lower airway disease—evaluation and management

VFSS with speech-language pathologist
CT scan of chest
Other radiographic diagnostic studies

Surgical management of gastrointestinal disease
Surgical management of cardiac disease
Medical and surgical management of neurologic problems

Seating evaluations and modifications to seating systems

Abbreviations: CT, computed tomography; FEES, fiberoptic endoscopic evaluation of swallowing; VFSS, videofluoroscopic swallow study.

blue dye test or modified Evans blue dye (MEBD) test study comparing results from the use of MEBD, FEES,
was commonly used to detect aspiration at the bedside. and VFSS documents low sensitivity of this measure
Its use has recently become somewhat more controver- to aspiration and cautions the clinician regarding false
sial. A recent report in the literature of a retrospective negative results (53). Another study, reported by Tippett
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and Siebens in 1996, notes 90% sensitivity of the MEBD
in detecting aspiration of dyed foods for a group of 34
consecutive patients with tracheostomies (54). Thus,
although the validity of the study for determining aspi-
ration remains controversial and requires further objec-
tive study, it remains a useful component of the bedside
swallowing assessment for some children in determining
safety for oral intake.

When using foods during the bedside assessment, a
number of variables can be manipulated, including the pre-
senter, the consistency, the mode of presentation, and the
bolus size (55). Food can be presented by the clinician, the
parent, or the child, depending on the readiness and medi-
cal stability of the child and the availability and willingness
of the parent. The child’s age, current oral motor status, and
premorbid feeding abilities will all affect decisions regard-
ing consistency, mode of presentation, and bolus size.

If aspiration is suspected during the bedside assess-
ment (coughing/choking, drop in oxygen saturation, wet
vocal quality), further instrumental assessment such as a
VESS is generally indicated. Instrumental studies will assist
in providing more detailed information, such as when the
aspiration occurs (eg, before, during, after the swallow),
what factors caused the aspiration (eg, premature spillage,
unprotected airway, cricopharyngeal dysfunction), and
what compensations, if any (eg, food consistency, position-
ing, presentation), may improve the swallow. The VFSS
assesses three phases of swallowing: oral, pharyngeal, and
esophageal (Figure 4.8) (56). Figure 4.9 illustrates the posi-
tion of the bolus during each of the three phases.

If there is no evidence of aspiration during the bed-
side assessment, recommendations are made for oral feed-
ing based on the results of the trial feeding, the child’s level
of ability to feed orally, and the child’s nutritional needs.

An alternative procedure, FEES, is sometimes rec-
ommended instead of VFSS (57). It involves the passage
of a flexible fiberoptic endoscope transnasally to the area
of the nasopharynx superior to the epiglottis, allowing
observation of the swallowing mechanism from the base
of the tongue downward. Use of FEES in the pediatric
population has been established in the literature as a
“practical and effective means of evaluating swallowing
in children of all ages” (58,59). An advantage of VFSS is
the ability to observe the actual aspiration event and to
visualize the aspirated material in the airway. An advan-
tage of FEES is the ability to observe amount and location
of secretions and residue.

Instrumental examinations can be helpful in delin-
eating pharyngeal and esophageal physiology as it
pertains to swallowing. Decisions regarding when to
perform an instrumental examination are guided by a
number of factors, including risk for aspiration by history
and clinical observation, documented incoordination of
suck-swallow-breathe sequence during infant feeding,
clinical evidence of pharyngeal or upper esophageal
phase-swallowing deficits, prior aspiration pneumonia
or similar pulmonary problems that could be related

to aspiration, or etiology indicative of pharyngeal or
laryngeal problem, such as neurologic involvement com-
monly associated with feeding and swallowing problems.

Factors determining which type of instrumental
exam to use are outlined in Table 4.14.

Management decisions with regard to feeding may
be complex, and a number of factors must be considered,
including medical, nutritional, oral sensorimotor, behav-
ioral, and psychosocial. Treatment may include direct and
indirect strategies, depending on the swallowing deficit.
Examples of direct strategies include use of positioning
maneuvers such as chin tuck or supraglottic swallow.
Examples of indirect treatment strategies include diet
modifications (eg, thickening liquids), changes in feed-
ing routine (eg, small amounts frequently throughout the
day), or changes in presentation of food (eg, sippy cup
versus bottle).

Diet texture modification is a common practice in
management of dysphagia. Given the wide variation
across clinicians and facilities, the American Dietetic Asso-
ciation attempted to establish some standard terminology

TABLE 4.14 INSTRUMENTAL SWALLOWING ASSESSMENT

FINDINGS BETTER VIEWED
ENDOSCOPICALLY (FEES)

FINDINGS BETTER VIEWED
FLUOROSCOPICALLY (VFSS)

Tongue control and manip-
ulation of bolus

Airway closure

Amount and location of
secretions Tongue contact to

jor ph [ wall
Frequency of spontaneous posterior pharyngeal wa
swallowing Hyoid and laryngeal

. elevation
Pharyngeal/laryngeal sensi-

tivity Cricopharyngeal opening
Airway closure at level of
arytenoid to epiglottal
contact

Residue build-up

Aspiration before the swallow
Aspiration after the swallow Epiglottic retroversion
Coordination of the bolus E .
: ) sophageal clearing
and airway protection

Aspiration during the

Coordination of breathing swallow

and swallowing

Ability to adduct TVFs
for supraglottic swallow
maneuver

Amount of material
aspirated

Fatigue over a meal

Altered anatomy contributing
to dysphagia

Effectiveness of postural
change on anatomy

Abbreviations: FEES, fiberoptic endoscopic evaluation of swallowing;
TVF, true vocal folds; VFSS, videofluoroscopic swallow study.
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and practice of texture modification through creation of
the National Dysphagia Diet (NDD), published in 2002.
The NDD was developed through consensus by a panel
that included speech pathologists, dietitians, and food
scientists. It proposes a hierarchy of four diet levels of
semisolids and solids, as well as two levels for liquids
(see Table 4.15) (60).

One treatment option for children that is somewhat
controversial involves oral sensorimotor intervention.
This treatment method is typically performed by either
speech pathology or occupational therapy, and involves
techniques that are directed toward improving a child’s
ability to accept, manipulate, and swallow foods suc-
cessfully. These techniques may include work with the
jaw, lips, cheeks, tongue, and palate, both with regard
to desensitizing and improving function. Another more
recent technique that has gained popularity is VitalStim®
Therapy, a technique that uses external electrical stim-
ulation on the anterior neck to promote improvement
in swallowing function, and is used as an adjunct to
more traditional swallowing treatment. Fairly extensive
research has been completed in this area, but very little
has been focused on pediatric patients, and what has been
done has been inconclusive. According to Mary Chris-
tiaanse et al. in their study on neuromuscular electrical
stimulation (NMES) for treatment of dysphagia in pedi-
atric patients, NMES treatment in a heterogeneous group
of pediatric patients with dysphagia did not improve the
swallow function more than that seen in patients who did
not receive NMES treatment (61).

The benefits of such treatment approaches are still
inconclusive, with little evidence to date documenting effi-
cacy, efficiency, and outcomes. Some children appear to

TABLE 4.15 DYSPHAGIA DIET LEVELS

improve oral function with variations in texture, tastes, and
temperature of foods. Other children benefit from posture
and positioning changes. To be most effective, treatment
of swallowing disorders in children should ensure safety
while promoting a pleasurable experience. Treatment
should also include the primary caregiver in every session,
as well as provide home programs and suggestions for how
to work with children at home on a daily basis (62-64).

In conclusion, communication and swallowing are
both complex acts that require coordination of multiple
systems, and disruption in a single component in any
one of those systems can and most often does result in
some degree of communication or swallowing impair-
ment. Assessment and treatment of these impairments
requires thorough knowledge of development and dis-
orders of relevant pediatric anatomy and physiology, as
well as an understanding of how to apply that knowledge
in evaluation and treatment to ensure the best possible
outcome. As our field advances, and as we advocate for
the most appropriate treatment for the children we serve,
reliance on evidence-based practice has become, and will
continue to be, a crucial component for success.

PEARLS AND PERILS

e Children with tracheostomies and those on ventilators
are capable of oral communication and oral eating.

o Speech and language delay refers to typical develop-
ment at a slower pace, while speech and language dis-
order refers to atypical development when compared
with peers.

DYSPHAGIA DIET CONSISTENCIES EXAMPLES

INDICATIONS FOR USE

Thin liquids Water, juice, soda

Adequate strength and coordination of
lip and tongue musculature

Thick liquids

Mashed solids/purees

Semisolid

Soft chunk solid

Nectars, milkshakes, cream soups, honey

Yogurt, pudding, pureed meats and
vegetables, cream of wheat

Minced meats/fish, cottage cheese,
scrambled eggs, soft mashed fruits or
vegetables

Poached or hard-boiled eggs, bananas,
canned fruit, mashable vegetables, bread,
cold cereal, pancakes, pasta, rice, noodles,
cake, pie

Premature spillage of thin liquids with
increased risk for aspiration

Mastication not required
Child may have weak tongue/mandibular
musculature or reduced mastication

Some mastication possible
Fair oral motor control, although with
some degree of oral weakness

Mastication necessary

Appropriate for patients with adequate
oral motor control but decreased
endurance

Source: Adapted from Ref. (60). National Dysphagia Task Force. National Dysphagia Diet: Standardization for Optimal Care. Chicago, IL:

American Dietetic Association; 2002.
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Autism spectrum disorder is four to five times more
common in boys than girls, and has shown a 10-fold
increase in prevalence in 40 years.

Use of augmentative communication systems (devices,
sign language, PECS) does not impede development of
oral communication, and may, in fact, promote it.
Liquids are the least safe alternative when initiating
feeding following TBI due to delayed reaction times
associated with cognitive level of recovery.
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QUANTITATIVE ASSESSMENT OF GAIT:
A SYSTEMATIC APPROACH

James ]. Carollo and Dennis |. Matthews

Bipedal walking is a distinctive and uniquely human
behavior that is celebrated in childhood and cherished
across the life span. In the words of Dr. Aftab Patla, a
renowned motor control expert who had a long and
distinguished career at the University of Waterloo, “...
nothing epitomizes a level of independence and our
perception of a good quality of life more than the ability
to travel independently under our own power from one
place to another.” Limitations in independent walking
related to childhood disorders restrict education and
employment options and access to social and cultural
opportunities. Furthermore, a decline in walking abil-
ity directly affects the level of physical fitness so crit-
ical for health and well-being as we grow older, and
contributes to a more sedentary lifestyle as an adult.
Recent studies have linked habitual sedentary behavior
to increased functional impairment and chronic disease
risk in individuals with disability (1). This in turn can
begin a cascade of chronic health issues and secondary
conditions that can easily spiral out of control. Achiev-
ing and sustaining a functional level of walking ability
is of the utmost importance to individuals with congen-
ital or pediatric conditions and their families, and has
a direct impact on their overall health status over their
lifetime. Consequently, pediatric rehabilitation provid-
ers must be skilled in assessing walking and movement
ability, and be comfortable utilizing all tools and tech-
niques available to them to best manage their patients’
care and expectations related to this most basic human
function.

Over the last 25 years, instrumented gait analysis
(IGA) has become more commonplace, evolving into an
accepted, objective evaluation that can guide surgical
and rehabilitation therapy planning for the child with
personal mobility challenges. IGA provides a quantita-
tive and comprehensive snapshot of one’s characteristic
movement pattern at a particular point in an individual’s
development or at discrete intervals in his or her treat-
ment. Clinicians can use this information to describe the
complex physiologic interactions that lead to abnormal

movement and motor control, and better understand
their impact on gait, movement, and other functional
activities.

Observational gait analysis is a common topic
during residency and most pediatric physiatrists are
familiar with the procedures. However, training in the
use of quantitative tools common to IGA and available
from a modern clinical motion laboratory are frequently
overlooked in postgraduate education, with the inclusion
in the curriculum being highly dependent on the avail-
ability of such a facility during their training. Despite
the advances in technology that have made IGA more
commonplace in clinics around the world, only a hand-
ful of Physical Medicine & Rehabilitation (PM&R) resi-
dency programs are associated with motion analysis
facilities. Even fewer are associated with clinical motion
laboratories accredited by one of the two independent
accreditation organizations, the Commission for Motion
Laboratory Accreditation (CMLA) in North America,
and the Clinical Movement Analysis Society (CMAS) of
the United Kingdom and Ireland. Laboratories that have
achieved accreditation conform to common standards of
practice, quality, and information reporting that are the
benchmark for IGA in clinical practice. This chapter can
be used as a guide for those interested in utilizing data
from accredited facilities in their practice regardless of
their level of exposure to IGA in the past.

Mastery of IGA procedures along with the ability to
perform meaningful interpretations that are clinically rel-
evant remains challenging for many clinicians. We believe
underutilization of modern gait analysis techniques in
pediatric rehabilitation is related to the difficulty associ-
ating gait deviations seen in an IGA report with specific
functional deficits during the walking cycle. Fundamen-
tal to making this connection is a clear understanding of
the functional demands of normal gait. Armed with this
understanding, the essential features of normal, efficient
locomotion can be easily recognized, and this provides
the basis for identifying the absence of these features in the
child with gait dysfunction. When applied systematically,
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this evidence-based approach can provide a logical
strategy for clinical gait analysis and the management of
gait disorders (2).

Therefore, the goal of this chapter is to familiarize
clinicians with fundamental gait analysis principles by
focusing on the inherent functional requirements of nor-
mal locomotion. This provides a framework for using
specific measurements from an IGA report to pinpoint the
joint and/or muscle system responsible for a particular
functional deficit, and the subsequent target for clinical
intervention.

NORMAL GAIT IS CYCLICAL AND SYMMETRIC

The principal goal of locomotion is to efficiently propel
the body forward. The most natural way for humans to
accomplish this task is to employ a bipedal gait pattern,
where the base of support alternates between legs. Inman
has described the cyclical alteration of each leg’s support
function and the existence of a transfer period when both
feet are on the ground as essential features of normal loco-
motion (3). Since normal gait assumes no biomechanical
advantage provided by either limb, a natural consequence
of these essential features is the existence of a repeatable
pattern that is both cyclical and symmetric. Figure 5.1
illustrates one complete gait cycle, or stride, and includes
the time periods and temporal events associated with foot/
floor contact that necessarily arise from changing the
support limb. Temporal events are specific moments in
time that divide the gait cycle into discrete time periods
of finite duration, and are identified by the stick figures
along the top of Figure 5.1. Typically, a cycle begins when
one foot makes contact with the walking surface (initial
contact) and ends when that same foot strikes again.

AN

This is the functional definition of a stride. Using such a
convention allows a stride to be time-normalized, where a
specific stride location is expressed as a percentage of the
total cycle time or stride period. Time normalizing the gait
cycle facilitates comparing subjects with different stride
lengths, stride periods, and walking speeds on the same
scale. Figure 5.1 illustrates the time periods and temporal
events relative to the shaded ipsilateral side. If a subject’s
gait pattern is normal, the stride would be inherently
cyclical and symmetric, with equal time periods on each
side. The temporal event of foot-off (sometimes referred
to as terminal contact) separates the gait cycle into stance
and swing periods. Typically, the stance period accounts
for 60% to 62% of the total gait cycle and the swing period
takes the remaining 40% to 38%. We have intentionally
refrained from using the terms “stance phase” and “swing
phase” here to avoid confusing these intervals with the
phases of gait to be introduced in a later section, although
in common practice, the terms can be used interchange-
ably.

The stance period includes two intervals of double
limb support at the stance/swing transitions, each last-
ing approximately 10% to 12% of the gait cycle at typical
walking speeds. These are generally described as initial
and final double support, but can also be identified in the
context of the leading limb as right or left double limb
stance period. The duration of the double limb support
periods decreases with increasing walking speed, reach-
ing zero at the moment running begins. The time interval
between the initial and double support periods is defined
as the single support period, and is the same duration as
the swing period of the opposite limb. Assuming normal
symmetry, any reduction in double limb support time
is associated with a proportional increase in single limb
support time, but since single limb support always cor-
responds to the contralateral swing period, the overall

ML A

Initial contact ~ Opposite Opposite Foot-off Initial contact
(Foot strike) Foot-off Foot strike (Terminal contact) (Foot strike)
<5 Stance Period | =t Swing Period —_—
Initial . Final
Double Single Double
Support Support Support
0% 12% 50% 62% 100%

FIGURE 5.1 A typical gait cycle normalized in time, and represented on a linear scale from 0% to 100% of the total stride.
This repeating cycle begins with initial contact and ends with the next initial contact of the same foot. The stick figures
shown on top represent temporal events associated with foot-to-floor contact. They divide the cycle into swing and stance
periods, one period of single support and two equal periods of double support.
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stance period decreases, reaching 50% at the initiation of
running when double limb support reaches zero. When
both limbs’ primary temporal events of foot strike (initial
contact) and foot-off (terminal contact) are represented on
the same time scale, the duration of each time period is
easily illustrated.

These general terms for temporal events are applica-
ble, regardless of gait pathology. Other terms are routinely
used to identify temporal events marking the transition
from the swing period to the stance period (heel strike,
forefoot initial contact, foot-flat) and stance to swing (toe-
off, push-off), but should only be used when they clearly
describe the observed foot/floor contact pattern.

While period durations relative to a single side are
easily described when the gait cycle is represented on a
linear scale, left/right symmetry may be more easily con-
ceptualized when the gait cycle is wrapped around a unit
circle (2,4,5), as shown in Figure 5.2. For typically devel-

Initial contact
(foot strike)

100%

0%
Opposite
foot-off
12%

Initial
Double
Support

(opposite
single
support)

Swing
Period

Single
Support

(opposite
swing
period)

62%

50%

Foot-off
(terminal contact)

Opposite
initial contact

FIGURE 5.2 A typical gait cycle normalized in time, but
wrapped around a continuous unit circle to illustrate
symmetric phase relationships of temporal events and time
periods. The beginning and end of the cycle occur at the
12 o’clock position. The temporal events of initial contact
and foot-off for each leg are typically opposite each other
on the unit circle, and the single support period of one
limb is equal to the swing period of the opposite limb.

oping children and adults, ipsilateral and contralateral
initial contact and foot-off will occur directly opposite
each other around the circle, or 180 degrees out of phase.
This graphically illustrates that the resulting time periods
must be of equal duration for left and right single sup-
port, initial and final double support, and left and right
swing periods. Any disruption in the natural sequence of
temporal events anywhere along the cycle as a result of
physical impairment, weakness, or spasticity will result
in incorrect timing for the events that follow. This nec-
essarily leads to a loss of symmetry that can be quanti-
fied by comparing the timing of temporal events between
sides. Changes in symmetry reflected in the gait period
durations are an index of gait pathology, and measuring
this simple quantity can be quite useful for evaluating
treatment performance over time.

Since the duration of the swing period combined
with leg length determines the distance covered by the
swinging limb, deviation from normal symmetry and
timing will give rise to differences in step length on each
side, and subsequently the total distance traveled per gait
cycle. By definition, step length and stride length are not
synonymous. Step length is the distance (in the direction
of progression) from a point of ground contact of the trail-
ing foot to the next occurrence of the same point of ground
contact with the leading foot. It is measured during dou-
ble support and named for the leading limb. In contrast,
stride length is the distance from initial contact of one foot
to the next initial contact of the same foot, corresponds
directly to the stride period, and is equivalent to the sum
of successive left and right step lengths. Recognizing that
speed is defined as the ratio of distance per unit time, the
quantities of step length, stride length, cadence (steps per
minute), and walking speed are mathematically related
by simple formulas:

2 steps = 1 stride

walking speed (m/s) = [cadence (steps/min)
x stride length (m)]/120

stride length () = [walking speed (m/s)
x 1201/ cadence (steps/min)

step length (m) = [walking speed (im/s)
x 60]/cadence (steps/min)

These basic outcome measures of overall gait per-
formance, including the timing measures previously
described and other quantities such as stance/swing ratio,
are collectively known as temporal-distance or temporal—
spatial parameters. They can provide considerable insight
into the functional consequence of subtle gait abnormali-
ties on walking performance. For example, children with
cerebral palsy (CP) may experience foot clearance prob-
lems during limb advancement due to excessive ankle
plantar flexion and/or decreased knee flexion during
swing period. Evidence of this could be found in pro-
longed single support times on the more normal or less



CHAPTER 5 QUANTITATIVE ASSESSMENT OF GAIT: A SYSTEMATIC APPROACH 81

involved side (a consequence of the longer swing time
on the more involved side), and a reduced stance period,
step length, and stance/swing ratio on the more involved
side (6). If the source of the limb advancement problem
can be attributed solely to the excess plantar flexion,
the simplest intervention would be to prescribe a solid
or posterior leaf-spring ankle foot orthosis (AFO) with a
rigid plantar flexion stop to restrict excess plantar flexion
during swing. Evidence that this intervention improved
gait performance could be found in more symmetric sin-
gle limb support times and step lengths, a more normal
stance/swing ratio, and a higher walking speed.

While clinical motion laboratories routinely com-
pare a patient's temporal-spatial measures to age-
matched normative values, caution should be used when
interpreting these results. Temporal-spatial parameters of
cadence and stride length are directly related to walking
speed (7), and since humans routinely walk at a variety
of speeds, simple deviations from reference values alone
may not be indicative of gait pathology. Rather, reduced
values for these measures may simply reflect the need
to adopt a speed appropriate to the terrain, the required
task, or the size of the room (8). A person’s natural gait is
also dependent on the environment, with studies show-
ing that subjects walk faster on a long walkway com-
pared to a short one, and typically walk faster in outdoor
studies compared to indoor studies (9). This lack of con-
sensus regarding normal values supports the convention
adopted by most clinical laboratories to compare patient
results to their own laboratory-collected references,
where these environmental factors can be consistent for
all subjects. Nevertheless, while it is “normal” to walk at
a variety of speeds, it clearly is abnormal to walk asym-
metrically, so side-by-side differences in temporal-spatial
measures within a particular patient should always be
investigated.

When comparing temporal-spatial parameters in
children, even greater care must be exercised, since sev-
eral age-related differences arise from the close relation-
ship of these measures to leg length and gait maturity
(10). Sutherland has shown that in typically developing
children, heel-first initial contact, sagittal plane knee flex-
ion wave, reciprocal arm swing, and an adult joint angle
pattern are acquired prior to the development of mature
temporal-spatial parameters (11). All of these adult gait
characteristics arise before the age of 3 years in most chil-
dren (6). Because of this, Sutherland believes that gait
maturity is best judged by the following five features,
which he calls “determinants of mature gait” (11). These
are: duration of single support, walking speed, cadence,
step length, and ratio of pelvic span to ankle spread (P/A
ratio). Notice that in addition to the first four measures
that are fundamental temporal-spatial parameters, an
anthropometric measure (P/A ratio) has been added,
mainly to address the increased hip abduction and wider
base of support common in the immature child’s gait. In
general, walking speed, step length, single support, and

P/ A ratio increase linearly with advancing age, with the
greatest changes occurring during the first 4 years of life
(6). Cadence decreases significantly between the ages of 1
and 2 years, after which it gradually continues to decrease
(10). By age 4, the interrelationship between temporal
and distance measures is fixed, although stride length
and walking speed continue to increase with increasing
leg length. Muscle phasic alterations in the early walkers
are generally characterized by prolonged activation peri-
ods and subsequent longer periods of agonist/antagonist
cocontraction around the joints of the lower extremities
(12), most likely caused by neurologic immaturity asso-
ciated with incomplete myelination (6). Despite these
age-related differences that continue until skeletal matu-
rity, the fundamental features and temporal-spatial
parameter interrelationships associated with a normal,
repetitive gait cycle are in place by age 4. For this reason,
asymmetry detected using temporal-spatial measures
can be used as indicators of gait pathology in both chil-
dren and adults.

Because normal gait should be cyclical and symmet-
ric, the existence of even small amounts of step-to-step
variability may be an indication of gait pathology. Gait
is most variable in the toddler, but gradually stabilizes
as the child reaches adolescence (9). Hausdorff and col-
leagues have shown that the coefficient of variation for
stride time in typically developing 3- to 4-year olds is
approximately 6%, but decreases to 2% in 11- to 14-year
olds (13). In older adults, increased variability is associ-
ated with increased risk of falling, with speed variability
the single best predictor of falls (9). These examples pro-
vide further evidence of the importance of a cyclical and
symmetric gait pattern and how variations in symmetry
and cycle times reflected in the temporal-spatial parame-
ters of gait may be associated with gait pathology.

TYPICAL COMPONENTS OF AN
INSTRUMENTED GAIT ANALYSIS

As mentioned in the introduction, the phrase instru-
mented gait analysis (IGA) is often used to describe the
application of computerized measurement technology
to clinical gait analysis for the purpose of enhancing the
interpretive power of the analysis beyond what can be
discerned using observational and physical examination
methods alone. The specialized nature of the systems
used to perform an IGA typically requires a dedicated
motion laboratory with specialists from clinical and tech-
nical disciplines to guide the patient through the testing
procedures, make the required physical and anthropo-
metric measurements, and capture and process all data
(Figure 5.3). Analyses typically require 1.5 to 2 hours of
patient contact time and between 8 and 12 hours of pro-
cessing and analysis time, depending on the complexity
of the patient referral and the number of measurements
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FIGURE 5.3 A motion laboratory clinical specialist works
to place reflective markers on a subject while the technical
staff prepares for data capture.

required to answer the clinical question. It is not within
the scope of this discussion to comprehensively describe
the full set of measurement tools available for clinical
gait analysis in children. For this, the reader is referred
to several excellent descriptions that are widely available
(5,14-20). However, since it is important for the discus-
sions that follow, we will briefly introduce the primary
measures used, some tips for their practical application,
and give examples of typical recordings as a reference.

In addition to the temporal-spatial parameters
described in the last section, the primary measurements
comprising IGA are gait kinematics, kinetics, and dynamic
electromyography (d-EMG) (16). While there are cer-
tainly additional areas of measurement and many use-
ful instruments that can be included in a comprehensive
IGA, these three measurement categories are commonly
accepted as the minimum necessary for clinical evalua-
tion of the patient with gait dysfunction. They have also
been identified as a specific requirement for accreditation
by the CMLA and the CMAS of the United Kingdom and
Ireland (21).

Gait kinematics is a general term that refers to
measurement of the linear and angular displacements,
velocities, and accelerations of body segments through-
out the gait cycle. Generally expressed in terms of the
joint angles between each limb segment, these quantities
are most often described three-dimensionally using ana-
tomical planes relative to the more proximal segment,
but also includes the global position of the pelvis (pelvic
tilt, obliquity, and rotation) and foot (foot progression
angle) relative to a fixed laboratory coordinate system
typically located in the middle of the walkway. Modern
kinematic analysis systems use an assortment of mark-
ers or targets that are attached to the subject at strate-
gic locations and can be tracked by specialized cameras
or electromagnetic detectors (Figure 5.4). The kinematic
measurement system identifies the position of the targets

FIGURE 5.4 Subject with reflective markers or targets
placed at strategic anatomic locations walks through a
modern motion analysis laboratory. The location of the
targets depends on the mathematical requirements of the
limb-segment model used to calculate the kinematic values
needed for analysis. This subject is using a full body marker
set based on the Conventional Gait Model.

from multiple perspectives in three-dimensional (3D)
space using a high sampling rate (>100 Hz) as the subject
walks through a calibrated measurement volume. This
determines a unique trajectory for each target, which can
then be reconstructed by the computer utilizing a kine-
matic limb-segment model to produce a 3D animation of
the walking subject within the virtual environment of the
computer display (Figure 5.5). From this mathematical
representation of the subject, kinematic graphs and inter-
active reports can be produced to facilitate the clinical
analysis of the child’s gait pattern.

Kinematic measurement systems rely heavily on
motion-capture technology and specialized software
that, fortunately, have found a major market in the video
game and motion picture industry. This has had the pos-
itive effect of substantially lowering the startup cost of
these systems in recent years, making the technology
more available to the clinical community and improving
the accuracy, precision, camera resolution, and process-
ing speed. These advances have also increased the com-
plexity of the kinematic models that can be implemented,
which offers the promise of more comprehensive and
anatomically correct descriptions of motion. However, it
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FIGURE 5.5 Three-dimensional animation of the walking
subject within the virtual environment of a computer

display.
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may also introduce new challenges since increased model
complexity necessitates greater software complexity. Fur-
thermore, the requirement for model validation with each
new software release necessitates regular laboratory pro-
cedural changes, and may introduce data discrepancies
when patient results are compared over time using dif-
ferent models. Recognizing these potential technical con-
cerns, gait kinematics represent an integral component of
clinical movement analysis and are essential for analyzing
the child with gait dysfunction. Figure 5.6 shows a set of
3D kinematic graphs associated with a sample of typ-
ically developing 12 to 13-year-old subjects used as a
normal reference in our laboratory. We will discuss these
kinematic graphs in more detail when discussing critical
events in a later section.

While measurements of gait kinematics provide a
quantitative description of body segment and joint move-
ment during walking, gait kinetics describe the forces that
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FIGURE 5.6 Normal three-dimensional kinematic graphs constructed using a sample of typically developing 12- to 13-year-
old subjects. These data are used as a reference for comparing kinematic data from clinical subjects of the same age. The
dark line is the average of all subjects and the gray band represents + one standard deviation.
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cause these movements and the calculated quantities that
arise when a subject’s reaction forces and 3D kinematics
are applied to a mathematical model of the body. Since
joint and muscle forces cannot be measured directly from
the walking subject, the forces due to foot/floor contact
are measured using a specialized instrument known as a
force platform embedded in the walkway. The force plat-
form measures the vertical, fore—aft shear, and medial-
lateral shear components of the ground reaction force (GRF),
which is the force vector acting at the supporting surface
that is equal and opposite to the sum of all muscular,
gravitational, and inertial forces generated by the body
in motion. Since a force platform measures the magni-
tude and direction of the GRF as a single resultant vector
quantity, only one foot can be in contact with the platform
at a time for a valid measurement. In order to measure
multiple foot strikes from both feet, the subject either
needs to walk multiple times across a single platform or
the laboratory needs to include a force platform array with
multiple platforms in different orientations so that several
clean foot strikes from both sides can be recorded in as few
a number of passes as possible. A larger force platform
array reduces alterations of gait characteristics in children
with neuromuscular diseases in several ways. Installing
multiple force platforms into the walkway reduces the
number of trials required and thus minimizes the risk
of fatigue. Furthermore, having multiple force platforms
lessens the possibility of “targeting,” which will alter the
subject’s characteristic gait pattern. Figure 5.7 shows the
large 10-platform array of 60 cm x 40 cm force platforms

FIGURE 5.7 Large 10-platform array of 60 cm x 40 cm
force platforms used in The Center for Gait and Move-
ment Analysis at Children’s Hospital Colorado in Aurora,
Colorado. The “hopscotch” pattern of the platform array
permits the recording of several individual foot strikes from
both feet in a single walking pass. For illustration purposes,
each platform is shown without its protective floor cover-
ing, which caused the platforms to blend into the surround-
ing walkway when applied.

currently used in our laboratory, and illustrates how
sequentially rotating the long axis of each platform 90
degrees can accommodate a wide variety of stride lengths
and step patterns for children and adults.

The direct measurement of the individual force com-
ponents and the vector sum of the GRFs has historically
been used to evaluate gait kinetics and facilitate a more
qualitative pre-/postsurgical comparison. The most use-
ful clinical application of gait kinetics, however, is when it
is combined with GRF measurement and a kinetic model
of the lower extremities to calculate joint kinetics, specif-
ically joint moments and powers (22). The most common
way to accomplish this is to apply an “inverse dynamics”
model of the lower extremity using the anthropometric
dimensions of each segment (typically seven segments,
including the pelvis and both thighs, shanks, and feet)
and estimates of each segment’s center of mass (COM)
and inertial quantities. The forces at each joint can then be
solved sequentially, starting from the GRF at the floor and
working proximally, using the linear and angular forms
of Newton'’s second law:

Linear: force = mass x acceleration (F = ma);
angular: joint moment = moment of inertia
x angular acceleration (M = la).

By convention, joint moments can be considered
either external or internal. External moments reflect the
forces, acting on the body through the skeleton, that arise
from the GRF, and since they reflectan external biomechan-
ical load, are sometimes called demand moments. Internal
moments describe the force generated by the muscles and
ligaments acting on the skeleton to balance the external
moments, and because they are counteracting an exter-
nal load, are sometimes called response moments. Aside
from their different functional descriptions, external and
internal moments for the same joint are of equal magni-
tude and differ only in their mathematical sign. The joint
moments described in a typical IGA report are internal
moments, but this should always be confirmed since the
sign and direction of the curves will be reversed if they
actually describe external moments. Joint moments are
vector quantities that describe the net torque around each
joint but do not provide the individual force contribution
from each agonist/antagonist pair or from individual
muscles. Nevertheless, the net moment around the joint is
quite useful because the magnitude and sign of the curve
at any instance in the cycle can illustrate if one half of
the agonist or antagonist pair is dominating at a specific
point in the gait cycle. Net moment values can aid in clin-
ical interpretation of gait by comparing them to reference
values for typically developing children and by observ-
ing changes in the values before and after treatment. In
addition, net moment values are helpful in understand-
ing how a child may be compensating at a given joint for
weakness or limited range of motion (ROM) at an adja-
cent joint. Figure 5.8 shows the sagittal plane kinematics,
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FIGURE 5.8 Graphs of sagittal plane kinematics, sagittal plane joint moments, and total joint power for the hip, knee, and
ankle constructed using a sample of typically developing 12- to 13-year-old subjects. These data are used as a reference for
comparing kinetic data from clinical subjects of the same age. The dark line is the average of all subjects and the gray band

represents * one standard deviation.

sagittal plane joint moments, and total joint power for the
hip, knee, and ankle from a sample of typically devel-
oping 12 to 13-year-old subjects that we use as a normal
reference.

Once the 3D moments at each joint have been cal-
culated, joint power at any time in the gait cycle is the
product of the joint moment and the corresponding
angular velocity (instantaneous slope of the joint angu-
lar displacement curve from kinematics) at each percent
interval of the gait cycle:

joint power = joint moment x joint angular velocity
P(t) = M(t) x o(t)

Similar to joint moments, joint power describes the
net power at a joint rather than the individual power gen-
erated by a particular muscle or agonist/antagonist pair.
Because this quantity is derived from both kinematics
and ground reaction forces, joint power provides insight
into the biomechanical mechanisms responsible for spe-
cific movements and, in a sense, quantifies the actual

performance of the “motors” driving a particular gait pat-
tern. In this way, joint power curves are extremely useful to
identify when a particular joint is generating power (pos-
itive indicates concentric contraction) or absorbing power
(negative indicates eccentric contraction) to analyze the
transfer of power or energy from one joint to another and
for understanding how one joint can compensate for dis-
ability at an adjacent joint. It should be pointed out here
that although joint power is perhaps the single most infor-
mative biomechanical variable that can be obtained from
an IGA, it does have limitations (23). For one thing, power
is technically a single scalar quantity describing all planes
of a joint combined, unlike displacement, velocity, and joint
moment, which are directional vector quantities with indi-
vidual component values for each anatomical plane. While
in most cases the greatest contribution can be assumed to
arise from the sagittal plane, the lack of a true directional
component (especially at the hip) may lead to incomplete
clinical interpretations. Another issue is that since extensive
use of mathematical modeling is required to arrive at the
joint power values, there are numerous assumptions made
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in the process and great opportunity for errors or artifacts
to influence the final curves. These issues should be con-
sidered when utilizing any kinetic variable for clinical deci-
sion making. However, they should not hinder the use of
this information since these estimates cannot be obtained
in vivo by any other means and still provide considerable
insight into the functional causes of gait abnormalities.
Electromyography (EMG) is an important tool for
evaluation of muscle and neurologic function and is well
understood by the pediatric physiatrist. When used in the
context of IGA, the purpose is slightly different from the
conventional application. The primary objective of EMG
in clinical gait analysis is to identify periods of muscle
activation during walking so that decisions can be made
regarding the appropriateness of muscle timing for agonist
pairs as they selectively activate and deactivate during the
gait cycle. This is the reason that we refer to this as dynamic
electromyography or d-EMG, since the focus is on the phasic
response of muscle during walking or some other func-
tional activity. Since the subject will not be in a stationary
position for the test, the instruments and technical pro-
cedures are also different from conventional diagnostic
EMG. d-EMG requires a bipolar arrangement of electrodes
and miniature differential amplifiers with a high common
mode rejection ratio (CMRR) placed close to the site of the
recording to ensure the EMG signal is not overwhelmed by
motion artifact while the subject moves (Figure 5.9). Differ-
ential amplifiers with high CMRR (typically greater than
90) amplify voltage differences between the inputs and

FIGURE 5.9 Patient with bipolar surface electrodes and
small instrumentation amplifiers for recording dynamic
EMG while he or she walks. This illustrates the electrode
placement for the left vastus lateralis (distal location) and
left rectus femoris (proximal location). Each electrode

is connected to an instrumented backpack and then
hardwired to the recording instruments. A wireless EMG
recording system using similar electrodes but with
individual transmitters for each muscle is shown in

Figure 5.4.

reject common voltages that may arise from movement of
the electrodes or the soft tissue vibration that occurs with
foot contact. Surface electrodes are the most commonly
used electrode type for recording d-EMG from the pedi-
atric patient to avoid the emotional trauma and change
in gait pattern that indwelling electrodes often cause.
Typically, the active portion of each electrode in the bipo-
lar pair should be small and the pair should be placed as
close together as possible along the long axis of the muscle
(=1 cm diameter, <2 cm separation) to minimize the effect
of crosstalk from surrounding muscles. Unfortunately,
surface electrodes are only suitable for recording muscle
groups that are directly subcutaneous; if there is a need to
evaluate deeper muscles individually, fine-wire electrodes
made of a bipolar pair of 50-micron platinum wire must be
inserted directly into the muscle of interest using a 25- to
28-gauge needle. When required, this is the most invasive
aspect of an IGA, and should be used only when neces-
sary in the pediatric patient and after all other data have
been collected, since the level of patient cooperation and
the likelihood of a typical gait pattern decrease consider-
ably after a needle stick. In practice, most of the muscles
of interest to the pediatric physiatrist can be successfully
recorded using the surface electrode approach if proper
procedures to minimize crosstalk and reduce motion arti-
fact are followed.

Before the EMG recording can be used for clinical
interpretation, the raw data must be filtered, processed,
and time-normalized so that periods of muscle activation
during the gait cycle can be identified. A good reference for
processing guidelines is available from the International
Society of Electrophysiology and Kinesiology, where
they state that surface electrode recordings should be
bandpass-filtered between 10 Hz and 350 Hz and fine-
wire recordings filtered between 10 Hz and 450 Hz. This
maximizes the signal, minimizes the noise, and reduces
motion artifact. In modern systems, the filtered EMG data
are sampled by analog-to-digital converters. Further pro-
cessing is performed by computer using specialized soft-
ware or in concert with the motion-capture system. Data
can be presented as a continuous recording of “raw” EMG,
an ensemble average of several cycles of EMG normal-
ized to the gait cycle, or as linear envelopes reflecting the
EMG magnitude throughout the gait cycle after rectifica-
tion and integration of the raw EMG signal. In our labo-
ratory, we have developed a system to superimpose the
EMG signal over the observational video recording of the
walking subject to screen for faulty EMG recording during
the analysis and to better understand the interaction
between observed movement and muscle activation (see
Figure 5.10, right side). Regardless of how these data are
presented, the goal is to use the EMG recording to identify
periods of abnormal muscle activity and determine if this
activity is responsible for abnormal movement patterns
presented by the patient. Typically, the patient’s activity is
compared to a normal EMG reference, and deviations from
normal values are scrutinized for their contribution to the
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FIGURE 5.10 Biplane high-definition video recording
with superimposed real-time EMG traces of six muscles
bilaterally from a typically developing subject used as a
reference at CGMA. The raw, unfiltered EMG recording
provides immediate feedback on the quality of the EMG
signal and the synchronization of muscle activity with
observed movement.

overall movement pattern. Figure 5.11 shows filtered and
time-normalized EMG for 12 muscles of the lower extrem-
ity from a 15-year-old typically developing subject used as
a laboratory reference, along with published normal EMG
activations represented as solid black bars at the bottom
of each graph. The high-magnitude sections of the EMG
recording for each muscle correspond to the published
normal values, confirming that this typically developing
subject has a normal adult activation pattern.

When EMG recordings are combined with kinemat-
ics, kinetics, temporal-spatial parameters, radiographs,
and physical examination results, a comprehensive snap-
shot of the subject’s walking pattern is revealed, providing
an empirical basis for identifying the functional cause of a
gait abnormality. However, to use these data successfully,
we must return to the normal gait cycle to understand the
functional requirements for walking, since these require-
ments are a natural consequence of subdividing the cycle
on the basis of function.

IMPAIRMENT IDENTIFICATION IS FACILITATED
BY SUBDIVIDING THE GAIT CYCLE

While a repetitive gait cycle arises from the alternating base
of support used by all bipeds, the existence of this cycle
provides great opportunity for clinical and biomechanical
analysis of a child with gait dysfunction. In particular, a
repetitive cycle lends itself to natural subdivision, which in
turn, leads to a sequence of events that must be performed
in order and with the correct timing for efficient walking
to occur. The earlier section titled “Normal Gait Is Cyclical

and Symmetric” discussed temporal subdivisions of the
gait cycle delineated by foot/floor contact and their use
in comparing limb symmetry, measuring outcomes, and
the general characterization of overall gait performance.
The focus of the current section is to describe another
type of gait-cycle deconstruction, one based on functional
subdivisions. For this approach, the functional prerequi-
sites of walking are identified, providing a framework for
subdividing the gait cycle into functional divisions (24). It
is then possible to use the measurements available from
IGA to identify quantitative differences at each joint and
the specific functional abnormalities that occur at critical
moments in the gait cycle (25,26).

FUNCTIONAL PREREQUISITES FOR WALKING

In their landmark paper published in 1953, Saunders,
Inman, and Eberhart (27) described six gait subdivisions
that they referred to as the “determinants” of normal
gait. This treatise was significant in that it was perhaps
the first formalized delineation of the gait cycle that
explained how coordinated movements of the hip, knee,
and ankle at specific points in the cycle led to efficient
forward progression. Each determinant’s influence on the
3D path of the whole-body COM was described using
simple theoretical models, and the cumulative effect of
all six determinants led to a smooth, low-amplitude tra-
jectory that was assumed to be consistent with optimal,
efficient locomotion. Specifically, Inman and colleagues
believed that minimizing vertical and horizontal motion
of the COM would maximize walking efficiency, since
unnecessarily raising and lowering the COM would
be wasteful from a potential energy perspective. By
changing functional limb length with the addition of
joints to an initially jointless model of the lower extrem-
ities and pelvis, each determinant served to smooth dif-
ferent portions of the COM trajectory, effectively raising
the COM during double support and lowering it during
single support. While it is true that unnecessarily large
and abrupt movements of the COM reduce gait efficiency,
some of the specific determinants identified by Inman
and colleagues have now been discredited (28-30). The
improved accuracy and temporal resolution of kine-
matic measurement instruments over the last 50 years
have uncovered problems with the timing of some of the
theoretical mechanisms described in the original paper,
and in the case of longer step lengths, larger COM dis-
placements are not necessarily associated with decreased
gait efficiency.

While the relevance of specific determinants may
now be in dispute, the real impact of this work is that
it inspired generations of investigators to consider bio-
mechanical explanations for gait dysfunction and led a
few students of Dr. Inman to develop clinically applica-
ble gait-cycle decompositions derived from the functional
requirements of walking. In a later monograph (3), Inman
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femoris during initial swing.

described two basic functional requisites of walking that
he deemed necessary for any form of bipedal gait, no
matter how distorted by physical disability or assisted
by prosthetic or orthotic devices. These are (a) continu-
ing GRFs that support the body and (b) periodic forward
movement of each foot from one position of support to the
next.

These essential features of walking give rise to a
periodic gait cycle that must always be present for con-
tinued locomotion. An orthopedic resident of Dr. Inman,
Jacquelin Perry, recognized that the physical demands of
supporting the body against gravity varied, depending on
whether the stance limb was accepting the initial impact
or continuing to carry the weight of the body during sin-
gle support. To address this, she developed the notion of
three functional gait fasks (31): weight acceptance, single

limb support, and swing limb advancement. Dr. Perry
considered weight acceptance the most demanding of
the three functional gait tasks since it requires the stance
limb’s musculature and bony and ligamentous structure to
provide shock absorption, initial limb stability (stiffness),
and maintenance of forward progression. Preparation for
the demands of weight acceptance begins late in the swing
period, when pre-positioning of the leading limb occurs to
correctly align the foot to accept weight at initial contact.
The physical demands are lower for the task of single limb
support, despite the fact that one leg alone has the com-
plete responsibility for supporting body weight, maintain-
ing whole-body stability (balance), and restraining forward
momentum. This reduced physical demand during the
task of single limb support is due to the inherent passive
stability provided by the knee ligamentous structure and
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the force balance at the hip as body weight moves forward
(31). An essential functional requirement for this task is
strong eccentric contraction of the calf musculature to con-
trol the tibia (and subsequently the rest of the stance limb)
as it rotates over the fixed base of support provided by
the foot. When the task of single limb support ends and
swing limb advancement begins, the physical demands
increase once again, since the three goals of weight transfer,
limb advancement, and foot clearance must all be accom-
plished. Similar to the weight acceptance task, important
preparatory actions must begin before the swinging limb is
lifted from the supporting surface at the end of the stance
period to meet the functional demands of swing limb
advancement.

Findings from other investigators support the exis-
tence of these three fundamental gait tasks, although each
investigator has used a somewhat different terminology
when describing them (Table 5.1). Winter has characterized
walking as an extremely complex motor control task that
requires three elements: support control to prevent col-
lapse against gravity (32); balance control of the head,
arms, and trunk (HAT) acting as an inverted pendulum
(33); and safe and coordinated lower limb movement
during swing for minimum foot clearance and gentle heel
contact (19). Dr. Winter and colleagues have also stated
that the goals of these tasks can still be accomplished after
disease, injury, or loss of function because of the inherent
redundancy of lower extremity musculature and rapid
adaptability of the central nervous system (34). It is inter-
esting that Perry and Winter have identified essentially
the same three gait tasks, despite approaching the study
of gait from two different perspectives: clinical analysis of

pathologic gait and biomechanics of human movement,
respectively. This lends support to the existence of these
three elements and warrants using them to understand
functional deficits in subjects with gait pathology.

Gage has expanded on this description by identify-
ing five elements essential to walking that he has referred
to as “priorities” or “prerequisites” of normal gait (35).
This functional subdivision of the gait cycle encompasses
the three tasks described previously, but adds swing
period elements necessary to ensure appropriate weight
acceptance and the global task of energy conservation.
In the order of functional priority, these are stability of
the weight-bearing foot throughout stance, clearance of
the non-weight-bearing foot during swing, appropriate
pre-positioning of the swinging foot in preparation for
initial contact, adequate step length, and energy conser-
vation. This prioritization is influenced by Dr. Gage's
interest in the gait of children with CP, and includes a
gait efficiency task (energy conservation) to address the
reduced functional capacity or endurance of many indi-
viduals with pathologic gait. He also identifies several
physiologic and biomechanical mechanisms common
to normal gait that can improve energy conservation.
These are eccentric muscle contraction, return of “stretch
energy” from prestretched muscles immediately prior to
concentric contraction, biarticulate muscles functioning
as energy transfer straps, and joint passive stability from
the effects of GRFs whenever possible to spare muscle
activation (36). While other investigators have addressed
the functional prerequisites of gait (15,25,37), the contri-
butions described previously form the basis of the strat-
egy described in this chapter.

TABLE 5.1 FUNCTIONAL SUBDIVISIONS OF THE GAIT CYCLE ATTRIBUTED TO DIFFERENT INVESTIGATORS
INVESTIGATOR INMAN PERRY WINTER GAGE
Subdivision

nomenclature  Requisites Tasks

Motor control tasks Prerequisites

Functional
subdivisions

Continuing ground reaction
forces that support the body

Single limb support

Weight acceptance

Stability of the
weight-bearing foot
throughout stance

Support control to prevent
collapse against gravity

Balance control of the HAT

Periodic forward movement
of each foot from one posi-
tion of support to the next

Swing limb

advancement

Clearance of the non-
weight-bearing foot
during swing

Safe and coordinated limb
movement during swing to
achieve:

® Minimum foot clearance
® Gentle heel contact

Appropriate
pre-positioning of the
swinging foot in prepa-
ration for initial contact
Adequate step length
Energy conservation

Abbreviation: HAT, head, arms, and trunk.
Source: Adapted from Refs. (3), (19), (31)-(33), and (35).
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PHASES OF THE GAIT CYCLE

Since the tasks of weight acceptance, single limb support,
and swing limb advancement can only be accomplished
successfully if appropriate limb movement patterns occur
sequentially and with correct timing, Dr. Perry devel-
oped a systematic method of subdividing the gait cycle
to simplify pattern identification and facilitate obser-
vational gait analysis (24). Now known as the Rancho
classification, in honor of Rancho Los Amigos Medical
Center where Dr. Perry and colleagues of the Pathokine-
siology Service developed this method, it relies on eight
subdivisions of the gait cycle, referred to as phases of gait.
While in general, both phases and periods refer to specific
time slices around the gait-cycle unit circle, Perry prefers
to use the term “phase” for intervals that have specific
functional significance and have a clear relationship to
the three identified gait tasks described in the previous
section. The Rancho classification provides a framework
for functionally organizing the gait cycle harmoniously
with the three fundamental gait tasks, and after 30 years
of refinement, this approach has proven to be a power-
ful tool for identifying specific functional deficits or gait
impairments during each phase of gait. IGA can be used
to quantify the magnitude of a functional deficit at a joint
by reviewing the kinematic and kinetic data, or abnormal
muscle timing by reviewing the EMG. This provides evi-
dence and helps pinpoint the specific region or system
most responsible for the overall gait abnormality, and
suggests interventions to directly correct the identified
functional deficit or gait impairment in each phase.

The eight phases described by Dr. Perry are identi-
fied in Table 5.2. Notice that all but the first phase (initial
contact) represent separate time intervals between 0% and
100% of the gait cycle. Figure 5.12 illustrates the phases of
gait in sequence around the unit circle, with stick figures
signifying the temporal event delineating the beginning
and end of each phase. Phases are shown equally spaced
in this figure for clarity; typically, each phase will not be
of the same time duration. Initial contact is considered
a phase of gait since it marks an important transitional
point between swing limb advancement and the challeng-
ing task of weight acceptance, although unlike the other
phases, it is a single instant in time. The other important
transitional period (from stance to swing) occurs during
final double support and is known as the phase of pre-
swing. In terms of temporal events, final double support
(and therefore pre-swing) is considered part of the stance
period because this interval ends with foot-off. However,
in terms of gait phases, this interval also marks the first
phase of the swing limb advancement task, highlight-
ing the fact that from a functional standpoint, pre-swing
has more to do with preparing the limb for moving for-
ward than supporting the body during stance (24). Also
notice that three new temporal events not associated
with foot/floor contact have been introduced: heel-off,
feet adjacent, and tibia vertical. These terms have been

TABLE 5.2 THE EIGHT PHASES OF GAIT AS DESCRIBED BY
DR. JACQUELIN PERRY

PHASE OF GAIT DESCRIPTION

Initial contact The moment when the foot strikes the
ground

Loading Initial double support period when the

response limb is accepting weight

Mid-stance First phase of single support when the
body advances over the stance limb end-
ing ahead of the stance limb as weight is
transferred to the forefoot

Terminal Last phase of single support ending with

stance opposite initial contact

Pre-swing Final double support period when the
knee rapidly flexes in preparation for
swing and weight is shifted to the oppo-
site limb

Initial swing First third of swing period where maxi-
mum knee flexion occurs

Mid-swing Middle third of swing period where

maximum hip flexion occurs, ending with
a vertical tibia

Last third of swing period where final
knee extension achieves maximum step
length and the limb is properly posi-
tioned for weight acceptance

Terminal swing

used by Whittle (5) and others (4,38) and are useful to
delineate the phases in normal gait; however, there is not
yet a consensus among gait investigators if these are the
undisputed event markers. For example, Perry acknowl-
edges that a rising heel usually marks the beginning of
terminal stance in normal subjects, but in patients with
weak ankle plantar flexors, this heel-off may be delayed
into pre-swing, which would technically eliminate the
terminal stance phase. Dr. Perry prefers to identify the
beginning of terminal stance as the point where the body
moves ahead of the limb and weight is transferred onto
the forefoot (39). Similarly, the event marking the transi-
tion between initial swing and mid-swing has been iden-
tified as the point where the feet are adjacent (5), when the
swing limb is directly under the body (4,38), when swing
limb acceleration changes to deceleration in normal gait
(36), where the knee begins to extend and the foot clears
the ground (39), and mid-swing (4). Fortunately, most
investigators agree that the temporal event marking the
transition between mid-swing and terminal swing is the
point where the tibia is directly vertical. These slight dif-
ferences in the definition of the exact transition between
phases are why some investigators report different phase
durations for normal gait. This should not be a concern,
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Initial contact
(foot strike)

— ; Terminal
Tibia vertical Swing
Swing
Period
Feet adjacent @
(knee extends)

Foot-off
(terminal contact)

Loading

Response Opposite

foot-off

Terminal
Stance

Heel-off
(body leads foot)

Opposite
initial contact

FIGURE 5.12 Typical gait cycle wrapped around a unit circle and subdivided into eight gait phases that have functional
significance. The first phase is initial contact, and is equivalent to the temporal event by the same name. The phases are
drawn in sequence and are equally spaced for clarity, but do not represent their usual duration. Refer to the text for a
complete description of the phases and their functional significance.

however, because determining the exact transition point
between phases and comparing phase durations to nor-
mal are less important than recognizing that there are dis-
tinct phases in gait that can be identified and that certain
functional accomplishments must occur in each phase.

CRITICAL EVENTS LINK GAIT IMPAIRMENTS
TO POSSIBLE INTERVENTIONS

With the gait cycle now subdivided both temporally
and functionally into discrete phases, all that is left is to
identify specific joint positions or motions in each phase
that directly contribute to the accomplishment of the
three functional tasks of weight acceptance, single limb
support, and swing limb advancement. Dr. Perry and her
colleagues at Rancho Los Amigos Medical Center refer to
these specific joint positions, or motions, as critical events
(39). They have identified 13 critical events over the entire

cycle, with one or more critical events in each of the eight
phases. Critical events occur at the foot, ankle, knee, or
hip, and are largely focused on angular displacements
in the sagittal plane. While there are other, more subtle
motions occurring in all three anatomical planes, these
13 critical events are considered the most essential to
producing a normal walking pattern, typically have the
largest displacements, and are most easily observed from
the walking subject, with or without the help of recording
instruments. The significance of this approach is that once
the critical events that are essential to producing a bipedal
gait pattern are known, one can use the measures from
IGA to determine functional reasons for why a particular
critical event is absent, altered, or delayed. Interventions
can then be focused on restoring critical events, leading
to improved walking performance. The critical events for
each phase of gait are shown in Table 5.3, including their
relationship to stance and swing periods and each gait
task. Notice that critical events and temporal events are
quite different. As has been discussed throughout this



TABLE 5.3 RELATIONSHIP BETWEEN PERIODS, TASKS, PHASES, TEMPORAL EVENTS, AND CRITICAL EVENTS DURING THE GAIT CYCLE

STANCE PERIOD

SWING PERIOD

TASKS WEIGHT ACCEPTANCE SINGLE LIMB SUPPORT SWING LIMB ADVANCEMENT
Phases Initial Loading Mid-stance Terminal Pre-swing Initial Mid-swing Terminal
contact response (12%-30%) stance (50%—-62%) swing (75%—-87%) swing
(0%) (0%—-12%) (30%-50%) (62%—-75%) (87%-100%)
Temporal Initial B: Initial B: Opposite B: Heel-off B: Opposite B: Foot-off B: Feet B: Tibia
events contact contact foot-off (body leads initial contact E: Feet adjacent  adjacent (knee vertical
foot) (knee extends) extends)
E: Opposite E: Heel-off E: Foot-off E: Initial
foot-off (body leads foot) contact
E: Opposite E: Tibia vertical
initial contact
Critical * Heel-first ¢ Hip stability ¢ Controlled e Controlled ¢ Passive knee ¢ Maximum e Max hip flexion  ® Knee
events initial contact tibial ankle DF with flexion to 40° knee flexion (25°) extension to
advancement heel rise (>60°) neutral
e Controlled e Trailing limb ¢ DF to neutral
knee flexion posture

for shock
absorption

e Controlled
ankle PF

Abbreviations: B, beginning; DF, dorsiflexion; E, end; PF, plantar flexion.
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chapter, temporal events are moments or instants in time
used to delineate periods in the gait cycle, and critical
events are important functional components that can be
used to identify gait impairments.

CRITICAL EVENTS DURING THE WEIGHT
ACCEPTANCE TASK

The two phases associated with weight acceptance, initial
contact and loading response, coincide with the period of
initial double support, and include four critical events.
The first critical event, a heel-first initial contact, must be
present if forward momentum is to be preserved (24) and
the energy from the falling body COM is to be redirected
in the direction of progression (32). It is also necessary to
prepare the new support limb for the demands of the next
phase. The next three critical events of hip stability, con-
trolled knee flexion for shock absorption, and controlled
ankle plantar flexion, must occur during the loading
response phase. Hip stability requires dynamic joint stiff-
ness in the sagittal and frontal planes at the hip to prevent
unnecessary forward pelvic tilt or increased pelvic oblig-
uity, respectively. This places a high demand on the torque
(moment) production ability of the hip extensors and hip
abductors of the forward load-bearing limb. This demand
is reflected in increased muscle activation (recorded using
dynamic EMG) in the gluteus maximus, gluteus medius,
and hamstrings. If a patient has weak hip extensors and
fails to compensate for this weakness, there will be an
increased anterior pelvic tilt and/or forward trunk lean
directly associated with the inability of the hip extensors
to meet the demand of this critical event. Alternatively,
if the subject is successfully compensating for the weak-
ness, they will exhibit a posterior trunk lean to position
the whole-body COM behind the hip joint center, thus
reducing the torque production demand on the hip exten-
sors. Evidence of either strategy is reflected in recordings
of the hip sagittal plane angles (kinematics), the weight
line (GRF vector), dynamic EMG of the hip extensors,
or by calculating the hip extensor moments and powers
(kinetics). Similar strategies are used when there is weak-
ness in the hip abductors, leading to either uncompen-
sated or compensated Trendelenburg’s gait patterns in the
frontal plane. All can be related to the loss of the critical
event of hip stability during the loading response phase.
Controlled knee flexion for shock absorption must
occur to prevent unnecessary knee flexion during load-
ing response, which wastes energy and places a higher
demand on the quadriceps. Similar to the hip, quadriceps
weakness can also be either compensated or uncompen-
sated. Uncompensated quadriceps weakness will present
as abnormal or increased knee joint angular displace-
ments in the sagittal plane (increased knee flexion) with
possible collapse at the knee. Compensated patterns will
display body postures that shift the COM forward (for-
ward trunk lean) so that the GRF vector is closer to or in

front of the knee joint, thereby reducing the quadriceps
demand (quadriceps avoidance gait). Again, these pat-
terns are reflected in kinematic, kinetic, and dynamic EMG
measurements, within the context of meeting the needs of
this critical event. Correctly controlled knee flexion during
loading response is reflected in the slope and maximum
knee flexion value during the first peak of the sagittal plane
knee joint angular displacement curve, in the magnitude of
the knee extensor moment and power absorption curve,
and the EMG activity of different heads of the quadriceps.

The final critical event during loading response is
controlled ankle plantar flexion. In this context, “con-
trolled” refers to the ability of the ankle dorsiflexors to
eccentrically contract and lower the initially neutral foot
carefully to the ground to provide a more stable base of
support than can be provided by the calcaneus alone. This
action is referred to as the heel or first rocker (40), the first
of three important mechanisms that occur at the foot and
ankle and facilitate progression of the entire stance limb
(31). These three rockers are illustrated in Figure 5.13. If
the pretibial muscles have sufficient strength to restrain
the rate of foot drop, the action of the first rocker pulls the
tibia forward, which in turn is transferred to the femur
by the active quadriceps that is attempting to restrain the
rate of knee flexion. This is how the energy of the falling
body COM is redirected to provide forward progression,
an important energy-conserving mechanism often lost
when the heel rocker is absent. If the pretibial muscles
did not have sufficient strength but the subject was able
to achieve a heel-first initial contact, a noticeable foot-
slap would occur as the unstable lever at the ankle allows
the foot to plantar-flex uncontrollably. This is reflected
in a steep descending initial slope on the sagittal plane
ankle kinematic curve and the absence of either a dor-
siflexor moment or dorsiflexor power absorption on the
corresponding sagittal plane kinetic curve (22). Experi-
enced clinicians can also detect this event without all the
modern conveniences by simply listening for the sound
of the foot-slap! The effects of uncontrolled ankle plantar
flexion at loading response are not as easy to detect when
the subject fails to achieve a heel-first initial contact, as
is the case with foot-flat, forefoot, or equinus initial con-
tact. In this case, kinetic data are helpful, because as the
point of foot/floor load bearing moves further in front of
the ankle with progressively increasing plantar flexion at
initial contact, there is a proportional increase in the mag-
nitude of the incorrect plantar flexor moment during load-
ing response. This plantar flexor moment (via the triceps
surae) has the opposite of the desired effect on the knee,
as occurs with eccentric contraction of the pretibial mus-
cles when a true heel rocker is present; the knee extends
when it should be flexing (41). This reduces the effective-
ness of knee shock absorption and may eliminate it com-
pletely, increasing bone-on-bone forces at the knee. The
amount of shock-absorbing energy transferred to the hip
and ankle is reflected in the hip, knee, and ankle powers
during this phase, and is useful for describing the poten-
tial degree of impairment associated with incorrect ankle
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\

Heel Rocker

Ankle Rocker

¢

Forefoot
Rocker

FIGURE 5.13 The three rockers representing normal ankle function in gait: These are the heel or first rocker, the ankle or second
rocker, and the forefoot or third rocker. The lighter gray skeleton represents the beginning of each rocker, and the arrows signify
the movement that is associated with each. Refer to the text for a full description of these important critical events.

function at loading response. Note that the magnitude of
the EMG activity of the pretibial and posterior compart-
ment muscles by themselves do not explain the moments
at the ankle, since major force contributors arise from the
inertial and gravitational forces that occur during the first
rocker. The EMG activity does help sort out if the pattern
of motion is due to weakness (pretibial muscles with first
rocker present, triceps surae without it), neglect (often
seen in traumatic brain injury [TBI]), or poor motor con-
trol (seen in CP or cerebrovascular accident [CVA]). This
information can assist in determining whether a solid,
leaf-spring, hinged, or floor-reaction AFO, Botox injec-
tions into the calf musculature, or tendon lengthening
or transfer surgery would be the most appropriate inter-
vention to use when the critical event of controlled ankle
plantar flexion is abnormal or absent. Table 5.4 summa-
rizes many of the gait measurements that are useful for
identifying functional causes for absent or abnormal crit-
ical events during the weight acceptance task, and while
not exhaustive, can help organize the array of measures
available for assessing impairments during this task.

CRITICAL EVENTS DURING THE SINGLE LIMB
SUPPORT TASK

As shown in Table 5.3, there are three critical events
during the single limb support task. These are controlled
tibial advancement during mid-stance, controlled ankle

dorsiflexion with heel rise (heel-off) during terminal
stance, and a trailing limb posture during terminal stance
(39). During the two phases of this task (mid-stance and
terminal stance), the responsibility of the stance limb is to
simultaneously provide support against gravity without
losing balance and contain the forward momentum built
up by the contralateral swinging limb. Both of these objec-
tives can be accomplished by controlling tibial advance-
ment in the first half of single support and controlling
ankle dorsiflexion in the second half. This will lead to the
trailing limb posture (body COM forward of the base of
support) necessary to permit a sufficient step length on the
opposite side. If, at the end of loading response, the foot
has achieved foot-flat, then during mid-stance, the ankle
becomes the axis of rotation for the body’s forward pro-
gression. This is referred to as the ankle or second rocker,
and this mechanism continues until maximum dorsi-
flexion is achieved in terminal stance (Figure 5.13). With
the heel and forefoot firmly planted, the tibia can rotate
over the talus smoothly under the selective control of the
soleus, later assisted by both heads of the gastrocnemius,
which simultaneously limits knee extension. The slow-
twitch, fatigue-resistant muscle fibers of the soleus are
usually well suited to the sustained eccentric contractions
required to control tibial advancement. Weakness in the
triceps surae, however, results in the tibia advancing too
quickly, which prematurely allows the tibia to move past
vertical and leads to sustained knee flexion during mid-
stance, and premature or excessive dorsiflexion and lack
of knee extension at terminal stance. In this circumstance,



TABLE 5.4 GAIT MEASUREMENTS USEFUL FOR IDENTIFYING THE CAUSE OF AN ABSENT OR ABNORMAL CRITICAL EVENT DURING THE WEIGHT ACCEPTANCE TASK

GAIT PHASE

CRITICAL EVENT

(ABNORMAL OR ABSENT)

PHYSICAL EXAM

TEMPORAL/DIS-
TANCE MEASURES

KINEMATICS

KINETICS

DYNAMIC EMG

Initial contact

Loading
response

Heel-first initial contact:
if absent, also consider
mid-swing and terminal
swing critical events

Hip stability

Controlled knee
flexion for shock
absorption

Controlled ankle
PF

Strength

e weak ankle DF ROM

e tight hamstrings or
triceps surae

Strength
* weak hip extensors
e weak hip abductors

ROM

e tight hip flexors, hip
flexion contracture

e femoral anteversion

Strength
* weak quadriceps

ROM

e tight hamstrings
or knee flexion
contracture

Strength
e weak ankle DF

ROM

® tight triceps surae
or reduced DF

e tight hamstrings or
knee flexion

® Reduced swing
period, or
reduced single
support time on
opposite side

® Reduced step
length

® Prolonged initial
double support
time

* Prolonged initial
double support
time

* Prolonged initial
double support
time

® Reduced time
to foot-flat,
with possible
foot-slap

Hip flexion > or <
normal maximum of
30°

Knee flexion > 4°
Ankle not at neutral

Hip flexion > 30°
Increased pelvic tilt
and/or obliquity
Increased hip internal
rotation

Pelvic retraction on
side of weakness

Knee flexion < 4° or
> 20°

Abnormal knee flex-
ion wave

Tibia forward of
vertical with ankle

in DF

Abnormal first rocker
(heel rocker)
Incorrect foot
alignment

with incorrect foot
progression angle

Refer to phases
terminal

swing or loading
response

Large hip extensor
moment with
possible initial
power absorption

Initial knee flexor
moment with no
phase reversal
(quad avoidance)
Large knee exten-
sor moment with
excessive power
absorption

Large PF moment
with high power
absorption

Excessive hip extensor
or hamstring activity
Reduced or absent
ankle DF activity
Premature ankle PF
activity

Excessive hip flexor
and hip adductor
activity

Decreased hip extensor
and abductor activity

Excessive knee exten-
sor activity

Increased cocontrac-
tion at the knee with
prolonged knee flexor
activity

Reduced or absent
ankle DF activity
Premature ankle PF
activity

Premature tibialis
posterior activity

Abbreviations: DF, dorsiflexion; PF, plantar flexion; ROM, range of motion.
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a rigid AFO or, in extreme cases of weakness, a floor-
reaction AFO can effectively supplement the weak plan-
tar flexors, restore a more normal plantar flexor moment,
and control tibial advancement during mid-stance and
dorsiflexion during terminal stance. Gage also suggests
using a rear-entry, hinged, floor-reaction AFO in these cir-
cumstances (12), which permits ankle plantar flexion but
resists dorsiflexion in mid-stance and terminal stance.

In normal adults and typically developing children,
the forward progression of the body causes the origin of
the GRF vector (center of pressure or COP) to move for-
ward to the metatarsal heads, causing the heel to rise at
the beginning of terminal stance. Now the axis of rotation
for the body’s forward progression is the metatarsopha-
langeal (MTP) joint, giving rise to the forefoot or third
rocker (31) (see Figure 5.13). While the first two rockers
were constraining forward progression using eccentric
plantar flexor contractions, the forefoot rocker is an accel-
erating rocker, as evidenced by the large ankle plantar
flexor moment and transition from power absorption to
power generation (36). With the help of strong concentric
contraction of the fast-twitch fibers of the gastrocnemius,
the ankle is stabilized and continued dorsiflexion in ter-
minal stance is halted. By the end of terminal stance, the
ankle is plantar flexing in preparation for initial contact
on the other side, which yields the trailing limb posture
necessary for maximum step length. When there is plan-
tar flexor weakness, the third rocker is ineffective, which
fails to control continued dorsiflexion, allows the knee to
prematurely drop into flexion, reduces trailing limb pos-
ture, and shortens the opposite side step length. All of
these factors reduce overall walking performance. AFOs
that store energy in the structure of the orthosis as the
ankle dorsiflexes (rigid, leaf-spring, floor-reaction) can
provide a plantar flexion assist as the foot is unweighted
in early pre-swing, depending on the amount of stiff-
ness and energy storage built into the custom orthotic.
This assist can return some of the reduced plantar flexor
moment that would occur without orthotic use, and evi-
dence of this can be found in the plantar flexor moment
curve comparing orthotic and barefoot conditions.

If, at the beginning of mid-stance, the foot has
either not achieved or is past foot-flat (equinus, early
heel-off, spring-foot), the normal ankle and forefoot
rocker mechanisms may not be effective, and the
three critical events of single limb support will not be
achieved. In toe-toe gait (equinus) or jump knee gait
(forefoot initial contact and excessive knee flexion at
loading response, followed by rapid knee extension
and ankle plantar flexion in mid-stance), plantar flex-
ors that are tight or have increased tone overly con-
strain forward tibial advancement in mid-stance and
dorsiflexion in terminal stance, leading to excess knee
extension and early heel rise. While the mechanism
is different from the case of weak plantar flexors, the
end result is the same: reduced effectiveness of sec-
ond and third rockers and inability to achieve the

three critical events. In these cases, Botox injections
into the triceps surae, tendo-Achilles lengthening, or
intramuscular triceps surae lengthening (Strayer pro-
cedure) can be effective in restoring second and third
rockers, depending on severity. Ankle plantar flexion
moments and powers, and dynamic EMG recordings
are quite useful in selecting which procedure is most
appropriate (22). Another example is crouch gait defor-
mity, where hip and knee contractures combined with
weak or overlengthened plantar flexors lead to early
heel rise and premature forward advancement of the
tibia in mid-stance, and premature and excessive dorsi-
flexion in terminal stance. In this case, the same impact
on the second and third rockers described previously
for weak plantar flexors will often occur. Dr. Gage has
long been a proponent of performing single-event,
multilevel (SEML) soft tissue and bony surgery for
this deformity to restore the proper rocker mecha-
nisms and, with the proper orthotics, the plantar flex-
ion/knee extension couple that allows the patient to
stand more erect and walk more effectively (12). Other
centers have taken a more conservative approach of
staging the procedures, which has the advantage of
reducing the surgical impact at the time of the proce-
dure, but may cause muscle imbalances at other joints,
leading to additional surgeries down the road. In either
case, or when nonsurgical interventions are warranted,
the goal should be to restore the rocker mechanisms
so that the three critical events of single limb support
can be realized. Table 5.5 summarizes many of the gait
measurements that are useful in identifying causes for
absent or abnormal critical events during the single
limb support task.

CRITICAL EVENTS DURING THE SWING LIMB
ADVANCEMENT TASK

Swing limb advancement is the last task that must be
accomplished to complete the gait cycle, and, as shown
in Table 5.3, this task contains four phases and six critical
events. There are two critical events in pre-swing: passive
knee flexion to 40 degrees and rapid ankle plantar flex-
ion. As previously discussed, pre-swing is an important
transitional phase that, while still a component of stance
period, is functionally more associated with preparing the
trailing limb for the swing period to come. Achieving 40
degrees of knee flexion before the foot leaves the ground
is essential. This is because once the foot is airborne, the
leg acts as a compound pendulum, so further knee flexion
is completely dependent on concentric contraction of the
hip flexors, including the adductor longus, and the inertia
of the lower leg and foot (36). At normal walking speeds,
knee flexion during pre-swing requires no active mus-
cle contractions around the knee (passive). It occurs by a
complex mechanism that involves continuation of tibial



TABLE 5.5 GAIT MEASUREMENTS USEFUL FOR IDENTIFYING THE CAUSE OF AN ABSENT OR ABNORMAL CRITICAL EVENT DURING THE SINGLE LIMB SUPPORT TASK

GAIT PHASE CRITICAL EVENT PHYSICAL EXAM TEMPORAL/ KINEMATICS KINETICS DYNAMIC EMG
(ABNORMAL OR ABSENT) DISTANCE MEASURES
Mid-stance  Controlled tibial Strength ¢ With equinus (early Tibia forward of ® Abnormal slope (too * Prolonged ankle
advancement * weak ankle PF heel-off) vertical with ankle in flat) of the PF moment DF activity
(advance too fast) e Excessive DF excessive DF curve ® Reduced or
ROM without equinus Abnormal second absent PF activity
e with equinus, or (delayed heel-off) rocker (ankle rocker) e Prolonged hip
excessive DF without  ® Reduced single and knee exten-
equinus (advance too support time sor activity
fast) e Reduced opposite
e tight triceps surae or step length
hamstrings (advance
too slow)
Neurologic
e triceps surae tone
Terminal Controlled ankle DF with ~ Strength ¢ With equinus (early Abnormal second ¢ Abnormal slope (too * Prolonged ankle
stance heel-off * weak ankle PF heel-off) rocker (ankle rocker) flat) of the PF moment DF activity
(DF too fast) e Excessive DF Excessive DF curve ® Reduced or
ROM without equinus Premature knee e Reduced or absent PF absent PF,

Trailing limb posture

excessive DF or
reduced PF (DF too
fast)

tight or increased
tone in ankle PF (slow
DF, early heel-off)

Strength

weak ankle PF
weak opposite hip
abductor ROM
excessive DF or
reduced PF

tight hamstrings or
tight hip flexors

(delayed heel-off)
e Reduced single
support time
e Reduced opposite
step length

e Reduced single
support time

e Reduced opposite
step length

flexion

Excessive hip flexion
Excessive knee
flexion

power absorption

Prolonged hip
external moment or
delayed/absent hip
flexor moment
Prolonged knee
external moment or
delayed/absent knee
flexor moment

inverter, and
evertor activity

* Any activity in
the hip or knee
flexors, and hip
or knee extensors
(lack of passive
stability)

Abbreviations: DF, dorsiflexion; PF, plantar flexion; ROM, range of motion.
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advancement as the forefoot rocker continues from termi-
nal stance; unloading of the limb as weight is transferred
to the new stance limb; continued concentric contraction
of the triceps surae, which produces rapid plantar flexion
that propels the knee joint in front of the GRF vector, and
concentric contraction of the adductor longus to initially
accelerate the thigh forward (31).

All of these actions push the GRF vector so far
behind the knee that it collapses in the absence of an
equalizing knee extension moment produced by the
quadriceps that normally are silent during pre-swing. So
weakness in the plantar flexors, hip flexors, or adductor
longus has an adverse effect on achieving the necessary
knee flexion. Since a trailing limb posture with hip exten-
sion to 10 degrees past neutral amplifies the effect of the
third rocker to shift the tibia forward, hip flexion contrac-
ture can also reduce the ability of the knee to passively
flex to 40 degrees, despite the fact that such a contracture
often prevents the knee from fully extending at terminal
stance. Furthermore, it is interesting that because of the
hip extensor component of the biarticulate hamstrings,
inappropriate activation or tightness of these open-chain
knee flexors can inhibit passive knee flexion in pre-swing
by resisting the hip flexors and adductor longus as they
attempt to accelerate the thigh. Problems with this crit-
ical event can be identified from the sagittal plane knee
kinematics, the hip moments and powers, and the hip
knee and ankle dynamic EMG. Problems with rapid
plantar flexion, which is necessary to produce sufficient
knee flexion in pre-swing, are also evident from the ankle
kinematics, kinetics, and dynamic EMG. Since the criti-
cal events in this phase are so dependent upon concentric
contraction and power generation at the hip and ankle,
interventions to replace hip flexor and ankle plantar
flexor strength are somewhat limited to AFOs that can
return plantar flexion moment in pre-swing or enhance
the third rocker, or stretching, lengthening, or weakening
muscles that may be inhibiting hip flexion using neurol-
ytic agents or surgical procedures (42).

In initial swing, the only critical event is to achieve
maximum knee flexion of at least 60 degrees. If 40 degrees
of knee flexion has been achieved at the end of pre-swing
and the hip flexors and adductor longus stop firing before
the end of initial swing, then in the absence of inappropri-
ate quadriceps or hamstring activity, sufficient knee flex-
ion should occur naturally during this phase. The point of
maximum knee flexion must occur before the end of initial
swing (not during mid-swing or terminal swing), since this
is the point where the swinging limb must be at its short-
est functional length to successfully clear the ground. The
ankle dorsiflexors (pretibials) are firing concentrically at
this time to bring the foot from its point of maximum plan-
tar flexion at the end of pre-swing to at least neutral by the
end of initial swing so that toe clearance can be ensured in
mid-swing. In this phase, kinematics can be used to quan-
tify the progress of the swinging limb, joint moments in
the sagittal plane should be near zero, and dynamic EMG

can be used to identify inappropriate muscle firing. Of
particular interest in this phase is the activity of the rectus
femoris. This biarticulate muscle initially is active in late
pre-swing to assist with accelerating the thigh forward. At
the moment the foot leaves the ground, continued activ-
ity of the rectus femoris may assist with hip flexion, but
may have the negative consequence of providing open-
chain knee extension through the patellar ligament. Since
it has been shown that the brain uses the rectus femoris to
accelerate the thigh to selectively control step length and
cadence during swing (36), if hip flexor angular velocity
is initially slow and 40 degrees of knee flexion was not
achieved at the moment of foot-off, the rectus femoris
may increase its activation in initial swing to serve as an
auxiliary hip flexor. This abnormal compensatory activity
of the rectus femoris is in an effort to produce increased
thigh acceleration, but because of its biarticular structure,
it yields the negative effect of producing a larger knee
extension moment, exacerbating the problem of insuffi-
cient knee flexion in swing. Whether the rectus femoris is
firing as a compensatory mechanism or because of incor-
rect motor control associated with upper motor neuron
injury, if it continues to be active at the end of initial swing,
it may contribute to the abnormality known as stiff-knee
gait, the common name given to the gait abnormality of
insufficient knee flexion in swing period. If kinematic and
electromyographic evidence (reduced knee flexion peak
and/or slope and prolonged activation) exists, then a rec-
tus femoris transfer to the semimembranosus or sartorius
may harness this inappropriate activity, or more likely,
prevent concentric knee extension from limiting peak
knee flexion in swing and thereby disrupt swing limb
advancement. The rectus femoris transfer for the treat-
ment of stiff-knee gait is a surgical procedure that was
conceived as a direct result of using IGA techniques (43)
and has been supported by a series of laboratory inves-
tigations and long-term follow-up (44,45,46,47,48,49). It
is now considered the standard of care for the treatment
of stiff-knee gait when evidence from IGA confirms that
the rectus femoris is responsible for failure to achieve the
critical event of obtaining maximum knee flexion of 60
degrees during initial swing.

The two critical events during mid-swing are related
to achieving toe clearance as the limb swings through the
lowest point in its arc of motion and it is at greatest risk to
inadvertently make contact with the ground. These crit-
ical events are maximum hip flexion to 30 degrees and
neutral ankle dorsiflexion. The hamstrings may fire near
the end of mid-swing to begin decelerating the forward
movement of the thigh or to slow down the cadence, but
generally these muscles should be silent until terminal
swing. Note that after the swinging limb clears the floor,
there is typically no further need for hip flexion, and
additional hip flexion will only decrease the likelihood of
achieving the final critical event during terminal swing:
knee extension to neutral. Children with CP and other
patients with upper motor neuron disease have a difficult
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time motor programming the previous two phases of
motor activity, and often display excessive knee and hip
flexion with peak values later than normal during mid-
swing. Kinematics and dynamic EMG can help identify
these incorrect patterns, and the usual procedures of
stretching, lengthening, or injecting the offending muscles
may be useful if they can permit the critical events in pre-
swing and initial swing to occur. The critical event of neu-
tral dorsiflexion is usually the responsibility of the ankle
dorsiflexors, which typically initiate concentric activity
in pre-swing. The pretibial muscles generally reduce
their activity in this phase since they no longer need to
concentrically contract from the plantar-flexed position
and are only needed to hold the foot against gravity. If
they are weak or if there is an upper motor neuron injury
preventing normal motor control, foot drop will result,
which will adversely affect toe clearance and necessi-
tate compensatory mechanisms of circumduction at the
hip, increased ipsilateral pelvic obliquity (hip hiking) or
contralateral early heel-off (vaulting). The most common
solution to this problem is to prescribe an AFO with a
plantar flexion stop to hold the foot in the correct position
throughout the swing period. In children and adults with
TBI, dynamic EMG can be used to determine if the lack of
dorsiflexion during swing is related to incorrect cortical
control or an inability to correctly motor-plan the dorsi-
flexion activity. In the latter, training with biofeedback of
muscle contraction may improve foot clearance during
swing and eliminate the requirement of using an AFO.
The final critical event in the gait cycle is knee exten-
sion to neutral during terminal swing. This represents the
last opportunity of the swinging limb to reposition the
foot prior to weight acceptance, and if this critical event
is achieved, a sufficiently long step length will result. In
typically developing children and normal adults, ham-
string activity will begin during this phase to decelerate
the swinging lower limb so that a small amount of knee
flexion (<4 degrees) is present at initial contact. In some
cases during slow speed walking, the quadriceps will
contract concentrically to assist with final knee extension,
but in general, this is unnecessary if the subject displays
proper motor control. In addition to kinematic record-
ings to confirm final position and dynamic EMG record-
ings to determine if there is excessive hamstring activity,
large hip extensor and knee flexor moments with power
absorption just prior to initial contact may be indicators
that the hamstrings are tight or display increased tone.
Lack of full knee flexion in terminal swing is one of the
most common gait abnormalities in CP (50), and may
require neurolytic injections or surgical lengthening of
the hamstrings and adductors when the physical exam
and gait measurements provide appropriate evidence.
As in the previous sections, a table has been prepared
to summarize the gait measurements that are useful in
detecting abnormalities in the six critical events associ-
ated with swing limb advancement (Table 5.6). If all six of
these critical events are performed successfully, the limb

will be properly prepared for initial contact and ready to
begin the cycle of gait events again.

The 8 phases and 13 critical events described in the
previous sections and summarized in Table 5.3 complete
the functional decomposition of the gait cycle. Armed
with this analysis framework, the pediatric physiatrist can
utilize IGA measurements, radiographs, and a compre-
hensive physical exam to better understand the complex
interactions of body structure and function that produce
abnormal gait patterns in the pediatric patient. We will
conclude this chapter with a case study illustrating the use
of this framework in a subject with a common pediatric
diagnosis but a unique and challenging gait abnormality.

MOTION ANALYSIS CASE STUDY—
SPASTIC DIPLEGIA

CP is the most common childhood disorder with new
cases occurring in 2 to 2.5 of every 1,000 live births (51,52).
The term CP is used to describe a group of chronic, but
nonprogressive conditions affecting body movement and
muscle coordination. It is caused by damage or injury to
one or more specific areas of the brain, and usually occurs
during fetal development, before, during, or shortly after
birth, or during infancy (52). Among people with the four
main types of CP (spastic, athetoid, ataxic, and mixed),
more than 70% are classified as having spastic CP, as does
the subject of this case study.

While the brain injury is not progressive and the
primary impairments (increased muscle tone and spas-
ticity) rarely change without treatment or surgery, the
nature and severity of the disability can still worsen over
time as the child matures (53). Mild forms result in slight
limitations in walking or use of the hands; more severe
cases can disrupt all coordinated movement and make
everyday activities such as speech, walking, and eating
virtually impossible to perform independently. Children
with CP are especially at risk for reduced function as they
transition to adulthood (54,55) since the secondary mus-
culoskeletal impairments associated with the disorder
(weakness, decreased joint ROM, pain and skeletal defor-
mities) are more pronounced as they achieve their adult
size and weight, and the demands of normal physical
activity exceed their ability to perform them.

Since the original injury can affect any portion of the
growing brain at any stage of development, the combina-
tion and severity of symptoms are highly variable, and
no two children with CP display the same functional or
cognitive status or ambulatory abilities. Deciding which
intervention is most appropriate to reduce impairments
and improve function in children with CP requires a com-
prehensive care assessment that should begin in a multi-
specialty clinic, and includes a physical examination and
IGA for children at Gross Motor Function Classification
System (GMFCS) levels 3 or higher.



TABLE 5.6 GAIT MEASUREMENTS USEFUL FOR IDENTIFYING THE CAUSE OF AN ABSENT OR ABNORMAL CRITICAL EVENT DURING THE SWING LIMB ADVANCEMENT TASK

GAIT PHASE CRITICAL EVENT PHYSICAL EXAM TEMPORAL/ KINEMATICS KINETICS DYNAMIC EMG
(ABNORMAL OR DISTANCE MEASURES
ABSENT)
Pre-swing Passive knee flexion  Strength ¢ Delayed foot-off ¢ Insufficient hip exten- Reduced peak hip ® Reduced or absent
to 40° ® Weak hip flexors e Prolonged stance sion at beginning of flexor moment and adductor longus or hip
ROM period pre-swing (<10°) power generation flexor activity
e Tight hip flexors ® Incorrect slope, Reduced knee e Abnormal hamstring
(limit hip second knee flexion extensor power activity
extension) peak absorption
Rapid ankle PF Strength ¢ Delayed foot-off e Abnormal third rocker Reduced peak PF ¢ Prolonged ankle
* Weak ankle PF ® Prolonged stance (heel rocker) moment at start of PF activity into late
ROM period o Excessive DF early pre-swing pre-swing
e Excessive DF or or reduced PF late in Reduced peak PF ¢ Inappropriate
reduced PE pre-swing power generation cocontraction of ankle
PF, DF
Initial swing Maximum knee Strength e Asymmetric stance/ ¢ Reduced or delayed Nonzero moments ¢ Reduced or absent
flexion (>60°) e Weak hip flexors swing ratio peak knee flexion in and powers at hip, adductor longus and
ROM ¢ High variability in swing knee, and ankle by hip flexor activity
e Tight rectus swing period or e Incorrect slope in the end of initial e Reduced or absent
femoris step length knee flexion wave swing ankle DF activity
¢ Slow ankle DF
Mid-swing Maximum hip Strength e Asymmetric stance/ ® Maximum hip flexion Nonzero moments ¢ Prolonged rectus

Terminal swing

flexion to 30°

Neutral DF

Knee extension to
neutral

* Weak hip flexors

ROM
¢ Tight hamstrings

Strength
¢ Weak ankle DF

ROM
¢ Tight ankle PF

Strength

e Weak hip
flexors or knee
extensors

ROM

¢ Tight hamstrings
Neurologic

® Hamstrings tone

swing ratio

High variability in
swing period or
step length

Asymmetric stance/
swing ratio

High variability in
swing period

Asymmetric stance/
swing ratio

High variability in
swing period or
step length

late or in next phase
Abnormal pelvic
obliquity (hip hike)
or hip abduction
(circumduction)

Sagittal plane ankle
curve with excess DF
or PF

Knee flexion > 4°
before initial contact
Compensatory and
excess hip flexion for
limb clearance

and powers at the hip
Premature knee flexor

power absorption

Nonzero moments
and powers at the
ankle

Large hip extensor
and knee flexor

moment with power
absorption just before

initial contact

femoris activity
Premature hamstring
activity

Reduced or absent
ankle DF activity with
foot drop

Any PF activity

Excessive knee flexor
activity

Reduced or absent
ankle DF activity

Abbreviations: DF, dorsiflexion; PF, plantar flexion; ROM, range of motion.
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“LD” is a nonverbal 13.5-year-old male with spas-
tic diplegia and developmental delays. His mother had
an uncomplicated pregnancy and he was born full-term,
but in his first year of life he demonstrated delayed
developmental milestones and did not start walking
until age 6. He is also hearing-impaired with cognitive,
behavioral, and oral motor dysfunction. Previous treat-
ments included oral baclofen, which had little effect on
gait performance, and bilateral hinged AFOs. He had no
neurologic or orthopedic surgical procedures performed
prior to his visit to the CP clinic at our institution, after
which LD was referred to our motion laboratory for IGA.
His family reported an increased incidence of tripping
and falling over the previous 15 months with fast walking
and a perceived reduction in overall gait performance.
They also reported that the left leg was now turning out
more than in the past.

The physical examination performed on the day
of the gait analysis measured LD’s height as 165 cm,
his weight as 63 kg, and he had equal leg lengths. No
fixed joint contractures were found, but he showed a
popliteal angle of -65 degrees bilaterally, consistent with
hamstring tightness. We measured a thigh-foot angle
of 35 degrees external on the left, 25 degrees external
on the right, slight hindfoot valgus, moderate forefoot
abduction, and moderate pes planus bilaterally. Ely and
Thomas tests were normal, and there was no appreciable
spasticity (1 on the Ashworth scale) in the hamstrings,
quadriceps, peroneals, tibialis posterior, toe flexors, or
triceps surae bilaterally. Strength information from man-
ual muscle test of the major muscle groups was incon-
clusive due to the inability of the subject to perform an
isolated muscle contraction and his difficulty under-
standing instructions due to cognitive limitations. How-
ever, the therapist performing the physical examination
reported that most muscle groups should be at least in
the range of 3 to 4 by observing other functional activ-
ities and by noting that the subject is an independent,
limited community ambulator.

Radiographs taken at the time of the analysis showed
slight adduction of the proximal femurs but no sign of
femoral head uncovering and otherwise normal hip joints
bilaterally. Standing anterior/posterior (A/P) and lat-
eral radiographs of the foot showed forefoot abduction,
uncovering of the talus, mid-foot collapse, and a reduced
height of the medial longitudinal arch (see Figure 5.14).
This was consistent with evidence of increased pressure
at the navicular during the physical exam and redness
caused by the orthotics in the same area.

Observational gait analysis using slow-motion,
high-definition video recordings while the subject walked
barefoot in the laboratory showed mild crouch gait defor-
mity during stance period, a stiff-knee gait pattern during
the initial swing period, reduced peak knee flexion in mid-
swing, insufficient knee extension during terminal swing,
and a reduced dynamic knee ROM throughout the gait
cycle, all observed bilaterally. He also showed absence

FIGURE 5.14 Bilateral A/P radiograph of the feet of
the subject described in case study. This radiograph is
commonly required when the subject presents with pes
planus, to better understand the structural alignment of
the foot.

of a trailing limb posture due to limitations in hip exten-
sion and knee extension at terminal stance, contributing
to his mild crouch gait. LD shows a foot-flat initial con-
tact bilaterally, with no sign of a heel (first) rocker (see
Figure 5.13). At the ankle, LD showed premature tibial
advancement during loading response and mid-stance
with delayed heel-off bilaterally. In the frontal plane, LD
demonstrated moderate lateral trunk lean during loading
response on both sides consistent with a compensated
Trendelenburg’s gait pattern, suggesting weakness of the
hip abductors.

The IGA included temporal-spatial measures, 3D
kinematics, 3D kinetics, and dynamic EMG recorded
from six muscles bilaterally using bipolar surface elec-
trodes. Because of the report of pes planus, a plantar
pressure recording was included to document the exis-
tence of excessive pressure in any area of the foot. The
temporal-spatial recordings showed an average cadence
of 103 steps/minute (88% normal) and an average walk-
ing speed of 51 meters/minute (65% normal). The left
side average step length was 0.54 meters (80% normal)
and the right side was slightly less at 0.47 meters (70%
normal). There were no appreciable differences in gait
symmetry or timing of gait events between the left and
right sides, with the exception of a slightly longer single
limb support time on the left that was not considered
clinically significant.

Kinematic, kinetic, and dynamic EMG data from
both legs for the barefoot trial are shown in Figures 5.15,
5.16, and 5.17, respectively. On the kinematic and kinetic
curves, the right side is represented by a solid line and the
left side uses a dashed line, and for comparison, a gray
(shaded) band is included on each graph representing the
ensemble averages from our typically developing child
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FIGURE 5.15 Three-dimensional kinematic graphs constructed from a representative trial from the instrumented gait analysis
of the 13.5-year-old case-study subject “LD.” The solid line describes the right side, the dashed line shows the left side, and
the gray band (shaded) is from the age-matched normal database collected in the laboratory and used as a reference.

database for this age group. The gray bands correspond
to +/-1 standard deviation across the ensemble average
for that graph. For the EMG data shown in Figure 5.17, the
right side is darker, the left side is lighter, and the black bar
at the bottom of each graph is a normal timing reference.
There are a variety of ways to review these data sys-
tematically, including evaluating each joint or segment in
sequence starting either proximally or distally, evaluating
all graphs for a particular data type first and then mov-
ing on to the other categories, or reviewing all data for a
particular phase of gait and then advancing to the next
phase until the cycle is completed. Which of these pro-
cedures to follow is a matter of personal preference, and
is sometimes dictated by the complexity of the case, but

for the novice, it is a good idea to consistently follow
the same procedure or review sequence until he or she
is comfortable recognizing the significance of each graph
individually. We typically start with the kinematic graphs
and work distally from the pelvis, scanning the graphs
across all phases of the gait cycle to identify deviations
from the normal reference. Our goal is to find evidence to
support the observational findings described previously,
or detect subtle deviations in the movement pattern that
were not obvious without quantification. We focus first
on the portions of the curve that have the largest devia-
tion from the reference data and then attempt to describe
these deviations in the context of the 8 gait phases and 13
critical events described previously and summarized in
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Kinetics and Kinematics: Sagittal
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FIGURE 5.16 Three-dimensional graphs of sagittal plane kinematics, sagittal plane joint moments, and total joint power
for the hip, knee, and ankle constructed from a representative trial from the instrumented gait analysis of the 13.5-year-old
case-study subject “LD."” The solid line describes the right side, the dashed line shows the left side, and the gray (shaded)
band is from the age-matched normal database collected in the laboratory and used as a reference.

Table 5.3. As needed, we jump to the subject’s kinetic and
EMG data for additional evidence to explain the absence
of a critical event at a specific phase of the gait cycle, and
using all of the evidence gathered in the analysis, develop
a logical rationale for the subject’s unique gait pattern or
abnormality.

In LD’s case, we see evidence of slightly increased
anterior pelvic tilt starting during loading response and
reaching a peak of approximately 18 degrees at mid-
stance on the left and 14 degrees on the right (Figure 5.15,
first row). This gives rise to a pattern often seen in diple-
gia called a “double bump” as the pelvis tilts slightly for-
ward during weight acceptance on each side. It is often
associated with weakness of the hip extensors and lack
of shock absorption more distally, and can be attributed
to reduced performance in the critical event of hip stabil-
ity during loading response. Another cause could be tight

hip flexors, but this is unlikely given that the Thomas test
from the physical examination was negative. The exis-
tence of the second bump in the pattern during pre-swing
and initial swing comes from the same mechanism occur-
ring at loading response on the contralateral side. It is
reflected in the ipsilateral pelvic tilt because the pelvis is,
of course, a single segment and the graphs of each hemi-
pelvis section are 180 degrees out of phase. Pelvic oblig-
uity and pelvic rotation are near normal bilaterally until
foot-off and the beginning of initial swing, when the right
hemipelvis drops and retracts slightly compared to the
normal reference and the left side. This suggests that the
compensated Trendelenburg’s gait pattern observed is
not completely effective at maintaining appropriate pel-
vic position on the right side during initial swing, possi-
bly due to weaker hip abductors on the left side during
loading response. All of these compensations can be
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FIGURE 5.17 Filtered and time-normalized EMG for 12 muscles of the lower extremity for a representative trial from the
instrumented gait analysis of the 13.5-year-old case-study subject “LD."” The black bars at the bottom of each graph are

constructed from published normal EMG activations and are used as reference values. The smooth curve above the EMG
activation is a processed EMG signal obtained by rectifying and integrating the raw EMG.

attributed to difficulty in achieving the critical event of
hip stability during loading response and are evidence of
proximal weakness during the task of weight acceptance.

Moving to the hip joint, LD shows increased hip
flexion during loading response, decreased hip exten-
sion during terminal stance and pre-swing, and increased
hip flexion at terminal swing bilaterally. Notice that the
shape and range of motion for the hip flexion curve is
virtually the same as the average normal curve, except
that it is shifted up toward increased flexion by about
10 degrees. This is approximately the same amount that
the corresponding anterior pelvic tilt curve is offset from
its normal value. These two graphs are always coupled

since hip joint angles are calculated relative to the pel-
vis, the more proximal segment. The lack of hip extension
at terminal stance is the most significant limitation here,
since it negatively affects the ability to achieve a trailing
limb posture during terminal stance, which is essential
to achieving maximum stride length on the contralateral
side. Moving to Figure 5.16 and the sagittal plane kinetics
at the hip joint, we see no significant deficits in the hip
moment curve bilaterally, but a reduced hip power gener-
ation at pre-swing, approximately 70% normal on the left
and 50% normal on the right. Since sufficient power gen-
eration at the hip is necessary to achieve the critical event
of passive knee flexion to 40 degrees during pre-swing,
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and is also a necessary precursor to accomplish the task of
swing limb advancement (50), reduced power generation
at the hip may contribute to LD’s increased incidence of
tripping when trying to walk at higher speeds.

Returning to Figure 5.15, the transverse plane
motion at the hip shows near-normal hip rotation on the
right side, but increased hip external rotation of approx-
imately 10 to 15 degrees on the left side. This suggests
that some of the reported external foot position on the left
can be attributed to the hip. Please note that because we
have a rotational deformity it is often more systematic to
review all the rotational curves from proximal to distal
to gauge which segments or joints are most contribut-
ing to the foot position recorded in the foot progression
angle curve. Looking distally down the kinematic chain,
we see additional contribution to the final foot progres-
sion angle occurring at the knee (distal shank rotation,
left approximately 20-25 degrees external, right approxi-
mately 10-15 degrees) and to a much lesser extent at the
ankle bilaterally, yielding a final foot progression angle
of approximately 40 degrees on the left and 20 degrees
on the right during mid-stance and terminal stance. We
use the term “distal shank rotation” here rather than
knee rotation to highlight that the recording includes the
external “twist” of the tibia or tibial torsion in the graph
rather than just the amount of rotation occurring between
the thigh and shank segment. The modified Helen Hayes
marker set used to produce these curves assumes that the
ankle joint axes and knee joint axes are offset in the trans-
verse plane by the amount of the tibial torsion and nor-
mally would not include this offset. We prefer to include
the tibial torsion in this curve to better understand the
contribution of tibial torsion to the overall foot progres-
sion angle, and therefore, call it the distal shank rotation to
avoid confusion. It is good practice to have a clear under-
standing of how the limb-segment model is calculating a
particular quantity before utilizing it for clinical decision
making, and this curve in particular is frequently affected
by vague or unstated model assumptions.

To conclude the rotational assessment, we see a large
peak in the external foot progression angle (left approxi-
mately 70 degrees external, right 50 degrees external) that
corresponds to a lateral whip of the foot at foot-off, most
likely as a compensatory mechanism to help with limb
advancement. This large external foot progression angle
with the left, about 20 degrees greater than right, is consis-
tent with the parents’ description, and from the kinematic
analysis, can be attributed to both the thigh and shank on
the left, and from compensatory mechanisms at the foot
and ankle bilaterally.

The analysis now moves back to the knee, where
some of the most significant gait deviations exist. In
Figure 5.15, the bilateral knee flexion/extension curves
show increased knee flexion (relative to the normal ref-
erence) during loading response, decreased knee exten-
sion during terminal stance, decreased and delayed
peak knee flexion during initial swing (left more severe),

and increased knee flexion during terminal swing and
initial contact. This has the appearance of compressing
the knee sagittal plane curve into the middle range of
the normal reference, with a shallow rising slope from
mid-stance through initial swing (left = 52 degrees/sec-
ond, right = 65 degrees/second, normal = 240 degrees/
second), and decreased dynamic range at the knee over
the entire gait cycle (left = 24 degrees, right = 31 degrees,
normal = 60-70 degrees). The existence of swing period
gait deviations at the knee prevents the most important
critical event in swing from being accomplished: achiev-
ing maximum knee flexion of at least 60 degrees. Their
presence also provides evidence of a bilateral stiff-knee
gait pattern that, as previously mentioned, adversely
affects the task of swing limb advancement. But when
taken together, this combination of excessive knee flex-
ion in stance and insufficient knee flexion in swing has
the effect of disrupting all other critical events associated
with normal knee function, including controlled knee
flexion during loading response, achieving trailing limb
posture during terminal stance, passive knee flexion to 40
degrees during pre-swing, and finally reaching full knee
extension during terminal swing. With this many critical
events absent, altered, or delayed, all three fundamental
gait tasks are compromised. Therefore, in order to see any
significant improvement in walking ability, these critical
events need to be restored, which by necessity prioritizes
any intervention directly affecting knee ROM during
the gait cycle. To find support for specific interventions,
we return to the kinetic and EMG recordings shown
in Figures 5.16 and 5.17, respectively. In the top row of
Figure 5.17, we see that both the left and right rectus fem-
oris EMG recordings show muscle activation beginning
late in initial swing and continuing until terminal swing,
with a small peak in initial swing slightly before peak
knee flexion. This abnormal EMG activity in combination
with insufficient peak knee flexion in initial swing and a
shallow slope of the knee curve during pre-swing provide
strong evidence to support the use of a rectus femoris
transfer procedure bilaterally (46-49). When successful,
this procedure can improve both the peak knee flexion
in swing and the slope of the knee flexion wave start-
ing in pre-swing, addressing two missing critical events
at the knee. To address the other affected critical events,
we must review the kinetics and EMG recordings during
initial contact, loading response, mid-stance, and termi-
nal swing phases. With greater than 20 degrees of knee
flexion throughout the stance period, there is a signifi-
cant force demand on the knee extensors during weight
acceptance and single limb support. Evidence of this can
be found in the large knee extensor moments that per-
sist beyond loading response well into terminal stance,
shown in the middle graph of Figure 5.16, and the pro-
longed stance phase EMG activity of the vastus lateralis
and rectus femoris shown in Figure 5.17. These findings
are consistent with a mild crouch gait deformity, set up by
the limitation in knee extension at terminal swing.
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While LD is able to overcome this biomechanically
disadvantaged position and maintain an upright posture
at this time, as he matures and grows heavier, any increase
in knee flexion during stance may increase the demand
to a level greater than he can withstand, which would
severely limit his overall gait performance. It is reason-
able here to consider the more aggressive surgical pro-
cedures that have been shown to improve knee function
in cases of persistent crouch gait, namely a knee exten-
sion osteotomy to reduce knee flexion contracture and
patellar advancement to treat patella alta and improve
the function of the quadriceps (56). Since LD showed no
significant knee flexion contracture on physical examina-
tion or radiographic signs of patella alta, and the crouch
deformity was considered mild since he could achieve 20
degrees of knee flexion at terminal stance, these surgical
procedures were deemed unnecessary at this time. How-
ever, since there was evidence of tight hamstrings on
physical examination (popliteal angles of -65 degrees)
and the EMG recording of the medial hamstrings (third
row, Figure 5.17) showed premature onset in mid-swing,
the team felt hamstring lengthening procedures would
be appropriate. Nonsurgical techniques such as phenol
injections to the hamstrings could be considered here, but
with strong evidence for rectus femoris transfer and the
ease of performing a hamstring lengthening at the same
time as the rectus procedure, the surgical path seemed
most appropriate for this patient. Furthermore, the com-
bination of these two procedures has the best chance of
restoring all missing critical events at the knee in the
shortest amount of time to prevent continued progression
of the crouch gait deformity as LD grows larger through
adolescence.

To complete the IGA, we move distally once more to
the remaining graphs describing the ankle and foot. The
sagittal plane ankle kinematics graph in the lower-left
corner of Figure 5.15 provides evidence of what was seen
during the observational analysis: increased dorsiflex-
ion at initial contact and no sign of a first (heel) rocker
during loading response. This is consistent with the foot-
flat initial contact observed, and is shown on the kine-
matic graph as an increasing slope in the first 10% of the
gait cycle starting at 5 degrees of dorsiflexion, rather than
a decreasing slope starting from a near-neutral ankle
position for the normal reference. The right side shows
increased dorsiflexion continuing into mid-stance,
with a peak at about 15% of the gait cycle, after which
the dorsiflexion stabilizes and then increases at a more
normal rate (slope of the ankle curve) near the upper
extreme of the normal reference until the beginning of
terminal stance. After beginning in a dorsiflexed posi-
tion at initial contact, the left side dorsiflexion increases
at a normal rate, tracking closely the slope of the ref-
erence value and providing evidence of a near-normal
second (ankle) rocker. Following peak dorsiflexion in
terminal stance, the period of rapid ankle plantar flexion
during pre-swing begins, which is associated with the
third (forefoot) rocker. Unfortunately, maximum plantar

flexion stops at a joint angle of approximately 8 degrees
dorsiflexion on the left and 2 degrees dorsiflexion on
the right—clearly insufficient compared to the normal
reference. The ankle then maintains a dorsiflexed posi-
tion throughout swing period bilaterally.

Considering these elements together and describ-
ing them in terms of fundamental gait tasks and critical
events, we begin to see a clear picture of the impact of
these gait deviations at the ankle. First, we have evidence
that during weight acceptance LD is missing a heel-first
initial contact and controlled ankle plantar flexion (first
rocker) bilaterally. Second, during single limb support,
controlled tibial advancement (second rocker) is altered
on the right and controlled ankle dorsiflexion with heel
rise is delayed bilaterally. Finally, while starting the task
of swing limb advancement, rapid ankle plantar flexion
(third rocker) in pre-swing is reduced bilaterally. Fortu-
nately, LD does maintain sufficient dorsiflexion in mid-
swing to clear his foot so as not to compound the lack
of knee flexion and stiff-knee pattern already affecting
swing limb advancement. As with the analysis at the
knee, failure to achieve these critical events at the ankle
represents significant gait dysfunction and must be
addressed. Additional insight can be obtained from the
kinetic graphs on the rightmost column of Figure 5.16
and the EMG recordings in the lower three rows of Fig-
ure 5.17. The combination of foot-flat initial contact,
increased knee flexion, and increased ankle dorsiflexion
during loading response places a greater than normal
demand (external moment) on the ankle plantar flex-
ors. They respond by increasing the net ankle plantar
flexion moment (internal moment, shown in the middle
right graph, Figure 5.16) during loading response and
the early portion of mid-stance. This is most likely a
compensatory response to the external demand, and is
accomplished by prematurely activating the peroneals
and triceps surae during terminal swing, initial contact,
and loading response. Notice that the peak in right ankle
dorsiflexion at approximately 15% of the gait cycle is
accompanied by a peak in the plantar flexion moment
and just preceded by a small peak of ankle plantar flexor
power absorption, shown in the lower-right graph of
Figure 5.16. The ankle power curve then reverses to
generate a small amount of power at the point in the
cycle (mid-stance) when continued ankle dorsiflexion is
briefly reversed and the ankle plantar flexion moment
returns to normal levels. This suggests that although
biomechanically disadvantaged by foot position and
excessive knee flexion, the ankle plantar flexors initially
absorb energy during loading response as the tibia falls
forward, but then limit excess dorsiflexion with a brief
burst of power generation at the ankle at the begin-
ning of mid-stance. Since the physical examination was
inconclusive, it is not clear whether this is due to true
ankle plantar flexor strength or simply the resistance or
viscoelastic behavior of the musculotendon unit. Nev-
ertheless, it does explain the early dorsiflexion peak
in the ankle sagittal plane graph and suggests there is
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some eccentric control over tibial advancement during
loading response and mid-stance.

However, ankle function is not as good during ter-
minal stance and pre-swing, when the powerful concen-
tric contraction of the triceps surae muscles is needed to
produce rapid ankle plantar flexion. The strongest evi-
dence of this is shown in the reduced ankle power gen-
eration during pre-swing in Figure 5.16, where the power
generation is approximately 25% normal on both sides.
Since power generation is normally larger at the ankle
than at any other joint, and substantial power generation
from both the hip flexors and ankle plantar flexors is nec-
essary to produce passive knee flexion during pre-swing,
this is a profound deficit that affects both the knee and the
hip, and is the strongest evidence of plantar flexor weak-
ness in the analysis.

The experienced gait analyst might cite the delayed
heel-off and short step length of this “calcaneal gait” pat-
tern as obvious indicators of calf weakness. While this
may be true, the ankle power data provides a strong quan-
titative justification for such a claim, and has the added
benefit of gauging the degree of dynamic plantar flexor
weakness that occurs at this critical point in the gait cycle.
This evidence, along with the excess dorsiflexion during
stance period and our concerns about more severe crouch
gait deformity as LD matured, eliminated any thoughts
of a tendo-Achilles lengthening or intramuscular length-
ening of the gastrocnemius for this subject.

Based on the results of this IGA and the other
physical examination and radiographic evidence, and
following consultation with the patient and his family,
our clinical team recommended that LD undergo bilat-
eral rectus femoris transfers to the semitendinosus,
bilateral hamstring lengthenings, bilateral Evans calca-
neal lengthenings, and a left tibial osteotomy of approx-
imately 20 degrees internal. The rectus femoris transfers
were clearly indicated from both kinematic and dynamic
EMG evidence and the presence of a stiff-knee gait pat-
tern. The hamstring lengthenings were supported by
physical examination and IGA data, and could be effi-
ciently performed in conjunction with the rectus trans-
fers. Since there were no previous surgical procedures
performed on the hamstrings, our team prefers to trans-
fer the rectus femoris to the semitendinosus, although
we have found no evidence to rule out the other poten-
tial transfer sites of sartorius or gracilis (49). The Evans
calcaneal lengthenings were primarily supported by the
radiographic evidence that showed significant uncov-
ering of the talus and forefoot abduction with mid-foot
collapse. Further evidence to support this procedure
was obtained using plantar pressure measurements
from each foot recorded using a two-meter pressure
plate mounted in the motion laboratory walkway after
the force platform array. These recordings confirmed the
existence of pes planus and showed an increased pres-
sure under the first metatarsal heads and medial border
bilaterally, with the pressures higher under the left foot.
This information, combined with concerns expressed by

the family regarding LD’s flat feet, and the clinical team'’s
expectation that a more rigid and properly aligned foot
may improve the power generation capability of the
ankle plantar flexors during pre-swing, convinced us
to add this procedure to the recommendations. The left
tibial osteotomy was warranted based on the rotational
kinematic findings that showed a distal shank rotation
of approximately 15 to 20 degrees greater than normal,
a foot progression angle approximately 25 to 30 degrees
greater than normal (including the contribution from the
external hip rotation that was believed to be compensa-
tory), and the family’s concerns about the limb asymme-
try and increasing external foot position.

Finally, bilateral posterior leaf-spring AFOs were
prescribed to provide some plantar flexor assist and to
help control tibial advancement in the presence of the
weak plantar flexors that would most likely persist after
LD recovered from his surgical procedures. However, we
were hopeful that if we achieved our intended improve-
ment in biomechanical position, increased knee flexion
in swing period, increased knee extension at initial con-
tact, and a more rigid foot following surgery, the phys-
ical demands of walking for LD would be sufficiently
reduced to discontinue the AFOs once he fully recovered.

MOTION ANALYSIS CASE STUDY—
POSTOPERATIVE ANALYSIS

The family accepted the recommendations for surgery
and all procedures outlined previously were completed
at our institution approximately 6 months after the first
analysis. All procedures were performed at the same
time and under a single anesthesia, in accordance with
our single-event, multilevel protocol (SEMLS). Approxi-
mately 1 year after the procedure when LD was 15 years
2 months old, a repeat IGA was performed; the pre-/post-
operation comparison graphs for kinematics and kinetics
of the more affected left side are shown in Figures 5.18
and 5.19 respectively. Space limitations prevent us from
presenting the complete results, although similar find-
ings were obtained from the less affected right side.
Evidence of a marked improvement in LD’s overall
gait performance was seen in the temporal-spatial param-
eters and in specific features of the kinematic and kinetic
graphs. Stride length increased by 20% to 97% of that nor-
mal for his age, with similar increases in step length on
both sides. Cadence also increased by 12% to normal lev-
els. Subsequently walking speed increased by 30% to 96%
of the speed of a typically developing teenager. The left
hand column of Figure 5.18 shows the sagittal plane kine-
matic pre-/post comparison for the left side. Here we see
an improvement in hip extension and knee extension at
terminal stance, a dramatic improvement in the peak knee
flexion in initial and mid-swing, and a more normal ankle
curve indicating the presence of a heel rocker, less dorsi-
flexion at terminal stance, and plantar flexion at pre-swing.
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FIGURE 5.18 Three-dimensional kinematic graphs comparing the pre/post surgical outcomes on the left side of case-study
subject “LD" approximately 1 year post surgery, at age 15 years 2 months. A representative IGA trial from each analysis

is used for comparison. Post surgery graphs are represented as solid lines, pre-op values are shown as dashed lines, and
the gray (shaded) band is from the age-matched normal database collected in the laboratory and used as a reference.
Improvements in these curves compared to the pre-operative values are described in the text.

The improvement in hip extension and knee extension at
terminal stance has the functional consequence of improv-
ing the trailing limb posture, which in turn explains why
the stride and step lengths improved following the SEMLS
procedures. Because knee extension at terminal stance,
peak knee flexion in swing, and the slope of the rising edge
of the knee curve all improved, this provides evidence that

several critical events around the knee have been restored,
and LD's stiff-knee gait pattern has been resolved (49). The
sagittal plane knee curve also shows that knee extension
at terminal swing and initial contact has not appreciably
changed following the procedures, although with the
improved knee extension at terminal stance and improved
knee dynamic ROM the crouch gait pattern in stance has
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been minimized further. We have found that hamstring
lengthening is often not very effective at improving knee
extension at terminal swing (50), but can be effective at
increasing knee extension at terminal stance. We believe
this is because swing period is a ballistic movement that
relies on fine motor control to achieve the critical event of
full knee extension during terminal swing, and because
of this, requires a fundamentally different intervention
from surgical lengthening. Physical therapy and gait
training may be effective here, although the evidence is

inconclusive at this time. Improvement in knee extension
at terminal swing will be necessary to fully restore the first
rocker and achieve the critical event of heel-first initial
contact, which LD was able to achieve only occasionally
during this assessment.

The most notable improvement seen in transverse
plane kinematics is shown clearly in the foot progression
graph of Figure 5.18. The 40 degrees of external foot pro-
gression during the stance period seen preoperatively
has been reduced to about 5 degrees of external rotation

Kinetics and Kinematics: Sagittal Left (BF Pre vs Post)

Hip Flexion/Extension

Knee Flexion/Extension

Ankle Dorsi/Plantar

60 ) 30
Flex Flex Dors , .
Deg Deg Deg \/ \'/&&
Ext Ext : Plan :
-20 -10 -30
15 15 Knee Ext/Flex M9ment 15
Ext Ext Plan
Nm/kg Nm/kg Nm/kg
Flex Flex Dorsi
-1.5 -15 : -15 :
25 Hip Power. 25 5.0 Ankle Powe:r
Gen Gen Gen
Wikg Wrkg Wikg /\
Abs Abs Abs | ° N ]
257750 40 60 80 25750 40 60 80 257 %0 a0 60E 80
Percent Percent Percent

FIGURE 5.19 Sagittal plane kinematic and kinetic graphs comparing the pre/post surgical outcomes on the left side of
case-study subject “LD"” approximately 1 year post surgery, at age 15 years 2 months. A representative IGA trial from each
analysis is used for comparison. Post surgery graphs are represented as solid lines, pre-op values are shown as dashed lines,
and the gray (shaded) band is from the age-matched normal database collected in the laboratory and used as a reference.
Improvements in these curves compared to the pre-operative values are described in the text.
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following the SEMLS procedure. This change comes from
an approximately 20 degree improvement in distal shank
rotation following the internal tibial osteotomy, and a 10
degree reduction in external hip rotation. The remainder of
the correction likely came from a small improvement in foot
alignment following the calcaneal osteotomy, where the
postoperative x-ray showed less pes planus than the preop-
erative film. Also notice that the large external whip evident
on the preoperative foot progression angle curve at foot-off
has been eliminated, most likely due to the improvement in
the task of limb advancement and improved foot clearance
now that knee flexion in initial swing has been improved
following the rectus femoris transfer.

Figure 5.19 shows the sagittal plane kinematics and
kinetics for the left side from the comparison study. Along
with the improved hip extension at terminal stance (left
column), there is a small increase in hip flexion moment
at terminal stance, a large increase in hip flexion power
absorption at terminal stance, and a subsequent increase
in hip flexion power generation at pre-swing. All of these
findings are consistent with the observation of animproved
trailing limb posture, and provide evidence that there is
functional importance in achieving this critical event. At
the ankle we see a similar improvement in both plantar
flexion power absorption and more importantly, plantar
flexion power generation; this quantity has increased by
more than 50%. It is likely due to the improved alignment
of the foot in the direction of progression, which reduces
the lever arm dysfunction associated with the externally
rotated foot (35). With improved power generation at
both the hip and ankle, knee flexion and power absorp-
tion at pre-swing must also improve, and evidence of this
improved passive knee flexion can be found in the middle
column of Figure 5.19. We also see a more normal knee
flexion moment in the stance period, which is a direct
consequence of the improved knee function and dynamic
range achieved with the SEMLS procedures.

The last important findings from the postoperative
analysis were reflected in the temporal-spatial data and
post-operative orthotics versus barefoot trial (kinematics
and kinetics graphs) that were included in the analysis
but not reproduced here. With his posterior leaf-spring
AFOs donned, LD’s stride length and walking speed
were about 10% better than in the barefoot trial. How-
ever, the kinematic graphs showed increased dorsiflexion
at initial contact and throughout stance, and increased
knee flexion at initial contact, terminal stance, and ter-
minal swing consistent with a return of the mild crouch
gait pattern during stance in the post-operative orthotics
trial compared to the post-operative barefoot trial. There
was also an internal foot progression angle with the AFO.
Evidence of an excessive plantar flexion moment during
loading response was also seen when wearing the AFO,
along with a reduced power generation at pre-swing.
Since his calves were still weak and we had evidence of
improved walking speed and step length in the AFO trial,
we elected to continue the orthotics prescription. How-
ever, all of these findings suggested that the posterior

leaf-spring AFO had been molded in excessive dorsiflex-
ion, or the trimlines around the malleoli had been exces-
sive, so the intended purpose of providing plantar flexor
assist during stance to prevent premature advancement of
the tibia during the second rocker had not been achieved.
Based on this information a new prescription for stiffer
posterior leaf-spring AFOs molded with less dorsiflexion
was recommended, along with physical therapy and gait
training to improve calf strength and to try to improve
knee extension at terminal swing. No additional surgical
recommendations were made.

This case study illustrates how quantitative informa-
tion on gait and movement in the hands of a clinician who
understands the systematic approach outlined in this chap-
ter can find evidence to support complex interventions and
achieve reasonable outcomes in the pediatric patient with
gait dysfunction. We hope this can be a guide to using IGA
in your clinical practice, and demonstrates that functional
decomposition of the gait cycle can be the basis for clinical
decision making in these complex patients.

SUMMARY

In this chapter, we have attempted to provide an over-
view of the methods, procedures, and strategies for
utilizing instrumented movement analysis to assist with
the clinical interpretation of gait deformity in children.
Focusing on the functional subdivisions that naturally
occur during normal walking, and identifying the spe-
cific critical events that must be accomplished in each
phase of gait, we have developed a framework that can
be used for both instrumented and observational gait
analysis and that can be applied to children and adults.
By providing a brief description of modern computerized
systems for movement analysis and linking measure-
ments from these systems to functional tasks and critical
events, we hope that IGA will be less intimidating and
more clinically relevant to the pediatric physiatrist. Con-
troversy remains regarding the value of IGA and its place
on the modern rehabilitation service, with staunch advo-
cates (8,10,35,57,58) and ardent detractors alike (59,60).
It is our hope that armed with a solid background in the
principles of gait analysis and an objective and impartial
understanding of the benefits and limitations of current
methodologies (61), every pediatric physiatrist can make
the best clinical choices for the complex neuromuscular
patients who rely on their decisions.

PEARLS, PERILS, AND RESOURCES

o IGA supports decision making for the child with walk-
ing problems, but does not replace a sound clinical and
technical understanding of normal gait.
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Normal gait is naturally cyclical and symmetric, so any
movement asymmetry should be investigated.

There are 13 critical events that must occur during eight
distinct phases of the gait cycle to produce a normal
gait pattern. Each critical event has functional signif-
icance, and so provides a link between observed gait
abnormalities and possible interventions.

IGA provides evidence of absent, altered, or delayed
critical events, and provides the framework for iden-
tifying treatments to directly address these functional
limitations.

While skill, experience, and practice are required to
fully utilize IGA results for clinical interpretation, by
following the strategy outlined in this chapter, the pro-
cess can be less intimidating and more clinically rele-
vant to the pediatric physiatrist.

ACKNOWLEDGMENTS

The authors wish to gratefully acknowledge David Rob-

er

tson, Kayla Burnim, Nancy Denniston, and the staff of

the Center for Gait and Movement Analysis (CGMA) at
Children’s Hospital Colorado for their assistance in pre-
paring this manuscript.

REFERENCES

10.

11.

. Peterson MD, Gordon PM, Hurvitz EA. Chronic disease
risk among adults with cerebral palsy: the role of prema-
ture sarcopoenia, obesity, and sedentary behavior. Obes Rev.
2013;14(2):171-182.

Carollo J, Matthews D. Strategies for clinical motion analy-
sis based on functional decomposition of the gait cycle. Phys
Med Rehabil Clin N Am. 2002;13(4):949-977.

Inman VT, Ralston HJ, Todd F. Human Walking. Baltimore,
MD: Williams & Wilkins; 1981:1-21.

Vaughan CL, Davis BL, O’Connor JC. The Three-Dimensional
and Cyclic Nature of Gait: Dynamics of Human Gait. Cham-
paign, IL: Human Kinetics Publishers; 1992:7-14.

Whittle MW. Gait Analysis: An Introduction. 4th ed. Philadel-
phia, PA: Butterworth-Heinemann-Elsevier; 2007.
Sutherland D. Gait Disorders in Childhood and Adolescence.
Baltimore, MD: Williams & Wilkins; 1984:14-27.

Todd EN, Lamoreux LW, Skinner SR, et al. Variations
in the gait of normal children: a graph applicable to the
documentation of abnormalities. | Bone Joint Surg Am.
1989;71-A(2):196-204.

Giuliani CA. Adult hemiplegic gait. In: Smidt GL, ed. Gait
in Rehabilitation. New York, NY: Churchill Livingstone Inc,;
1990:253-256.

Kirtley C. The Temporal-Spatial Parameters in Clinical Gait
Analysis, Theory and Practice. Philadelphia, PA: Churchill
Livingstone-Elsevier; 2006.

Wyatt MP. Gait in children. In: Smidt GL, ed. Gait in Rehabilita-
tion. New York, NY: Churchill Livingstone Inc.; 1990:157-184.
Sutherland DH, Olshen R, Cooper L, Woo SL. The develop-
ment of mature gait. | Bone Joint Surg Am. 1980;62(3):336-353.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

. Gage JR. Cerebral-palsied gait. In: Gait Analysis in Cerebral
Palsy. London: Mac Keith Press; 1991:101-118.

Hausdorf JM, Zemany L, Peng C-K, Goldberger AL.
Maturation of gait dynamics: stride-to-stride variability
and its temporal organization in children. | Appl Physiol.
1999;86(3):1040-1047.

Bontrager EL. Instrumented gait analysis systems. In: De
Lisa JA, ed. Gait Analysis in the Science of Rehabilitation. Mono-
graph 002. Washington, DC: Veterans Administration, Reha-
bilitation Research and Development Service; 1998:11-32.
Cappozzo A. Gait analysis methodology. Hum Mov Sci.
1984;3:27-50.

Kaufman KR, Shaughnessy W], Noseworthy JH. Use of
motion analysis for quantifying movement disorders. In:
Ruzicka E, Hallett M, Jankovic J, eds. Advances in Neurology.
Vol 87. Philadelphia, PA: Lippincott Williams & Wilkins;
2001:71-81.

Sutherland D. Laboratory methods and terminology. In:
Gait Disorders in Childhood and Adolescence. Baltimore, MD:
Williams & Wilkins; 1984:1-13.

Vaughan CL, Davis BL, O’Connor JC. Commercial Equipment
for Gait Analysis. Dynamics of Human Gait. Champaign, IL:
Human Kinetics Publishers; 1992:107-126.

Winter DA. Biomechanics as an Interdiscipline. Biomechanics
and Motor Control of Human Gait. New York, NY: John Wiley
& Sons; 1990:1-10.

Kirtley C. Theory (Pt ). In: Clinical Gait Analysis, Theory and
Practice. Philadelphia, PA: Churchill Livingstone-Elsevier;
2006.

Commission for Motion Laboratory Accreditation. Applica-
tion Guidelines. http:/ /CMLAinc.org/Portal.html or www.
CMLAinc.org

Ounpuu S. Joint kinetics: interpretation and clinical deci-
sion making for the treatment of gait abnormalities in chil-
dren with neuromuscular disorders. In: Harris GF, Smith
PA, eds. Human Motion Analysis: Current Applications and
Future Directions. Piscataway, NJ: IEEE Press; 1996:268-302.
Kirtley C. Power. In: Clinical Gait Analysis, Theory and Practice.
Philadelphia, PA: Churchill Livingstone-Eslevier; 2006.
Perry ]. Phases of gait. In: Gait Analysis: Normal and Patholog-
ical Function. Thorofare, NJ: Slack, Inc.; 1992:9-16.

Carollo JJ, Kondraske GV. The prerequisite resources for walk-
ing: characterization using a task analysis strategy. In: Pro-
ceedings of the Ninth Annual IEEE Engineering in Medicine and
Biology Society Conference. Boston, MA: IEEE; 1987:357-358.
Stanhope SJ. Does clinical gait analysis meet the patient care
needs of rehabilitation specialists? In: Aiona MD, Harris GF,
Smith PA, Tylkowski CM, eds. Human Motion Analysis: Tech-
nical Advances and Clinical Applications Workshop. Chicago,
IL: Shriners Hospital; 1997:46—48.

Saunders JB, Inman VT, Eberhart HD. The major determi-
nants in normal and pathologic gait. | Bone Joint Surg Am.
1953;35-A(3):543-558.

Gard SA, Childress D. What determines the vertical dis-
placement of the body during normal walking? | Prosthet
Orthot. 2001;13(3):64-67.

Della CU, Riley PO, Lelas JL, Kerrigan DC. A refined view
of the determinants of gait. Gait Posture. 2001;14(2):79-84.
Kerrigan DC, Riley PO, Lelas JL, Delia Croce U. Quantifi-
cation of pelvic rotation as a determinant of gait. Arch Phys
Med Rehabil. 2001;82(2):217-220.

Perry J. Basic functions. In: Gait Analysis: Normal and Patho-
logical Function. Thorofare, NJ: Slack, Inc.; 1992:19-47.
Winter DA. Overall principle of lower limb support during
stance phase of gait. | Biormech. 1980;13(11):923-927.


http://CMLAinc.org/Portal.html
http://www.CMLAinc.org
http://www.CMLAinc.org

112

PEDIATRIC REHABILITATION

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Winter DA, Ruder GK, MacKinnon CD. Control of bal-
ance of upper body during gait. In: Winters JM, Woo
SL-Y, eds. Multiple Muscle Systems, Biomechanics and Mov-
ement Organization. New York, NY: Springer-Verlag; 1990:
680-693.

Winter DA, Olney SJ, Conrad ], et al. Adaptability of motor
patterns in pathological gait. In: Winters JM, Woo SL-Y, eds.
Multiple Muscle Systems, Biomechanics and Movement Organi-
zation. New York, NY: Springer-Verlag; 1990:534-541.

Gage JR, Deluca PA, Renshaw TS. Gait analysis: princi-
ples and applications. | Bone Joint Surg Am. 1995;77-A(10):
1605-1623.

Gage JR. Gait Analysis in Cerebral Palsy. London: Mac Keith
Press; 1991:61-100.

Carollo JJ. Predicting overall gait performance from mea-
sures of strength, balance, and coordination: a comparison
of multiple regression and threshold (NCRA) models. Gait
Posture. 1998;7:187-188.

Ayyappa E. Normal human locomotion. Part 1. Basic con-
cepts and terminology. | Prosthet Orthot. 1997;9(1):10-17.
Pathokinesiology and Physical Therapy Department,
Rancho Los Amigos Medical Center. Normal gait summary.
In: Perry ], ed. Observational Gait Analysis. Downey, CA: Los
Amigos Research and Education Institute; 1996:24-29.
Perry J. Kinesiology of lower extremity bracing. Clin Orthop.
1974;102:18-31.

Pathokinesiology and Physical Therapy Department
Rancho Los Amigos Medical Center. Gait deviations: most
likely causes and significance. In: Observational Gait Analy-
sis. Downey, CA: Los Amigos Research and Education Insti-
tute, Inc.; 1996:34-52.

Kerrigan DC, Bang M-S, Burke DT. An algorithm to assess
stiff-legged gait in traumatic brain injury. | Head Trauma
Rehabil. 1999;14(2):136-145.

Perry ]. Distal rectus femoris transfer. Dev Med Child Neurol.
1987;29(2):153-158.

Gage J, Perry J, Hicks R, et al. Rectus femoris transfer to
improve knee function of children with cerebral palsy. Dev
Med Child Neurol. 1987;29(2):159-166.

Sutherland DH, Santi M, Abel MFE. Treatment of stiff-knee
gait in cerebral palsy: a comparison by gait analysis of dis-
tal rectus femoris transfer versus proximal rectus release.
J Pediatr Orthop. 1990;10(4):433-441.

Miller F, Dias RC, Lipton G, et al. The effect of rectus EMG
patterns on the outcome of rectus femoris transfers. | Pediatr
Orthop. 1997;17(5):603-607.

Chambers H, Lauer A, Kaufman K, et al. Prediction of out-
come after rectus femoris surgery in cerebral palsy: the role
of co-contraction of the rectus femoris and vastus lateralis.
J Pediatr Orthop. 1998;18(6):703-711.

Ounpuu S, Muik E, Davis RB III, et al. Rectus femoris sur-
gery in children with cerebral palsy. Part II: a comparison
between the effect of transfer and release of the distal rec-
tus femoris on knee motion. | Pediatr Orthop. 1993;13(3):
331-335.

Muthusamy K, Seidl AJ, Friesen RM, et al. Rectus femo-
ris transfer in children with cerebral palsy: evaluation of
transfer site and preoperative indicators. | Pediatr Orthop.
2008;28(6):674-678.

50. Valvano ], Carollo JJ, Lutz B, Chang F. Knee Extension at
Terminal Swing: A Missing Critical Gait Event for Children with
Spastic Cerebral Palsy. Amsterdam, The Netherlands: First
Joint ESMAC-GCMAS Meeting (JEGMO06); 2006.

Odding E, Roebroeck ME, Stam HJ. The epidemiology of
cerebral palsy: incidence, impairments, and risk factors.
Disabil Rehabil. 2006;28(4):183-191.

Blair E. Epidemiology of the cerebral palsies. Orthop Clin
North Am. 2010;41(4):441-455.

Hirsh AT, Gallegos JC, Gertz KJ, et al. Symptom burden
in individuals with cerebral palsy. | Rehabil Res Dev.
2010;47(9):863-875.

Murphy KP. The adult with cerebral palsy. Orthop Clin North
Am. 2010;41(4):595-605.

Pharoah PO, Platt MJ, Cooke, T. The changing epidemiology
of cerebral palsy. Arch Dis Child Fetal Neonatal Ed. 1996;75:
F169-F173.

Stout JL, Gage JR, Schwartz MH, Novacheck TFE. Distal fem-
oral extension osteotomy and patellar tendon advancement
to treat persistent crouch gait in cerebral palsy. | Bone Joint
Surg Am. 2008;90(11):2470-2484.

Lofterod B, Terjesen T, Skaaret I, et al. Preoperative gait anal-
ysis has a substantial effect on orthopedic decision making
in children with cerebral palsy: comparison between clini-
cal evaluation and gait analysis in 60 patients. Acta Orthop.
2007;78(1):74-80.

Chang FM, Seidl AJ, Muthusamy K, et al. Effectiveness of
instrumented gait analysis in children with cerebral palsy:
comparison of outcomes. | Pediatr Orthop. 2006;26(5):612-616.
Klenerman L, Dobbs R, Weller C, et al. Bringing gait anal-
ysis out of the laboratory and into the clinic. Age Ageing.
1988;17(6):397-400.

Narayanan UG. The role of gait analysis in the orthopae-
dic management of ambulatory cerebral palsy. Curr Opin
Pediatr. 2007;19(1):38—43.

Simon SR. Quantification of human motion: gait analysis—
benefits and limitations to its application to clinical prob-
lems. | Biomech. 2004;37(12):1869-1880.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

SUGGESTED READING

Baker R. Measuring Walking: A Handbook of Clinical Gait Analysis.
London: Mac Keith Press; 2013.

Gage JR, Schwartz MH, Koop SE, Novacheck TF. The Identifica-
tion and Treatment of Gait Problems in Cerebral Palsy. London:
Mac Keith Press; 2009.

Inman VT, Ralston HJ, Todd F. Human Walking. Baltimore, MD:
Lippincott Williams & Wilkins; 1981.

Kirtley C. Clinical Gait Analysis, Theory and Practice. Philadelphia,
PA: Churchill Livingstone-Elsevier; 2006.

Patla AE. Adaptability of Human Gait: Implications for the Control of
Locomotion. New York, NY: North-Holland, Elsevier Science
Publishers; 1991.

Perry J. Gait Analysis: Normal and Pathological Function. Thoro-
fare, NJ: Slack, Inc.; 1992.

Sutherland D. Gait Disorders in Childhood and Adolescence. Balti-
more, MD: Lippincott Williams & Wilkins; 1984.



6

ELECTRODIAGNOSIS IN PEDIATRICS

INTRODUCTION

Electromyography (EMG), nerve conduction studies
(NCSs), and evoked potentials, including somatosensory
evoked potentials (SSEPs) and motor evoked potentials
(MEPs), provide useful information to assist the clinician
in the localization of pathology within the lower motor
neuron and selected areas of the central nervous system.
In the case of acquired or hereditary disorders of the lower
motor neuron—anterior horn cell, peripheral nerve, neu-
romuscular junction (NM]; presynaptic or postsynaptic
region), or muscle—electrodiagnostic studies (EDSs) are
a useful tool to be used as an extension of the clinician’s
physical examination. The information gained from EDSs
may be invaluable in planning subsequent more invasive
diagnostic studies (eg, muscle and nerve biopsy, cere-
brospinal fluid (CSF) examination, MRI, which at times
requires general anesthesia), allow for more cost-effective
and specific molecular genetic testing, or aid in the surgi-
cal management of peripheral nerve trauma, compressive
lesions, or entrapments. In the case of immune-mediated
disorders such as myasthenia gravis or Guillain—-Barré
syndrome (GBS), EDSs may permit prompt treatment.
While many may assume a decreased role of EDSs
in the era of molecular genetic diagnosis for children
with neuromuscular disorders, EDSs continue to play
an important role in the diagnosis evaluation of children
with neuromuscular disorders, although the practice par-
adigm is evolving. Major advances in genetic analysis
and neuroimaging have modified the traditional diag-
nostic approach to neuromuscular disorders. A recent
study investigated the role of pediatric EMG in the
modern molecular era (1). All EMG studies performed
at Boston Children’s Hospital from 2001 through 2011
were retrospectively reviewed and data were collected
on study numbers, patient ages, referring provider sub-
specialty, study indication, electrophysiologic diagnosis,
and study utility. A total of 2,100 studies were performed.
The volume increased from approximately 160 to about
250 studies/year over a 10-year period. There was a trend
toward studying older children. Neurologists, including
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neuromuscular specialists, constituted the major referral
pool, whereas referrals from orthopedics increased
steadily. Polyneuropathies followed by mononeuropa-
thies were the most common diagnoses referred to the
electrodiagnostic laboratory. Fifty-seven percent of stud-
ies were normal. EMG provided meaningful information
in 94% of cases.

Another recent study assessed the diagnostic
yield of electromyography in children with myopathic
disorders (2), as the interpretation of pediatric electro-
myography in myopathic disorders is technically chal-
lenging. The investigators assessed the sensitivity and
specificity of electromyography in pediatric myopathy
cases through a retrospective chart review of patients
18 years and less, between 2009 and 2013. Two hundred
twenty-four electromyographic studies were reviewed
with the following referral diagnoses: myopathy, muscle
weakness, neuromuscular disorders, myositis, myalgia,
myoglobinuria, myasthenia, myotonia, cramps, peri-
odic paralysis, hypotonia, and developmental delay.
Only children who had an electromyography and mus-
cle biopsy were included for analysis. Patients with
neurogenic electromyography and NM]J disorders were
excluded. Myopathic electromyography was defined as
short-duration, low-amplitude, polyphasic motor unit
potentials (MUPs) with rapid recruitment. Seventy-two
patients were included (age range, 6 months—18 years)
and they were grouped according to the following find-
ings: group A: myopathic electromyography, and biopsy
or genetically confirmed myopathy (32 cases); group
B: myopathic electromyography but biopsy normal or
nondiagnostic (12 cases); group C: normal electromy-
ography but biopsy or genetically confirmed myopathy
(three cases, all with metabolic myopathy); and group D:
electromyography normal and biopsy normal or nondi-
agnostic (25 cases). The most common diagnoses were
congenital myopathy (seven cases), metabolic myopathy
(six cases), muscular dystrophy (six cases), genetically
confirmed myopathy (five cases), myopathy, undefined
(five cases), and inflammatory myopathy (four cases).
The authors concluded that pediatric electromyogra-
phy was 91% sensitive and 67% specific in myopathic
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disorders. The metabolic myopathies were commonly
missed by electromyography. In another center, the sen-
sitivity and specificity of preoperative electromyography
were assessed for the detection of muscle pathology in
using muscle biopsy findings as a gold standard. The
sensitivity and specificity were determined to be only
58% and 56%, respectively (3). Clearly the diagnostic
utility of pediatric EDSs is somewhat dependent on the
skills of the electromyographer and the nature of the
referral problems.

Pediatric electrodiagnosis must be approached with
knowledge of peripheral neuromuscular development
and thoughtful planning of the study with regard to most
likely diagnostic possibilities, developmental status of
the child, and the likelihood that the pediatric electrodi-
agnostic practitioner will be able to provide clinicians and
family with useful diagnostic information. The physical
examination and developmental level of the infant or
child direct the study. The examination requires patience
and technical competence by an electrodiagnostic clini-
cian experienced and skilled in the evaluation of children.
This chapter will focus on considerations specific to the
electrodiagnostic evaluation of infants and children with
an emphasis on practical suggestions that may facilitate
the completion of an accurate pediatric electrodiagnostic
examination with the minimization of discomfort and dis-
tress to the child, parent, and pediatric electrodiagnostic
specialist.

MATURATIONAL FACTORS IN PEDIATRIC
ELECTRODIAGNOSIS

The normative neurophysiologic data relating to the mat-
uration of peripheral nerves and muscle in children has
greatly expanded in the recent past (4-13). The reader is
referred to the volume by Jones, Bolton, and Harper (11)
for an excellent review of neurophysiologic norms in pedi-
atric populations. Peripheral nerve myelination begins at
about the 15th week of gestation and continues through-
out the first 3 to 5 years after birth (14). Conduction veloc-
ities (CVs) are determined by myelination, diameter of
the fiber, and internodal differences. Myelination occurs
at the same rate, whether intrauterine or extrauterine.
CVs are directly related to gestational and postconcep-
tual age and are unrelated to birth weight (15,16). CVs
increase in direct proportion to the increase in diameter of
fibers during growth. A direct relationship exists between
the diameter of the axon and the thickness of the myelin
sheath. The diameter of the fibers at the time of birth
has been shown to be one-half of that in the adult. No
unusual acceleration of myelination occurs subsequent to
birth (17). Peripheral fibers reach their maximum diame-
ter at 2 to 5 years after birth (17,18). The nodes of Ranvier
continue to remodel with peak internodal distances being
reached at 5 years of age.

NERVE CONDUCTION STUDIES

In general, normal standard adult values for CVs are
reached by ages 3 to 5. In infancy, upper and lower
extremity CVs are similar under age 1. Subsequently,
faster conductions are maintained in the upper extremi-
ties, and comparatively slower conductions in the lower
extremities as with adults. Unique values for expected
CVs are observed for specific peripheral nerves.

MOTOR NERVE CONDUCTION

Motor conduction velocities (MCVs) in infants are found
to be one-half of adult values. In infants, conduction stud-
ies should be at least greater than 20 M/S. At birth, mean
MCVs for the median, ulnar, and peroneal nerves are 27
M/S. The median nerve may lag in maturation of CV rel-
ative to the ulnar and peroneal nerves. Ulnar MCV val-
ues reach the lower adult range by age 3 (17). The slight
difference between ulnar and median MCV values pres-
ent in the first 3 years of life disappears in children by 4
to 5 years of age. Careful and consistent measurements
are necessary to achieve reliable and valid data. Norma-
tive values or selected motor nerve conduction velocities
(NCVs) are shown in Table 6.1.

DISTAL MOTOR LATENCY (DML)

Distal motor latencies (DMLs) show maturational changes
between infancy and 3 to 5 years of age, similar to MCVs.
Normative data for distal latencies have generally been more
incomplete with ranges of distances provided (from stimu-
lation to active electrode). While the stimulation distance
should always be recorded in the electrodiagnostic report,
the specific distal latency is rarely of critical importance in
determining a diagnosis in pediatric electrodiagnosis, as
distal peripheral entrapments are relatively uncommon.
Rather, reported distal latencies, which are either unusually
fast or unusually slow in the setting of otherwise normal
MCVs, should raise a suspicion regarding technical prob-
lems and identification of appropriate waveforms.

The corrected DML may be used as an alternative for
young children, by applying the formula of Slomic and
colleagues found in Wagner and Buchthal (19):

Corrected DML = measured DML - [L - X/MCV],

where L = actual distance between stimulating cathode to
the active recording electrode, and X = standard distance
(4 cm for nerves of upper limbs and 5 cm for nerves of the
lower limbs). Garcia and colleagues (13) have reported
the most complete data to date on corrected DML in chil-
dren (see Table 6.2). The corrected DML in the neonatal
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TABLE 6.1

NORMAL MOTOR CONDUCTION VELOCITIES (M/SEC)

MEDIAN (REF.)

ULNAR (REF.)

PERONEAL (REF.)

TIBIAL (REF.)

24-72 hours

7 days-1 month

0-3 months

4-6 months

1-6 months

6-12 months

1-2 years

1-3 years

2-4 years

4-6 years

6-14 years

25.8 £3.40 (12)

25.43 = 3.84 (9)
26.17 £2.16 (13)

32.3+3.56(12)

37.0 £4.38 (12)

34.35 £ 6.61(9)
36.35 + 3.66 (13)

42.3 £ 6.43(12)
43.91 £ 3.44 (13)

48.23 + 4.58 (9)
47.81 +2.33(13)

52.7 £4.70 (12)

53.59 £ 5.29 (9)
52.71 = 3.71 (13)

56.26 = 4.61 (9)
55.0£5.20 (12)
56.48 = 2.36 (13)

57.2 £ 3.71 (12)**
57.32 £ 3.35(9)

28.0 £ 3.38 (12)
25.03 £ 2.7 (13)

35.1 £ 3.40 (12)

40.5+4.24 (12)

36.33 £3.72(13)

47.2 £ 6.33(12)

45.02 = 2.93 (13)

48.95 = 2.46 (13)

53.8 +4.83(12)
54.19 + 3.49 (13)

56.9 £4.34 (12)
56.51 £ 3.19 (13)

58.3 £ 5.76(12)***

26.4 + 3.58 (12)

22.43 +1.22 (9)
25.60 = 3.68 (13)

30.8 £2.91(12)

36.1 £ 4.67 (12)

35.18 £ 3.96 (9)
36.69 = 4.06 (13)

40.8 £ 6.16 (12)
4311 +4.13(13)

51.42 + 3.02 (9)
47.43 +2.5(13)

48.7 + 4.86 (12)

55.73 + 4.45 (9)
51.21 £ 3.95(13)

56.14 + 4.96 (9)
49.6 + 4.98 (12)
53.99 + 3.74 (13)

49.6 £ 3.40(12)***
57.05 £ 4.54 (9)

23.9x273(12)

25.30 = 1.96 (4)
23.21 £2.79(13)

27.8 £ 3.89 (5)*
27.9 £2.27 (12)

36.3 = 4.98 (5)**
34.7 £2.92 (12)

32.55 £4.05(13)

38.5+5.50(12)
39.45 + 4.29 (10)

42.6 = 3.80 (5)
42.42 +2.23 (13)

44.9 + 4.44 (12)

49.8 £ 5.78 (5)
44.81 +1.91(13)

50.0 = 4.26 (5)
48.6 +4.25(12)
48.43 + 2.53 (13)

48.2 £ 2.76 (12)***
524 419 (5) =

Data are presented as means + standard deviation
*1 to 3 months; **3 to 6 months; ***7 to 14 years; + 6 to 11 years

group is increased relative to other age groups, decreases
over the first 12 months of life, remains unchanged
between 12 months and 24 months, and slightly increases
later. As most clinicians reading reports are not familiar

with the corrected DML, an explanation of the calculation
and normative interpretation should be included in the
report, if this data is reported along with the actual DML
and distance used.

TABLE 6.2 CORRECTED DISTAL MOTOR LATENCY (MSEC)

MEDIAN ULNAR PERONEAL TIBIAL
<1 month 3.00£0.18 2.80+£0.43 3.33+£0.54 3.21 £0.36
1-6 months 2.47 £0.18 2.20+0.38 2.51+0.22 2.62 +0.41
6-12 months 2.28 £ 0.21 1.98 + 0.21 2.36 £ 0.31 2.55+0.37
1-2 years 2.34 £0.34 1.86 £ 0.16 2.35+0.23 2.45 +0.46
2-4 years 2.34£0.23 1.89 £0.17 2.57 £0.40 235+0.24
4-6 years 2.56 £0.29 2.03+0.25 3.02+0.48 2.69 +0.46

Data are presented as means + standard deviation

Corrected DML = measured DML - [L — X/MCV], where L = actual distance between stimulating cathode to the active
recording electrode, and X = standard distance (4 cm for nerves of upper limbs and 5 cm for nerves of the lower limbs.

Source: Adapted from Ref. (13). Garcia A, Calleja J, Antolin FM, Berciano J. Peripheral motor and sensory nerve
conduction studies in normal infants and children. Clin Neurophysiol. 2000;111(3):513-520.
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COMPOUND MUSCLE ACTION POTENTIAL (CMAP)

Compound muscle action potential (CMAP) amplitudes
are important to consider in the evaluation of axonal loss,
conduction block, and muscle fiber atrophy. CMAP ampli-
tudes of lower extremity nerves are one-half to one-third
adult values in infants and upper extremity CMAPs may
be one-third to one-fourth adult values during infancy. As
with MCVs, CMAP amplitudes increase in size with age
but adult values are generally not reached until the end
of the first decade. Normal values for CMAP amplitudes
are shown in Table 6.3.

SENSORY NERVE CONDUCTION

Modern EMG equipment, which includes amplifiers
and signal averaging capability, allows sensory nerve
action potentials (SNAPs) to be routinely recorded in
the absence of peripheral nerve pathology. Maturational
changes for orthodromic and antidromic sensory con-
duction are similar to that for motor fibers (9,20,21). In
infants and young children, two distinct peaks are often
observed in the SNAP with proximal stimulation. This
two-peak potential has been attributed to differences
in maturation between two groups of sensory fibers
(19) and often persists until 4 to 6 years of age. Sensory
NCVs may be calculated from single distal antidromic

TABLE 6.3 NORMAL CMAP AMPLITUDES (MV)

or orthodromic stimulations by measuring the distance
from the stimulation point to the active electrode and
the distal latency. Normative values for sensory NCVs
in selected nerves using orthodromic stimulation and
proximal recording are shown in Table 6.4. Normal val-
ues for orthodromic and antidromic SNAP amplitudes
are shown in Table 6.5.

F-WAVES

The F-waveis a late response that appears as supermaximal
motor nerve stimulation and arises from the discharge of a
small number of motor neurons, in response to antidromic
stimulation of the motor axon. The F-wave latency is mea-
sured from hand and foot intrinsic muscles and is useful
for evaluating the motor NCV and proximal nerve seg-
ments. With the F-wave, the speed of motor nerve conduc-
tion is measured over a long distance, and therefore is less
subject to errors inherent in the calculation of MCVs over
short distances (10 cm or less). F-waves can be recorded
from most limb nerves in newborns and young infants.
The minimum F-latency in normal children recorded from
hand muscles with median or ulnar nerve stimulation at
the wrist is generally less than 20 msec in children younger
than 6 years of age (9,10,22). In the lower extremities, the
F-wave latency recorded from intrinsic foot muscles with
peroneal or posterior tibial nerve stimulation at the ankle is

MEDIAN (APB) (REF)

ULNAR (ADM) (REF.)

PERONEAL (EDB) (REF.) TIBIAL (AH) (REF.)

24-72 hours 3.60 = 1.56 (12) 5.42 +2.21(12)
7 days—1 3.00 £ 0.31(9) 1.88 +0.92 (13)
month 1.27 £0.74 (13)

0-3 months 4.06 = 1.49 (12) 6.49 + 2.83(12)
1-6 months 7.37 £3.24 (9) 3.11 £ 1.45(13)
2.37 £ 1.27 (13)

6-12 months 5.47 +2.01(12) 6.97 +1.89(12)

2.94 +1.17 (13) 2.73 £1.09 (13)
1-2 years 8.90 = 3.61 (9) 4.55 + 1.53 (13)
4.12 + 1.90 (13)

1-3 years 5.88 + 2.51 (12) 7.66 +2.23(12)
2-4 years 9.55 + 4.34 (9) 5.48 + 1.42 (13)
5.96 + 2.01 (13)

4-6 years 10.37 + 3.66 (9) 8.80 = 2.35(12)
6.49 + 1.83(12)

6-14 years 12.37 + 3.66 (9) 10.27 + 2/02 (12)*

3.43 £0.47 (12)

3.0+ 1.26(9)
1.77 £ 0.62 (13)

4.52 £ 0.85(12)

5.23 = 2.37 (6)
2.68 £ 1.04 (13)

5.86 £ 1.12 (12)
2.64 £ 1.32 (13)

5.80 = 2.48 (9)
3.69 £ 1.27 (13)

6.42 + 1.92 (12)

6.10 £ 2.99 (9)
4.25 + 1.59 (13)

7.10=4.76 (9)
3.78 £ 1.23 (13)

8.15+4.19 (9)

9.29 +1.93(12)
4.40 = 1.73 (13)

13.30 £ 2.86 (12)
6.16 + 2.44 (13)

14.06 = 2.58 (12)
6.83 £ 2.69 (13)
9.07 £2.12 (13)

15.71 £ 1.79 (12)
9.57 = 3.54 (13)

9.48 = 2.39 (13)

15.75 = 1.77 (12)*

8.83 £ 1.87 (12)*

7.22 = 1.64 (9)*

Data are presented as means + standard deviation

*7 to 14 years

Recording sites: abductor pollicis brevis (APB); adductor diditi minimi (ADM); extensor digitorum brevis (EDB); abductor hallucis (AH).
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TABLE 6.4 NORMAL SENSORY CONDUCTION VELOCITIES (M/SEC)

MEDIAN (REF.)

ULNAR (REF.)

SURAL (REF.)

24-72 hours

7 days-1 month

0-3 months

4-6 months

1-6 months

6-12 months

1-2 years

1-3 years

2-4 years

4-6 years

6-14 years

18.74 £ 2.64 (D2-W) (12)*
21.68 £ 2.43 (D2-E) (12)*

22.31 = 2.16 (D2-W) (9)
24.09 = 2.6 (D3-W) (13)

24.20 = 3.51 (D2-W) (12)*
29.26 £4.14 (D2-E) (12)*

29.91 £ 2.17 (D2-W) (12)*
38.44 + 5.35 (D2-E) (12)*

35.52 = 6.59 (D2-W) (9)
35.07 = 4.87 (D3-W) (13)

40.31 £ 5.23 (D2-W) (9)
32.60 = 3.15 (D2-W) (12)*
41.14 = 4.43 (D2-E) (12)*
41.95 = 2.68 (D3-W) (13)

46.93 = 5.03 (D2-W) (9)
45.12 = 2.99 (D3-W) (13)

36.41 = 3.93 (D2-W) (12)*
47.23 £ 3.74 (D2-E) (12)*

49.51 + 3.34 (D2-W) (9)
48.82 + 3.02 (D3-W) (13)

51.71 £ 5.16 (D2-W) (9)
41.04 = 4.94 (D2-W) (12)*
51.22 £ 5.07 (D2-E) (12)*
50.72 £ 3.6 (D3-W) (13)

— o~

53.84 + 3.26 (9)
43.71 = 3.37 (D2-W) (12)*
53.44 = 3.19 (D2-E) (12)*

19.13 £ 0.29 (D5-W) (12)*
21.85 + 1.37 (D5-E) (12)*

18.4 = 3.97 (D5-W) (6)

25.95 = 2.49 (D5-W) (12)*
34.42 = 413 (D5-E) (12)*

31.51 £ 2.70 (D5-W) (12)*
44.07 £ 4.12 (D5-E) (12)*

27.7 = 6.37 (D5-W; 1-3 months) (6)
37.1+ 5.25 (D5-W; 3-6 months) (6)

40.0 £ 5.13 (D5-W) (6)
34.41 = 3.11 (D5-W) (12)*
44.67 = 3.45 (D5-E) (12)*

44.2 £7.79 (D2-W) (6)

34.94 = 2.92 (D5-W) (12)*
45.59 + 4.26 (D5-E) (12)*

48.8 = 3.01 (D5-W) (6)

47.7 £ 6.75 (D5-W) (6)
42.94 + 4.55 (D5-W) (12)*
51.58 £ 4.49 (D5-E) (12)*

46.6 £ 5.6 (D5-W) (6)
43.92 = 3.91 (D5-W) (12)*
53.23 = 3.58 (D5-E) (12)*

17.65 £ 2.43 (6 cm) (12)*
20.26 = 1.55 (4-8 cm) (9)
22.54 = 2.28 (8 cm) (12)*
28.78 £ 2.98 (8 cm) (12)*
34.68 = 5.43 (6-8 cm) (9)

29.40 = 3.55 (8 cm) (12)*

49.73 £ 5.53 (8-10 cm) (9)

35.37 £4.32 (8 cm) (12)*
38.33 £4.49 (12 cm) (12)*

52.63 = 2.96 (8-10 cm) (12)

53.83 = 4.34 (8-10 cm) (9)
39.38 £ 4.58 (8 cm) (12)*
41.49 £ 4.41 (12 cm) (12)*

53.85 £ 4.19 (9)

40.60 = 4.79 (8 cm) (12)*
42.75 =479 (12 cm) (12)*
46.71 =£4.17 (14 cm) (12)*

Data are presented as means + standard deviation

*Velocities based on peak latencies for Cai and Zhang (12); others based on onset latencies

D-W = finger to wrist using ring electrodes with orthodromic stimulation

D-E = finger to elbow using ring electrodes with orthodromic stimulation

D2 = index finger for median; D3 = middle finger for median; D5 = fifth finger for ulnar

Sural nerve studies use antidromic with recording electrodes behind the lateral malleolus with stimulus delivered at 6 cm to 14 cm above the
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malleolus as specified.

generally less than 30 msec (7,9). Normal values for F-wave
latencies for children are shown in Table 6.6.

H-REFLEX

The H-reflex is present in both the upper extremity
(median and ulnar) and lower extremity (with posterior
tibial stimulation) in infancy. While the tibial H-reflex
persists into adulthood, the upper extremity H-reflex
responses are present in virtually all infants at birth and

become suppressed in most children over the course of
the first year. Normal values for H-reflex latencies in chil-
dren are shown in Table 6.7.

NEUROMUSCULAR TRANSMISSION

The NM]J shows less stability with repetitive nerve stim-
ulation in normal newborns. At low rates of stimula-
tion (1-2 Hz), no significant incremental or decremental
changes in CMAP amplitude are observed (23). At higher
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TABLE 6.5 NORMAL SNAP AMPLITUDES IN CHILDREN (uV)

MEDIAN (REF.)

ULNAR (REF) SURAL (REF.)

24-72 hours 6.76 £ 0.79 (D2-W) (12) 5.26 = 0.57 (D5-W) (12) 5.29 +2.16 (6 cm) (12)

7 days—1 month 6.22 = 1.30 (D2-W) (9) 5.5 = 3.1 (D5-W) (6) 9.12 + 3.02 (4-8 cm) (9)
4.86 = 2.23 (D3-W) (10)

0-3 months 16.74 £ 1.47 (D2-W) (12) 7.83 £ 0.60 (D5-W) (12) 9.97 £ 1.24 (8 cm) (12)

4-6 months 17.72 £ 3.35 (D2-W) (12) 8.26 = 1.00 (D5-W) (12) 13.58 £ 2.19 (8 cm) (12)

1-6 months 15.86 £ 5.18 (D2-W) (9) 9.4 + 3.2 (D5-W; 1-3 months) (6) 11.66 + 3.57 (6-8 cm) (9)
10.66 * 3.62 (D3-W) (13) 13.2 + 3.23 (D5-W; 3-6 months) (6)

6-12 months 16.00 £ 5.18 (D2-W) (9) 13.0 = 5.6 (D5-W) (6) 14.87 £ 4.67 (8 cm) (12)
17.55 £ 1.70 (D2-W) (12) 10.87 £ 2.4 (D5-W) (12)
9.00 £ 3.45 (D3-W) (13)

1-2 years 24.00 = 7.36 (D2-W) (9) 16.3 = 2.44 (D2-W) (6) 15.41 £ 9.98 (8-10 cm) (9)
15.72 + 4.50 (D3-W) (10)

1-3 years 19.51 £ 3.99 (D2-W) (12) 12.34 £ 2.1 (D5-W) (12) 18.02 = 3.83 (8 cm) (12)

2-4 years 24.28 = 5.49 (D2-W) (9) 16.0 = 3.6 (D5-W) (6) 23.27 £ 6.84 (8-10 cm) (9)
12.02 = 5.89 (D3-W) (10)

4-6 years 25.12 £5.22 (D2-W) (9) 14.2 £ 2.72 (D5-W) (6) 22.66 +5.42 (8-10 cm) (9)
19.78 £ 4.21 (D2-W) (12) 13.15 £ 3.6 (D5-W) (12) 18.50 + 3.89 (8 cm) (12)
14.04 £ 5.99 (D3-W) (10)

6-14 years 26.72 = 9.43 (9) 13.4 = 4.2 (D5-W) (6) 26.75 £ 6.59 (9)
20.50 = 3.49 (D2-W) (12)* 14.30 £ 2.5 (D5-W) (12)* 18.67 £ 4.39 (8 cm) (12)*

Data are presented as means + standard deviation

*Amplitudes determined from baseline to peak

Amplitudes are determined peak to peak from positive to negative peak of the SNAP unless otherwise noted

D-W = finger to wrist using ring electrodes with orthodromic stimulation

D2 = index finger for median; D3 = middle finger for median; D5 = fifth finger for ulnar

Sural nerve studies used antidromic stimulation with recording electrodes behind the lateral malleolus with stimulus delivered at 6 m to 14 cm

above the malleolus as specified.

rates of stimulation (5-10 Hz), normal infants may show
slight facilitation. Decremental responses averaging 24%
have been reported at high rates of stimulation (20 Hz)
in normal newborn infants. At 50 Hz stimulation, nor-
mal newborns may show decrements of the order of 50%
(20). In general, decremental changes greater than 10% at
low rates of stimulation (2-5 Hz) and facilitatory changes
greater than 23% at high rates of stimulation (20-50 Hz)
are felt to be significant in the post-term infant (24). Some
authors have utilized high rates of stimulation of the
order of 50 Hz for 10 seconds to document facilitation
greater than 20% to 23% (at times, over 100% increments
are observed) in infantile botulism (24-26).

ELECTROMYOGRAPHY
MOTOR UNIT CONFIGURATION AND AMPLITUDE

Amplitudes of motor unit action potentials (MUAPs)
are lower in infants with amplitudes ranging from 150

microvolts to approximately 2,000 microvolts. Generally,
MUAPs more than 1,000 microvolts in 0 to 3-year-old
children are rare (27,28). In infants, MUAPs are usually
biphasic or triphasic.

MOTOR UNIT DURATION

Infantile MUAPSs are often shorter in duration. De Carmo
(27) found newborn infants to exhibit durations 17%
to 26% shorter than those seen in adults. Durations of
MUAPs are often shorter than 5 msec in infants.

MOTOR UNIT RECRUITMENT

In very young infants and children, it is difficult to assess
the strength of voluntary contraction and determine when
the interference pattern is full. In general, as the strength
of voluntary contraction increases, there is an increase in
MUAPs recruited. However, the recruitment pattern in
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TABLE 6.6 NORMAL F-WAVE LATENCIES IN CHILDREN (MSEC)

MEDIAN (REF.)

ULNAR (REF.)

PERONEAL (REF.)

TIBIAL (REF.)

24-72 hours

7 days-1 month

19.56 = 2.44 (w) (12)
16.51 £ 1.74 (e) (12)

18.17 = 2.17 (w) (13)

0-3 months 17.62 = 1.39 (w) (12)
15.39 = 1.46 (e) (12)
4-6 months 17.54 £ 1.96 (w) (12)
15.41 £ 1.56 (e) (12)
1-6 months 15.91 £ 1.22 (w) (13)
6-12 months 16.86 = 1.50 (w) (12)
14.37 £ 1.17 (e) (12)
15.67 = 0.89 (w) (13)
1-2 years 15.64 = 1.08 (w) (13)
1-3 years 16.41 £ 1.13 (w) (12)
14.21 £0.77 (e) (12)
2-4 years 16.36 + 1.45 (w) (13)
4-6 years 17.62 £ 1.62 (w) (12)
15.81 £ 1.17 (e) (12)
18.0 = 1.27 (w) (13)
6-14 years 20.18 = 1.61 (w) (12)
17.34 £ 1.52 (e) (12)
18-30 years 26.14 £ 3.03 (w) (12)

Side-to-side difference

22.88 + 1.34 (e) (12)
1.03 £0.73 (2.5)

19.67 + 2.74 (w) (12)
16.64 + 1.30 (e) (12)

18.63 = 1.6 (w) (13)

17.65 £ 1.39 (w) (12)
14.93 £ 1.80 (e) (12)

16.99 + 1.24 (w) (12)
14.91 £ 1.28 (e) (12)

15.71 £ 1.6 (w) (13)

17.02 £ 1.45 (w) (12)
14.41 = 0.88 (e) (12)
15.45 + 1.37 (w) (13)

15.67 = 0.78 (w) (13)

16.63 £ 1.88 (w) (12)
14.69 £ 1.35 (e) (12)

16.0 £ 1.41 (w) (13)

18.51 = 1.74 (w) (12)
16.53 + 1.48 (e) (12)
18.25 £ 1.48 (w) (13)

20.66 £ 1.92 (w) (12)
18.14 £ 1.46 (e) (12)

27.03 = 2.14 (w) (12)
23.42 +1.90 (e) (12)

0.94 £ 0.69 (2.3)

27.56 = 3.82 (a) (12)
24.38 + 3.74 (k) (12)

25.2 +£4.82 (a) (13)

26.14 = 2.84 (a) (12)
23.46 + 2.76 (k) (12)

25.18 £4.37 (a) (12)
22.15 + 2.68 (k) (12)

21.4 £1.78 (a) (13)

25.54 £ 2.04 (a) (12
21.56 + 3.36 (k) (12
20.33 = 1.1 (a) (13)

22.82 £ 1.66 (a) (13)

26.73 = 2.87 (a) (12)
24.30 = 2.46 (k) (12)

24.64 = 2.21 (a) (13)

30.57 + 3.82 (a) (12)
25.22 + 3.44 (k) (12)
29.45 = 2.58 (a) (13)

38.16 £ 4.43 (a) (12)
31.38 £4.75 (k) (12)

49.63 £7.74 (a) (12)
41.23 £7.63 (k) (12)

1.19 £1.17 (3.5)

)
)

26.92 + 3.27 (a) (12)
23.51 + 2.45 (k) (12)

23.92 £ 1.62 (a) (13)

28.59 = 2.41 (a) (12)
22.52 +2.10 (k) (12)

23.93 £ 1.85 (a) (12)
20.67 = 2.30 (k) (12)

21.4 £1.35(a) (13)

23.78 £ 1.83 (a) (12)
20.92 + 1.59 (k) (12)
22.0 = 2.05 (a) (13)

24.21 £1.63 (a) (13)

25.44 = 2.20 (a) (12)
23.65 £ 1.71 (k) (12)

25.6 £ 2.53 (a) (13)

31.07 = 3.10 (a) (
25.97 + 2.32 (k) (
30.12 £ 2.52 (a) (

)
)
)

12
12
13
2)
2
2
2

36.32 +3.72 (a) (

1
32.78 £ 3.89 (k) (1

48.27 = 3.09 (a) (1
39.93+273 (k) (1

1.26 £1.01 (3.3)

)

)
)

Data are presented as means + standard deviation

Minimum F-wave latency from 10 recordings

(w) wrist stimulation; (e) elbow stimulation; (a) ankle stimulation; (k) knee stimulation

Side-to-side difference shows mean + SD (upper limits of normal)

infants may be disordered and chaotic. As with adults,
the recruitment frequency, defined as the firing rate of an
MUAP when a different MUAP first appears with gradu-
ally increasing strength of voluntary contraction, is helpful
in differentiating a myopathic process (lower recruitment
frequency values) from a neuropathic process (higher
recruitment frequencies greater than 20-25 Hz). An exam-
ple of neuropathic recruitment is shown in Figure 6.1.

TECHNICAL FACTORS WITH INFANTILE
NERVE CONDUCTION STUDIES

TEMPERATURE

The maintenance of appropriate subject temperature is
essential during NCSs. Neonates generally have difficulty

with temperature homeostasis and low subject tempera-
ture may have profound effects on CVs. A skin tempera-
ture of 36 to 37°C produces near-nerve temperatures of
37 to 38°C and avoids spurious reductions in NCVs and
prolongation of distal latencies. It is assumed that a 1°C
drop in temperature produces a slowing of conduction
of the order of 2 to 3 m/s. Every attempt should be made
to maintain extremity temperature with infant warmers,
heating lamps, or warm blankets.

VOLUME CONDUCTION

Volume conduction is defined as the current transmission
from a potential source through a conducting medium,
such as the body tissues. This may produce depolarization
of peripheral nerves in proximity to the specific nerve being
studied, and this is particularly problematic in smaller
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TABLE 6.7 NORMAL H-REFLEX LATENCIES IN CHILDREN (MSEC)

TIBIAL MEDIAN ULNAR
17.37 £ 1.23 18.67 £ 1.71 (w) (25/25) 18.66 £ 1.48 (w) (25/25)
15.81 = 1.15 (e) 16.24 £ 0.93 (e)
0-3 months 16.01 £ 1.23 17.15 £ 0.92 (w) (12/20) 17.25 £ 1.93 (w) (9/20)
14.99 +0.94 (e) 15.08 + 1.85 (e)
4-6 months 15.73 £ 1.19 16.95 £ 1.12 (w) (12/20) 16.74 £ 0.77 (w) (7/20)
14.64 + 0.82 (e) 14.68 £ 0.67 (e)
6-12 months 15.92 + 1.28 15.75 = 1.14 (w) (7/20) 16.49 £ 1.01 (w) (4/20)
14.23 £ 0.51 (e) 14.32 £ 0.50 (e)
1-3 years 16.91 = 1.46
4-6 years 18.76 £ 1.71
7-14 years 22.00 = 1.97
18-30 Years 28.04 + 1.68

Side-to-side difference

0.56 £ 0.37 (1.3)

Data are presented as means + standard deviation

The tibial H-reflex was elicited by submaximal intensity of stimulus over the posterior tibial nerve at the knee with
recording over the soleus distally measured one-half the distance from the stimulation point to the medial malleolus

The median and ulnar H-reflex was elicited in infants with proportions showing a response shown in parenthesis

Side-to-side difference shows mean + SD (upper limits of normal)

Source: Adapted from Ref. (12). Cai F, Zhang J. Study of nerve conduction and late responses in normal Chinese infants,

children, and adults. J Child Neurol. 1997;12(1):13-18.

children with less soft tissue separating nerves. For exam-
ple, volume conduction can produce simultaneous stim-
ulation of both the median and ulnar nerves at the wrist
or at the elbow. Such volume conduction should always
be suspected when higher stimulation intensities or dura-
tions are utilized and when CMAP configurations show an
initial positive deflection or a multiple peak configuration.

SPA_RECORD

SHOCK ARTIFACT

Shock artifact is a common problem with smaller subjects
because of short distances between the stimulator and
recording electrodes. This may be particularly problem-
atic with distal stimulation. The ground electrode should
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FIGURE 6.1

Neuropathic recruitment of the deltoid in a 12-month-old child with a brachial plexus injury sustained at birth.

The initial recruited motor unit action potential is 2,500 pV, and it is firing at 25 Hz.
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be placed between the stimulating and recording elec-
trodes and, in infants, often a standard 6 mm silver disk
or ring electrode can be placed around the wrist or ankle.
Alternatively, the ground disk may be taped to the dorsal
surface of the hand. Other approaches to minimize shock
artifact in young children include the utilization of pum-
ice paste to reduce skin impedance and permit suprath-
reshold stimulation with lower electrical currents, use of a
minimal amount of conduction gel or cream, and rotation
of the proximal anode in relation to the distal cathode.

MEASUREMENT OF DISTANCES/MEASUREMENT
ERROR

Distance measurements must be extremely meticulous
during pediatric electrodiagnostic evaluations. Segment
studies are often of the order of 6 to 10 cm in length.
A measurement discrepancy of only 1 cm may produce as
much as a 10% to 15% conduction velocity error.

STIMULATING ELECTRODES

For neonates and young infants, small stimulators with
short interelectrode distances are commercially available
and simplify the testing of short nerve segments over
small extremities (Figure 6.2). The stimulation intensity
may be reduced by the use of a small monopolar needle
electrode as the stimulating cathode with a more proximal
surface anode in close proximity. For example, for ulnar
orthodromic sensory studies, the author has utilized ring
electrodes on the fifth digit and recording electrodes over

(B)

FIGURE 6.2 Pediatric nerve stimulator (A). The interelec-
trode distance between cathode and anode is less than 2
centimeters (B).

the ulnar nerve at the elbow. Generally, a standard bipo-
lar stimulator may be utilized for children 6 months of
age and older.

RECORDING ELECTRODES

Sensory Conduction

Generally, SNAPs are easily recorded in newborns. The
standard ring electrodes, needle recording electrodes,
and/or pediatric-size finger-clip electrodes may be used.
While for adults, a 4 cm interelectrode distance is optimal,
this is not possible in small children. Hence, the pediat-
ric electrodiagnostic clinician should attempt to obtain
as much distance as possible between active and refer-
ence electrodes. Every attempt should be made to obtain
at least a 2 cm interelectrode distance. Stimulation of the
digits, palm, or wrist with electrodes located more proxi-
mally at the elbow for median and ulnar sensory studies
provides longer distance and less measurement error. In
general, normative data for sensory NCVs are more read-
ily available than normative data for distal latencies at
specific distances.

Motor Conduction

Generally, standard 6 mm silver disk surface electrodes
are used as active and reference electrodes for motor
conduction studies. Some electrode diagnosticians pre-
fer the use of ring electrodes on digits as the reference
electrode and a standard surface electrode over the Moro
point at the muscle as the active electrode (see Figure 6.3).
Often 4 to 6 cm distances are used from the stimulator
to the active electrode. CVs and CMAP amplitudes are
generally more relevant data in infants than motor distal

FIGURE 6.3 Recording electrodes for a median motor
nerve conduction study in a small child. The active
electrode is placed over the abductor pollicis brevis on

the thenar eminence. The recording electrode is a ring
electrode placed on the index finger. The ground electrode
is a 6-millimeter silver disc electrode placed on the back of
the hand.
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latencies because distal nerve entrapments are rare. Thus,
the distances used from distal stimulation to the active
electrode are less critical.

SPECIAL CONSIDERATIONS FOR NERVE
CONDUCTION STUDIES

The best normative data for pediatric NCSs are available
for the median, ulnar, peroneal, tibial, facial, and phrenic
motor nerves and the median, ulnar, and sural sensory
nerves. Stimulation of the posterior tibial nerve (record-
ing abductor hallucis brevis) produces a discrete CMAP
more commonly than stimulating the peroneal nerve
(recording over extensor digitorum brevis). The EDB
muscle may be difficult to visualize or palpate in infants.
Its CMAP configuration frequently has either an initial
positivity or a low broad configuration. In addition, the
CMAP amplitude may change substantially with slight
changes in position for the active electrode over the exten-
sor digitorum brevis.

The axillary and musculocutaneous motor NCSs
may be helpful in the setting of infantile brachial plex-
opathy. Care should be taken to minimize volume con-
duction. Often, the intact side is used for amplitude
comparisons.

Evaluations of proximal nerves such as the axil-
lary spinal accessory musculocutaneous and femoral are
often useful in the evaluation of severe demyelinating
neuropathies (see Figure 6.4). The distal latencies of these
nerves may be severely prolonged on the setting of severe
reductions in the CMAPs of more distal nerves due to
conduction block or axon loss.

Percutaneous stimulation of the phrenic nerve is
performed with techniques similar to those utilized in the
adult, with stimulation performed at the posterior bor-
der of the sternocleidomastoid at the level of the thyroid
cartilage or alternatively just medial (or occasionally
lateral) to the sternal head of the sternocleidomastoid.
Recording electrodes may be placed in the fifth to sixth
intercostal space 2 cm apart at the anterior axillary line
or alternatively an active electrode may be placed imme-
diately below the costal margin at the level of the nipple
with the recording electrode at the xiphoid. The active
electrode may need to be moved to adjacent positions to
obtain an optimal M-wave (see Figure 6.5). Normative
values for phrenic latencies have been reported in chil-
dren (29,30). The author prefers to use ultrasound visu-
alization of the diaphragm simultaneously with phrenic
nerve stimulation to confirm downward deflection of
the diaphragm. Volume conduction to the long thoracic
nerve may produce a CMAP from the serratus anterior
rather than the diaphragm. The downward deflection of
the diaphragm spontaneously and with electrical stimu-
lation may be confirmed, and the distance of diaphrag-
matic excursion quantitatively measured by ultrasound
M-mode (31).

REPETITIVE NERVE STIMULATION STUDIES

Every attempt should be made to stabilize the extremity
with an infant or pediatric-size arm board. The author
prefers to use a block electrode or surface cathode and
anode electrodes taped over the nerve as opposed to
a handheld stimulator. This helps standardize each
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FIGURE 6.4 Nerve conduction study of the musculocutaneous nerve in Charcot-Marie-Tooth (CMT) type lIl. The nerve is
stimulated at Erb’s point and the recording electrode is placed over the biceps brachii. Distal latency is severely prolonged
at 27.8 milliseconds. Note the reduced compound muscle action potential amplitude, presumably due to conduction block,
and the relative lack of temporal dispersion, which is frequently seen in CMT.
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FIGURE 6.5 Phrenic nerve conduction study in a 13-year-old child with C2 traumatic spinal cord injury. A1 is the compound
muscle action potential (CMAP) amplitude obtained on the right side and B2 is the CMAP obtained on the left side. Laten-
cies are approximately 5 milliseconds and amplitudes from baseline to peak 1 mV. The viability of the phrenic nerves allowed

placement of a phrenic nerve—diaphragm pacer for ventilation.

stimulation during a train of five stimuli at low or high
rates of stimulation. In newborns, the author prefers
to stimulate the median or ulnar nerve at the elbow to
minimize shock artifact. Care should be taken to obtain
a stable baseline between stimulations in a train. Decre-
ments or increments in amplitude should be accompa-
nied by similar decrements or increments in the area. If
no concomitant area changes occur, then technical factors
(changing baseline or changing temporal dispersion) may
explain a decrement or increment in amplitude.

TECHNICAL FACTORS OF NEEDLE
ELECTROMYOGRAPHY

ELECTRODES

Generally, 26 to 28 gauge Teflon-coated monopolar elec-
trodes, usually 25 mm in length, are utilized. Some lab-
oratories routinely use disposable concentric facial
needle electrodes. These electrodes have smaller cali-
brated recording areas and hence provide more stability
of MUAP configuration. In addition, concentric needle
electrodes are more sensitive to changes in duration and
amplitude than monopolar needle electrodes. Use of
smaller electrodes (either small monopolar needles or
small diameter concentric needle electrodes originally
designed for the examination of adult facial muscles) pro-
vides considerable psychological advantages in children
of sufficient developmental age to associate needles with
pain. The instrumentation utilized for needle EMG of chil-
dren is essentially the same as that used in adults. In the
Intensive Care Unit, electrical interference may necessitate
the use of either a facial concentric needle or a needle ref-
erence electrode. Long electrodes or long electrode leads
can create problems with ambient electrical interference.

OPTIMAL MUSCLES TO STUDY FOR REST ACTIVITY

In evaluating an infant or young child for a generalized
disorder, specific muscles are chosen to permit evaluation
of insertional and spontaneous activity. The distal hand
(first dorsal interosseous) and foot muscles of infants
usually have minimal voluntary activity due to immature
motor control at this developmental age, making them
good sites to assess spontaneous activity. In addition,
extensor muscles such as the vastus lateralis and gastroc-
nemius in the legs and the triceps in the upper extremities
are useful sites for the evaluation of insertional and spon-
taneous activity.

In the neonate and young infant, foot and hand
intrinsic muscles exhibit high levels of endplate noise
because of the relatively larger endplate area in the imma-
ture muscle. This endplate activity may be confused with
fibrillation potentials. Fibrillation potentials and positive
sharp waves are not typically observed in the full-term
normal newborn.

OPTIMAL MUSCLES FOR EVALUATION OF
RECRUITMENT, MOTOR UNIT CONFIGURATION,
AND INTERFERENCE PATTERN

In general, flexor muscles such as the tibialis anterior and
the iliopsoas are useful for the evaluation of MUAPs and
recruitment in the lower extremity. These muscles can be
activated by tickling or pinching the bottom of the foot,
producing a withdrawal response. In the upper extrem-
ity, the flexor digitorum sublimis and biceps muscles
are frequently reflexively activated by the newborn or
young infant. More proximal muscles can be activated
by moving the extremity or positioning the extremity to
produce antigravity stabilization of the limb by the firing
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of proximal musculature. Alternatively, reflex posturing
techniques such as the Moro response can be used to acti-
vate the shoulder abductors but are usually not necessary.

SEDATION

Pedjiatric physiatrists and neurologists performing pediat-
ric electrodiagnostic evaluations have noted that extreme
behavioral distress most frequently occurs among 2 to 6 year
olds (32,33). Pain medications are occasionally or always
prescribed by 50% of pediatric electromyographers (33).
General anesthesia is occasionally utilized by 25% of elec-
trodiagnostic practitioners (33). One study demonstrated
that children exhibiting more behavioral distress during
pediatric electrodiagnostic evaluations were younger, had
been uncooperative with previous painful procedures,
were more likely to have had more negative medical/den-
tal experiences, and had mothers who themselves reported
greater fear and anxiety about undergoing EMG/NCSs (32).
While some electromyographers never utilize seda-
tion, there has been more interest in the use of analgesia,
conscious and deep sedation, and more recently, gen-
eral anesthesia with propofol or inhalational anesthet-
ics. Traditional sedative choices include chloral hydrate
(50-100 mg/kg), “DPT” (Demerol [meperidine hydro-
chloride], Phenergan [promethazine], and Thorazine
[chlorpromazine]) and midazolam hydrochloride nasal
spray. EMLA cream (lidocaine 2.5% and prilocaine 2.5%)
has been used during electromyographic evaluations as a
topical anesthetic (34). The mean duration of topical appli-
cation in infants or older children was 45 to 145 minutes.
Greater pain relief was obtained with the use of EMLA
over the extensor forearm than the thenar eminence.
While general anesthesia is usually not necessary,
the author has increasingly involved critical care and
anesthesia colleagues who have utilized either propofol
(2,6-diisopropylphenol), an intravenous sedative-hypnotic
agent, or inhalational anesthetics with laryngeal mask
anesthesia (LMA) airways for the electrodiagnostic evalu-
ation of 18-month-old infants to 6-year-old children who
exhibit substantial behavioral distress during an initial
attempt at an electrodiagnostic evaluation without seda-
tion. Propofol produces rapid onset of anesthesia (in 1-3
minutes) and sedation is maintained by either a continuous
infusion or multiple boluses. Subjects usually awaken in
less than 10 minutes from the time the infusion is discontin-
ued. Sedation, analgesia, and particularly, general anesthe-
sia have inherent risks and require appropriate monitoring.
Propofol should be administered by an anesthesiologist
or pediatric intensivist prepared to bag-mask ventilate or
intubate the child if necessary. Adequate monitoring gener-
ally requires a sedation suite, pediatric ICU, and a recovery
room or operating room. The author typically obtains all
NCSs and a thorough examination of multiple muscle sites
for abnormal spontaneous rest activity while the subject is
deeply sedated or anesthetized with propofol. The level

of sedation is then titrated to a point where appendicular
movement is elicited with needle insertion or stimulation of
the extremity. At this point, under lighter sedation, recruit-
ment pattern and motor unit configuration are assessed. As
the child awakens, interference pattern is evaluated with
more vigorous motor activity. Children are usually amnestic
to the EMG examination subsequent to propofol anesthesia.

The cost of anesthesia must be weighed against the
importance of the acquisition of a thorough, technically
precise, and accurate electrodiagnostic evaluation. An
EMG obtained under anesthesia usually provides a sub-
optimal evaluation of motor unit configuration, recruit-
ment pattern, and interference pattern with maximal
effort, but better evaluation of quiet muscle for sponta-
neous activity and a more comprehensive acquisition of
NCSs and repetitive nerve stimulation studies.

The key to successful data acquisition in most pediat-
ric electrodiagnostic evaluations remains a well-organized,
well-planned approach with distinct diagnostic questions
prospectively considered. If the examination is planned to
answer a specific question, it is usually possible to proceed
expeditiously, completing the examination within a rea-
sonable time (30 minutes). As children approach 6 years of
age, it becomes easier to talk them through an evaluation
and elicit their participation and cooperation.

NCSs are usually better tolerated than needle elec-
tromyography and many pediatric electromyographers
perform NCSs first. Increased behavioral distress, subse-
quent to a needle examination, makes the motor nerve
conductions and particularly, sensory NCSs, technically
difficult due to excessive EMG background noise.

LIMITATIONS OF SINGLE-FIBER EMG

While normative data for fiber density, mean consecu-
tive difference, and jitter have been reported for different
muscles among different pediatric age groups (35), this
procedure is difficult to use in younger children with
limited ability to cooperate. Alternatively, a stimulated
single-fiber EMG study may be obtained under general
anesthesia in those suspected of a congenital myasthenic
syndrome, and this technique has yielded excellent sensi-
tivity and specificity for the identification of a neuromus-
cular transmission disorder (36-38).

SPECIFIC CLINICAL PROBLEMS IN PEDIATRIC
ELECTRODIAGNOSIS

ELECTRODIAGNOSTIC EVALUATION OF THE
FLOPPY INFANT

The most common referral for an electrodiagnostic
examination in the infant is generalized hypotonia. The
most common etiology for infantile hypotonia is central,
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accounting for approximately 80% of cases. A differential
diagnosis of infantile hypotonia is shown in Table 6.8 (39).
Electrodiagnostic abnormalities in selected conditions
producing infantile hypotonia are shown in Table 6.9.
Neurogenic causes of generalized weakness in
infants are more accurately diagnosed with EDSs than are

TABLE 6.8 DIFFERENTIAL DIAGNOSIS OF INFANTILE HYPOTONIA

myogenic causes (40—42). A study of the predicted value of
the electrodiagnostic examination in the hypotonic infant
showed that EDSs accurately predicted the diagnosis in
65% of infants with spinal muscular atrophy (SMA) and
only 10% of infants with myopathy. Seventy-five percent
of the EDSs performed on infants with documented

Cerebral hypotonia
Chromosome disorders
Trisomy
Prader-Willi syndrome
Static encephalopathy
Cerebral malformation
Perinatal CNS insult
Postnatal CNS insult
Peroxisomal disorders
Cerebrohepatorenal syndrome (Zellweger syndrome)
Neonatal adrenoleukodystrophy
Inborn errors of metabolism
Glycogen storage disease type Il (Pompe disease)
Infantile GM1 gangliosidosis
Tay-Sachs disease (infantile GM2 gangliosidosis)
Vitamin dependency disorders
Amino acid and organic acid disorders
Maple syrup disease
Hyperlysinemia
Nonketotic hyperglycinemia
Propionyl-CoA carboxylase deficiency
Other genetic disorders
Familial dysautonomia
Cohen syndrome
Oculocerebrorenal syndrome (Lowe)
Benign congenital hypotonia

Spinal cord
Trauma (obstetrical; postnatal)
Hypotonia early with acute paraplegia
Hypertonia
Tumor or arteriovenous malformation (AVM)
Hypertonia may occur later or with slow growing tumor
Anterior horn cell
Spinal muscular atrophy (SMA) type | (Werdnig-Hoffmann)
SMA type Il
Distal SMA with vocal cord paralysis and diaphragm
weakness
Poliomyelitis
Neurogenic arthrogryposis

Polyneuropathies

Congenital hypomyelinating neuropathy

Chronic inflammatory demyelinating polyneuropathy

Acute inflammatory demyelinating polyradiculoneuropathy

(Guillain-Barré syndrome)

Hereditary motor-sensory neuropathies
Dejerine-Sottas
Congenital hypomyelinating neuropathy

Toxic polyneuropathy

Leukodystrophies (Krabbe; Niemann—Pick)

Leigh’s syndrome

Giant axonal neuropathy

Dysmaturation neuropathy

Neuromuscular junction
Presynaptic
Infantile botulism
Hypermagnesemia—eclampsia
Aminoglycoside antibiotics
Congenital myasthenia
Choline acetyltransferase (CHAT) deficiency
Paucity of acetylcholine synaptic vesicles
Congenital Lambert-Eaton-like syndrome
Decreased quantal release
Synaptic basal lamina defects
Congenital myasthenic syndrome
Endplate acetylcholinesterase (AChE) deficiency
Postsynaptic
Neonatal (autoimmune)
Congenital myasthenia
Acetylcholine receptor (AChR) disorders involving
a, B, 8, e receptor subunits
AChR deficiency causing kinetic abnormalities in function
AChR slow-channel syndromes
AChR fast-channel syndromes
Endplate rapsyn deficiency

Myopathies
Congenital myopathies
Nemaline rod
Central core
Myotubular (centronuclear)
Minicore (multicore)
Congenital fiber type disproportion
Congenital myotonic dystrophy (DM1)
Congenital muscular dystrophy
Fukuyama type (central nervous system [CNS] involvement)
Merosin deficiency (with or without CNS involvement)
Ullrich congenital muscular dystrophy (collagen VI
deficiency, scleroatonic)
Congenital muscular dystrophy with early spine rigidity
Muscle—-eye-brain disease
Walker-Warburg Syndrome
Undifferentiated
Inflammatory myopathies
Infantile polymyositis
Metabolic myopathies
Acid maltase deficiency (type II)
Muscle phosphorylase deficiency (type V)
Phosphofructokinase deficiency (type VII)
Cytochrome c oxidase
Carnitine deficiency
Endocrine myopathies
Hypothyroidism
Hypoparathyroidism




TABLE 6.9 INFANT HYPOTONIA: ELECTRODIAGNOSTIC ABNORMALITIES

DIAGNOSIS MOTOR CONDUCTION SENSORY CONDUCTION SPONTANEOUS ACTIVITY MOTOR UNITS
SMA Decreased amplitude; may show Normal Fibrillation *; spontaneous rhythmic ~ Decreased number; may show
decreased velocity motor unit firing mild increase in amplitude,
duration
HMSN 111 Markedly prolonged Prolonged or absent 0 Reported normal
Hypomyelinating Markedly prolonged; markedly Prolonged or absent 0 Reported normal or increased

neuropathy

Inflammatory
polyneuropathy

Botulism

Spinal cord injury

Congenital myopathy

Congenital myotonic
dystrophy

Glycogen storage
disease

Metachromatic
leukodystrophy

decreased amplitude

Decreased amplitude; possibly
decreased velocity; conduction block

Decreased amplitude; normal
velocity; incremental response to
repetitive nerve stimulation studies
with rates > 20 Hz

Normal motor velocity and ampli-
tudes if nerves tested are not origi-
nating from area of injury; F-wave or
H-reflex may be prolonged or absent

Normal velocity; amplitude may be
decreased

Normal

Normal

Decreased velocity; decreased
amplitude

H+

Normal

Normal

Normal

Normal

Normal

Slowed

Fibrillation may be present

Fibrillations

Fibrillations may be present in
muscles innervated at level of injury

Fibrillations may be present
(in congenital myotubular myopathy)

Absent or few fibrillations

Fibrillations (in types II, V, VII);
frequency-varying; trains of positive
waves

amplitude

Decreased number

Decreased amplitude, duration

Decreased number at involved
muscles; poor motor control
below level of injury

Normal to decreased amplitude,
duration; increased polyphasicity

Poor activation; likely normal

Decreased amplitude, duration

Abbreviation: HMSN lll, Hereditary motor sensory neuropathy |l|
Source: Adapted from Turk, MA. Pediatric electrodiagnostic medicine. In: Dumitru D, ed. Electrodiagnostic Medicine. Philadelphia, PA: Hanley & Belfus; 1995:1133-1142.

NOILVLIIVHIY DIMLVId3d 97



CHAPTER 6 ELECTRODIAGNOSIS IN PEDIATRICS 127

myopathies were considered normal (43). The sensitivity
of EMG improves after age 2 (42).

In arthrogryposis multiplex congenita and hypoto-
nia, neither muscle biopsy nor NCS/EMG alone had con-
sistently high sensitivities, positive predictive values, or
specificities (44). When the clinical evaluation indicates a
specific syndromic, developmental, or exogenous cause,
NCS/EMG and muscle biopsy are not helpful and may not
need to be performed. When the history, examination, and
genetic evaluation are unrevealing, NCS/EMG and muscle
biopsy together provide valuable diagnostic information.

In the evaluation of hypotonia, a complete elec-
trodiagnostic evaluation is useful, including motor and
sensory NCSs and appropriate needle examination
with the highest yield muscles examined initially, and,
if necessary, repetitive nerve stimulation. It should be
emphasized that NCSs and electromyography are an
extension of the clinician’s physical examination. Elec-
trodiagnostic findings need to be interpreted in light of
clinical examination findings. Care should be taken not
to overinterpret subtle findings on needle electromyogra-
phy. Low-amplitude, short-duration, polyphasic MUAPs,
which would be considered myopathic in adults, may be
normal in young children. Motor unit amplitudes and
durations may be reduced in the normal young child and
mistaken for myopathic MUAPs. Endplate noise, abun-
dant in the small intrinsic muscles of the hand and foot
may be difficult to distinguish from fibrillation potentials.
Thus, borderline findings on needle EMG should not be
overinterpreted in the infant and young child.

Parents should be cautioned prior to an electrodiag-
nostic evaluation that definitive diagnostic information is
often not obtained, and the results may help guide further
diagnostic studies. For example, results from EMG may
help to guide further studies such as muscle biopsy by
providing information about the most appropriate muscle
site for the biopsy. With SMA, an electrodiagnostic evalu-
ation can allow the clinician to defer a muscle biopsy and
proceed with molecular genetic studies of the survival
motor neuron (SMN) gene. Often the SMN gene is ordered
prior to any EDSs being performed, so fewer studies have
been performed on this population over the past decade.
EDSs in patients with hereditary motor-sensory neuropa-
thy help to categorize the neuropathy as either primarily
demyelinating or axonal, and such information may help
focus subsequent molecular genetic analyses. In general,
nerve conduction and electromyography still provide a
useful tool for the localization of lesions within the lower
motor neuron, but fewer studies have been required as
genetic studies have become commercially available.

DIFFERENTIAL DIAGNOSIS FOR EARLY
RESPIRATORY DISTRESS IN INFANCY

The differential diagnosis of lower motor neuron disor-
ders with perinatal respiratory distress is fairly limited.

Generally, respiratory distress within the first few days of
life can be seen in SMA type I, congenital hypomyelinat-
ing neuropathy, congenital myasthenia, transient neona-
tal myasthenia, congenital myotonic muscular dystrophy,
neurogenic arthrogryposis, and x-linked myotubular
myopathy. These disorders are easily differentiated with
EDSs and in some instances molecular genetic findings.
For example, congenital myotonic muscular dystrophy
may be definitively diagnosed with molecular genetic
studies at the chromosome 19q13.3 locus. In congenital
hypomyelinating neuropathy, sensory conduction abnor-
malities are unrecordable and motor NCVs are markedly
slowed down (2-5 m/s) with temporal dispersion and
low-amplitude evoked potentials (see Figure 6.6). SMA
patients show normal sensory conductions, decreased
CMAP amplitudes, occasional fibrillations, and decreased
numbness of MUAPs. Congenital myasthenia patients
show normal sensory conductions, normal motor NCVs,
and abnormalities on repetitive nerve stimulation stud-
ies. X-linked myotubular myopathy patients show pro-
fuse fibrillations and myopathic MUAPs on EMG and
diagnosis is confirmed by muscle biopsy.

ACUTE ONSET INFANTILE HYPOTONIA

Acute onset hypotonia in a previously normal infant
should warrant an evaluation to rule out acute inflam-
matory demyelinating polyneuropathy (AIDP), infan-
tile botulism, infantile polymyositis, an infantile form of
myasthenia, a toxic process, or acute onset myelopathy.
Repetitive motor nerve stimulation studies should be
performed under the following circumstances: (a) there
is constipation, bulbar involvement, and/or respiratory
distress; (b) an infant presents with ptosis or extraocu-
lar muscle weakness; (c) CMAP amplitudes are severely
reduced; (d) “myopathic” MUAPs are present; (e) a
repetitive CMAP is observed after single supramaximal
stimulation on routine NCS, suggestive of a diagnosis of
congenital myasthenia with congenital acetylcholinester-
ase (AChE) deficiency or classic slow-channel syndrome.

MOTOR NEURON DISORDERS (EG, SMA)

SMA is perhaps the most common lower motor neuron
disorder causing infantile hypotonia. The predictive
value of needle electromyography (EMG) in the diagno-
sis of SMA has been established (40-43), but the need for
EDSs has diminished over the years, given the 95% or
greater sensitivity of SMN gene studies. As SMA remains
an important consideration in infantile hypotonia, a
review of the electrodiagnostic findings is useful.

The findings in this motor neuron disorder have
largely been consistent with motor axonal loss, dener-
vation, and (among persons less severely affected)
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FIGURE 6.6 Median nerve conduction in a 5-year-old child with

congenital hypomyelinating neuropathy documented

by sural nerve biopsy and molecular genetic studies of the EGRF 2 gene. Distal latency is markedly prolonged at
19.6 milliseconds. There is reduced compound muscle action potential amplitude, at 0.367 mV, conduction block (note the
drop in amplitude from distal to proximal), and conduction velocity at 4 m/s.

reinnervation. Traditional electrodiagnostic criteria for
motor neuron disease are not suitable for patients with
childhood SMA. For example, Buchthal (45) found that
many infants with SMA did not meet strict criteria for
motor neuron disease. If clinical findings suggest SMA,
study of at least two muscles innervated by different
nerve roots and peripheral nerves in at least three extrem-
ities is indicated (46). In the infant, spontaneous activ-
ity may be more readily determined with the study of
muscles that are not as commonly recruited, such as the
vastus lateralis, gastrocnemius, triceps, and first dorsal
interosseous. Recruitment and motor unit characteristics
can be assessed in muscles that are readily activated such
as the anterior tibialis, iliopsoas, biceps, and flexor digito-
rum sublimis (45). The paraspinal muscles are usually not
studied due to poor relaxation, and the experienced pedi-
atric electrodiagnostic medicine consultant usually defers
needle evaluation of the tongue in the hypotonic infant.
Although some authors (46) have described
high-density fibrillation potentials in infants with poorer
outlook, most studies have not demonstrated abundant
fibrillation potentials in the infantile form (46-48). In
SMA 111, the incidence of fibrillation potentials ranged
from 20% to 40% in one series (49) to 64% in another (50).
The incidence of fibrillation potentials in SMA III does not
approach the level seen in SMA 1. Additionally, sponta-
neous activity has been more frequently observed in the
lower extremities than upper limbs, and proximal more
than distal muscles in SMA III (49). The degree of spon-
taneous activity has not been found to be independently
associated with a worse prognosis in SMA (43). Fascic-
ulations are uncommonly observed in SMA Type I and

appear more commonly in SMA II and III (46-48). In
younger patients, fasciculations are difficult to distin-
guish from spontaneously firing MUAPs. In relaxed mus-
cles, some motor units exhibit a spontaneous rhythmic
firing (47,48,51).

Voluntary MUAPs frequently fire with an increased
frequency although recruitment frequency may be dif-
ficult to determine consistently in infants. Compared
to age-matched norms, MUAPs show longer duration,
particularly in older subjects, and higher amplitude;
however, a bimodal distribution may be seen with
some concomitant low-amplitude short-duration poten-
tials (47). Large-amplitude, long-duration MUAPs may
be absent in many infants with SMA I but more com-
monly observed in SMA II and III (46). The percentage
of large-amplitude MUAPs increase with the duration
of the disease (48). Other signs of reinnervation, such as
polyphasic MUAPs may be observed in more chronic
and mild SMA. These polyphasic MUAPs may include
late components such as satellite or nascent potentials.
There may also be temporal instability of the waveform
observed in individual MUAPs. Reduced recruitment (an
incomplete interference pattern) with maximal effort is
perhaps the most consistent finding in all SMA types (see
Figure 6.7). In one series (43), the amplitude of MUAPs
and degree of decrement in recruitment pattern were not
individually associated with worse prognosis.

Motor NCVs and CMAP amplitude have been
shown to be reduced in many patients with infantile
SMA. The degree of motor conduction slowing (if present)
tends to be mild and greater than 70% of the lower limit of
normal (48,50,52-54). Reduction of motor conductions to
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FIGURE 6.7
unit action potential (3,000 pV) firing at 25 Hz.

less than 70% of the lower limit of normal is described as
an exclusionary criterion for SMA (55). The mild slowing
of motor conductions is present to the same degree over
distal and proximal segments as determined by M- and
F-wave responses (53). The slowing of conduction is gen-
erally seen in those with correspondingly low-amplitude
CMAPs and is thought to be due to selective loss of the
fastest conducting fibers from large motor units. Alterna-
tively, arrested myelination in utero has been proposed to
explain this slowing in motor conduction noted in some
SMA cases at birth (43). Survival has been found to be
longer for those SMA infants with normal MCVs over
a distal segment (43). Significant reductions in CMAP
amplitudes have been frequently reported for SMAs I
to III (43,46,50). Kuntz (50) reported a tendency toward
greater reductions in CMAP amplitude among patients
with earlier age of onset and shorter survival.

Sensory NCSs in SMA show essentially normal sen-
sory CVs and SNAP amplitudes. Significant abnormali-
ties in sensory studies exclude a diagnosis of SMA (55),
while minor abnormalities in sensory CVs have infre-
quently been noted in SMA (52,56,57). Such rare sensory
abnormalities have not been reported in SMA patients
with diagnostic confirmation by molecular genetic
studies.

CMAP amplitude and motor unit number esti-
mation (MUNE) have increasingly been used in recent
years as potential biomarkers for clinical trials in SMA.
In one study (58), denervation was assessed in 89 SMA I,
I1, and III subjects via MUNE and maximum compound
muscle action potential (CMAP) studies, and results cor-
related with SMN2 copy, age, and function. MUNE and
maximum CMAP values of the ulnar nerve were distinct
among SMA subtypes. Changes in MUNE and maxi-
mum CMAP values over time were dependent on age,

Incomplete or reduced interference pattern in spinal muscular atrophy type Il. Note the large amplitude motor

SMA type, and SMN2 copy number. SMN2 copy number
less than 3 (consistent with SMA I) was correlated with
lower MUNE and maximum CMAP values and worse
functional outcomes. As SMN2 copy number increased,
so did functional status. Change in MUNE longitudi-
nally over the time intervals examined in this study
was not statistically significant for any SMA cohort.
However, a decline in maximum CMAP over time was
apparent in SMA2 subjects. Age-dependent decline in
MUNE and maximum CMAP was apparent in both SMA
I and SMA II subjects, with age as an independent factor
regardless of type. Maximum CMAP at the time of the
initial assessment was most predictive of functional out-
come. Prospective longitudinal studies in four prenatally
diagnosed infants demonstrated significant progressive
denervation in association with symptomatic onset or
functional decline. In another study (59), MUNE values
correlated with Hammersmith Functional Motor Scale
(HFMS) scores. Increased single motor unit action poten-
tial (SMUP) amplitude values correlated with decreased
HFMS scores. The study confirmed that the MUNE
method is a useful tool reflecting motor unit loss in SMA,
and it is easy to perform and well tolerated.

In a recent longitudinal study, 62 children with
SMA types II and III were observed prospectively for up
to 42 months (60). Longitudinal electrophysiologic data
were collected, including compound motor action poten-
tial (CMAP), SMUP amplitude, and MUNE. Significant
motor neuron loss and compensatory collateral rein-
nervation were noted at baseline. Over time, there was
a significant mean increase in MUNE (4.92 units/year),
a mean decrease in SMUP amplitude (-6.32 nV/year),
and stable CMAP amplitude. The unexpected longitudi-
nal results differed from findings in amyotrophic lateral
sclerosis studies, perhaps indicating that compensatory
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processes in SMA involve new motor unit development.
A better understanding of the mechanisms of motor unit
decline and compensation in SMA will be important for
assessing novel therapeutic strategies and for provid-
ing key insights into disease pathophysiology. MUNE
and CMAP amplitudes seem to be sensitive parameters
reflecting motor dysfunction in SMA but additional lon-
gitudinal studies are needed.

To investigate these measures as biomarkers of treat-
ment response, MUNE and sciatic CMAP measurements
were obtained in SMNA7 mice treated with antisense oli-
gonucleotide (ASO) or gene therapy (61). ASO-treated
SMNA? mice were similar to controls at days 12 and 30.
CMAP reduction persisted in ASO-treated SMNA7 mice
at day 12 but was corrected at day 30. Similarly, CMAP
and MUNE responses were corrected with gene therapy
to restore SMN. SMN restoring therapies result in pre-
served MUNE and gradual repair of CMAP responses.
This provides preclinical evidence for the utilization of
CMAP and MUNE as biomarkers in future SMA clinical
trials.

SPINAL CORD INJURY

Neonatal spinal cord injury (SCI) may occur as an obstet-
rical complication or as a result of a vascular insult to the
spinal cord. Typical clinical presentation may include
findings of diffuse hypotonia, possible respiratory dis-
tress, hyporeflexia, and urinary retention. Bilateral flac-
cid paralysis of the upper extremities may be a sign of
neonatal SCI (62). An anterolateral SCI due to a vascular
insult will produce EMG findings of severe denervation
in diffuse myotomes. Typically, 2 to 3 weeks may lapse
before fibrillations and positive sharp waves are elicited.
Anterior horn cell and axonal degeneration will typically
result in decreased CMAP amplitudes in multiple periph-
eral nerves. SNAP amplitudes are spared. Somatosensory
evoked potentials may be spared if posterior columns are
preserved.

Traumatic SCI often results in loss of anterior horn
cells at a specific “zone of injury.” For example, a child
with C5 tetraplegia may have denervation present at
the bilateral C6 and C7 myotomes. This zone of partial
or complete denervation becomes particularly relevant
in the evaluation of a patient for possible placement of
an implanted functional electrical stimulation system for
provision of voluntary grasp and release. The presence
of denervation necessitates concomitant tendon trans-
fers with electrical stimulation of the transferred muscle
group.

Somatosensory evoked potentials (SSEPs) may help
establish a sensory level in an infant or young child with
SCI and is also useful in the evaluation of the comatose
or obtunded child at risk for SCI without radiographic
abnormality (SCIWORA). Somatosensory evoked poten-
tials are discussed in the following.

Transcranial electrical MEPs to monitor the corti-
cospinal motor tracts directly are now used routinely in
addition to SSEPs for detection of emerging SCI during
surgery to correct spine deformity or resect intramedul-
lary tumors (63-67). Afferent neurophysiologic signals
can provide only indirect evidence of injury to the motor
tracts since they monitor posterior column function.
Transcranial electrical MEPs are exquisitely sensitive to
altered spinal cord blood flow due to either hypotension
or a vascular insult. Moreover, changes in transcranial
electrical MEPs are detected earlier than are changes in
SSEPs, thereby facilitating more rapid identification of
impending SCL

BRACHIAL PLEXUS AND CERVICAL NERVE
ROOT LESIONS

Traumatic obstetrical brachial plexopathy or “neona-
tal brachial plexus palsy” (NBPP) usually results from
traction on the brachial plexus (predominantly upper
trunk) and its associated spinal roots. This can lead to
stretching or rupture of the trunks of the plexus and/or
partial axonotmesis or avulsion of the spinal roots. The
most common cause is a shoulder dystocia of the ante-
riorly presenting shoulder causing excessive lateral neck
traction. Injury to the upper trunk of the brachial plexus,
and/or C5 and C6 cervical roots is the more common
injury known as Erb-Duchenne palsy. Damage to the
lower trunk, and/or C8-T1 cervical roots, is referred to
as Klumpke’s palsy. Severe brachial plexus injuries may
involve the entire plexus and C5-T1 nerve roots diffusely.
Horner's syndrome due to injury of the C8 and T1 roots
and the superior cervical sympathetic ganglion may be an
associated clinical finding. An isolated Klumpke’s palsy
is rare in the setting of traumatic birth palsy and usually
results from a fall onto a hyperabducted shoulder, pene-
trating trauma, or tumor.

EDSs help determine the location (root and/
or plexus), extent, and severity of the brachial plexus
injury. Examination should be deferred until at least 3
to 4 weeks after the injury to allow for abnormal spon-
taneous rest activity (fibrillations and positive sharp
waves) to develop in the setting of denervation and axon
loss (see Figure 6.8). Complete injuries are characterized
electromyographically by absent MUAPs and absent
CMAP amplitudes in peripheral nerves supplied by the
transected axons. In the setting of total motor paralysis,
motor NCSs with measurement of the amplitude of the
CMAPs in distal and proximal muscles provide useful
prognostic information. For example, the preservation
of the CMAP amplitude 10 days or more after the injury
with complete clinical paralysis suggests that the dam-
age is, in part, a neuropraxic injury with better prognosis.
In this setting, F-waves are absent. If motor function is
absent and no MUAPs are observed, examination of the
amplitude of the SNAPs in the dermatomal distribution
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FIGURE 6.8 Fibrillation potential (A) and positive sharp waves (B) indicative of acute denervation and axon loss.

of the branches of the affected brachial plexus trunks can
help distinguish injuries to the plexus from severe cer-
vical root injuries or avulsions. The sensory dorsal root
ganglion lies in the intervertebral foramen distal to the
damaged segment with a root injury, leaving the sensory
axon projection from the dorsal root ganglion to the limb
intact. Thus, the SNAP is obtainable in the setting of a
root avulsion with absent clinical sensation.

In the setting of Erb’s palsy, assessment of a super-
ficial radial sensory or median sensory response to the
index finger is useful in making a distinction between a
C6 root avulsion and a more distal lesion involving the
trunk of the brachial plexus. The median SNAP to the
middle finger provides information about the integrity
of C7 axon projections distal to the dorsal root ganglion.
The presence or absence of an ulnar SNAP can help dis-
tinguish a lower trunk injury from a C8 nerve root injury.

In perinatal traumatic brachial plexopathy, positive
sharp waves and fibrillations, indicative of true dener-
vation, can be found by 14 to 21 days after injury (68).
The absence of fibrillations or positive sharp waves after
this time frame suggests a neuropraxic lesion with intact

axons. In this setting, the prognosis for recovery is favor-
able. Early in the course of recovery prior to reinnervation,
the interference pattern usually is reduced or discrete and
recruitment frequencies increased into the neuropathic
range (often >20 Hz). A follow-up needle EMG evalua-
tion 3 to 6 months after the injury is useful to determine
subclinical evidence of reinnervation. Such reinnervation
is typically characterized initially by “nascent” polypha-
sic MUAPs (see Figure 6.9). With reinnervation, the num-
bers of positive sharp waves and fibrillations decrease
over time, amplitude of MUAPs increases as collateral
spouting occurs, and with evaluation of the interference
pattern, there is an observed increasing number of volun-
tary MUAPs.

The author prefers to initially obtain sensory NCSs
(occasionally with sedation) consisting of a median
sensory NCS recorded from the index finger (C6 der-
matome), a median sensory NCS recorded from the mid-
dle finger (C7 dermatome), and an ulnar sensory NCS
recorded from the fifth digit (C8 dermatome). Median
and ulnar motor NCSs are useful to evaluate the integ-
rity of axons traveling through the lower trunk. Axillary
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FIGURE 6.9 Polyphasic motor unit action potential (MUAP) with a neuropathic firing frequency at 25 Hz. These polyphasic
MUAPs obtained 4 months after brachial plexus injury are indicative of reinnervation.

and musculocutaneous motor NCSs (with assessment of
CMAP amplitudes) are useful if an upper trunk injury is
suspected. These CMAP amplitudes may be compared
to the intact side depending on patient tolerance of the
study (69). A CMAP amplitude reduction of more than
90%, compared to the unaffected side, predicted severe
weakness of the corresponding root level. During the
EMG study of the deltoid, the examiner should assess the
clinical sensation of the C5 dermatome. The use of derma-
tomal and mixed nerve SSEPs in brachial plexus injuries
is discussed in the following.

In addition to a complete needle EMG screen of
upper extremity muscles clinically affected, electromyo-
graphic examination of the infraspinatus or supraspi-
natus can help localize an upper trunk injury proximal
to or distal to the takeoff to the suprascapular nerve.
While the examination of the rhomboid can be difficult
in the infant, a finding of fibrillations or positive sharp
waves supports the presence of a C5 root injury. While
in the adult, electromyographic evaluation of the cervi-
cal paraspinal muscles may help evaluate the extent and
severity of cervical root injuries, generally these muscles
are extremely difficult to study in the infant due to poor
relaxation. In the young child, adequate relaxation of the
cervical paraspinal muscles may be obtained with general
anesthesia but this is usually not necessary and does not
influence management. In addition, study of the serratus
anterior and rhomboids (typically performed to assess
involvement of C5 and C5-7 roots, respectively) may be
technically difficult in the infant due to intact sensation,
the presence of trapezius overlying the rhomboids, depth
of the rhomboids and serratus anterior, and the risk that
sudden movement may cause penetration of the needle
into the pleural space. Usually a combination of needle
EMG evaluation, sensory and motor conduction stud-
ies, and F-wave studies allows the electromyographer to
determine the location and severity of the injury.

The natural history of conservatively managed
brachial plexus birth palsy has been reported (69).
Seventy-two percent of those referred for rehabilitation
evaluation showed stable functional status at follow-up.
There has been a resurgence of interest in surgical explo-
ration of obstetrical brachial plexus palsy with external
and internal neurolysis, neurotization, and in selected
cases, nerve grafting (70-76). EMG evaluation at approxi-
mately 4 to 9 months postinjury may support the possible
utility of a surgical exploration for neurolysis, neurotiza-
tion, and/or nerve grafting if there is limited electrophys-
iologic evidence of reinnervation. Some authors suggest a
repeat study within 3 months of the injury (77). Preoper-
ative EDSs and intraoperative NCSs and somatosensory
evoked potentials are helpful in the surgical decision
making. Preoperative and/or intraoperative somatosen-
sory evoked potentials may provide evidence of upper
cervical root avulsion versus partial trunk and nerve root
integrity as discussed in the following.

More recently, EMG and NCSs have been used in
a more systematic fashion for surgical decision making.
In two recent reports (78,79), infants with NBPP with
severe lesions could be identified at 1 month of age by
testing elbow extension and elbow flexion, and record-
ing MUPs in the biceps muscle. Forty-eight infants
were prospectively studied. The presence or absence of
flexion paralysis at around 1 week (median 9 d; range
5-17 d), 1 month (median 31 d; range 24-53 d), and 3
months of age (median 87 d; range 77-106 d) was noted
for clinical (shoulder external rotation, elbow flex-
ion, extension, and supination) and EMG parameters
(denervation activity, MUPs, and polyphasic MUPs in
the deltoid, biceps, and triceps muscles). At 1 month,
the absence of biceps MUPs had a sensitivity of 95% for
later flexion paralysis, and the absence of deltoid MUPs
had a sensitivity of 100% for flexion paralysis; the false-
positive rates for the same findings were 21% and 33%
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respectively. EMG at 3 months was highly misleading
as MUPs were seen in 19 of 20 clinically paralytic biceps
muscles. These authors have implemented a decision
rule that children without active elbow extension at 1
month should be referred to a specialized center, while
children with active elbow extension as well as active
flexion should not. When there is active elbow exten-
sion, but no active elbow flexion, the authors concluded
an EMG was needed; the absence of MUPs in the biceps
muscle was an indication for referral.

In another retrospective study of preoperative
EDSs and computed tomography myelogram (CTM;
80) conducted in 21 children, the sensitivity of EDSs
and CTM for detecting a postganglionic rupture was
92.8% (95% Cls [0.841-0.969]) and 58.3% (95% Cls [0.420-
0.729), respectively. The sensitivity for EDSs and CTM
for preganglionic nerve root avulsion was 27.8% (95%
CIs [0.125-0.509]) and 72.2% (95% Cls [0.491-0.875]),
respectively. In cases in which both CTM and EDSs gave
concordant results, the sensitivity for both modalities
combined was 50.0% (95% Cls [0.237-0.763]) for avulsion
and 80.8% (95% Cls [0.621-0.915]) for rupture. Overall,
EDSs were most useful in identifying ruptures, particu-
larly in the upper plexus, whereas CTM was most sensi-
tive in identifying avulsions in the lower plexus. It was
concluded that both EDSs and CTM scans must always
be interpreted in the context of a comprehensive evalua-
tion of the patient. They provide supplemental informa-
tion (in addition to the physical examination) for early
detection of nerve root rupture and avulsion injuries,
aiding surgical decision making and preoperative plan-
ning for neonatal NBPP.

Chin and colleagues (81) recently reported on the
prognostic significance of intraoperative EMG in NBPP.
They investigated the predictive value of intraoperative
neurophysiologic investigations in a total of 32 infants
of 206 referred to their center who underwent explo-
ration of the plexus, including neurolysis. The find-
ings from intraoperative electromyography, sensory
evoked potentials across the lesion, and gross muscu-
lar response to stimulation were evaluated. Outcomes
were assessed with the modified mallet score at 3 to 4
years. The positive predictive value and sensitivity of
the intraoperative EMG for C5 grafting and neurolysis
were 100% and 85.7%, respectively, in infants without
concurrent shoulder pathology. The positive and nega-
tive predictive values, sensitivity, and specificity of the
three investigations combined were 77%, 100%, 100%,
and 57%, respectively. In all, 20 infants underwent neu-
rolysis alone for C6 and three had reconstruction. All of
the former and one of the latter achieved biceps func-
tion of Raimondi grade 5. The positive and negative
predictive values, sensitivity, and specificity of elec-
tromyography for C6 were 65%, 71%, 87%, and 42%,
respectively. The method was concluded to be effective
in evaluating the prognosis of C5 lesions. Neurolysis
was preferable for C6 lesions.

FACIAL PARALYSIS IN THE NEONATE

Facial paralysis or an asymmetric facies is a common find-
ing in the neonate. This may be due to acquired traumatic
facial palsy (a common iatrogenic problem with forceps
deliveries), central nervous system conditions, congeni-
tal facial palsy, and congenital hypoplasia of the depres-
sor anguli oris muscle. Differentiating developmental
from traumatic facial paralysis noted at birth is import-
ant for determining prognosis, but also for medicolegal
reasons. Facial NCSs aid in diagnosis (82). Side-by-side
comparisons of amplitudes and latencies are essen-
tial. CMAP amplitude reduction and prolonged latency
on the involved side indicate facial nerve involvement.
Brainstem auditory evoked potentials and blank reflexes
may be helpful in determining central nervous system
involvement. Axonal integrity can be determined by elec-
tromyographic evaluation for spontaneous activity and
motor unit recruitment. Improvement on serial testing
provides favorable prognostic information, particularly
when improvement occurs over 1 to 2 weeks. Normal
facial nerve distal latencies in the newborn are less than
or equal to 12.0 msec; in children 1 to 12 months less than
or equal to 10.0 msec; in children 1 to 2 years of age less
than or equal to 6.3 msec; in children 2 to 3 years of age
less than or equal to 4.5 msec; in children 3 to 4 years less
than or equal to 4.0 msec; and less than or equal to 5.0
msec in children older than 4 years of age (83).

Asymmetric crying facies (ACF) is congenital hypo-
plasia of the depressor anguli oris muscle characterized
by asymmetry of lower lip depression during crying.
This has an overall incidence of 0.6%. One recent study
determined the incidence of ACF in a large population of
patients with 22q11.2 deletion to be 14% (84). Associated
palatal anomalies were common (77%), as was congenital
heart disease (78%). It is suggested that newborns with
ACEF be referred for further screening for the 22q11.2 dele-
tion syndrome.

COMMON POLYNEUROPATHIES

Hereditary Neuropathies (Charcot-Marie-Tooth
[CMT] Subtypes)

Clinical findings associated with hereditary neuropa-
thies and the current classification of these disorders are
described in Chapter 18. The demyelinating form (CMT 1)
typically has onset in early childhood. Marked slowing of
MCVs, usually to less than 50% of normal is usually pres-
ent in early childhood (85-87). Generally, marked swell-
ing of motor NCVs is present by 3 to 4 years of age (84).
Distal latencies are usually severely prolonged. There is
usually less temporal dispersion than observed in AIDP
(GBS) due to fairly uniform demyelination of all axons.
Needle EMG abnormalities include defibrillation with
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positive sharp waves, decreased interference pattern, and
large-amplitude polyphasic MUAPs resulting from rein-
nervation by collateral axonal sprouting.

CMT 2 is the axonal form. CMAP and SNAP ampli-
tudes may be reduced, but NCVs are either in the low
normal range or mildly reduced. Needle EMG shows evi-
dence of chronic denervation and reinnervation. CMT 3 is
also referred to as Dejerine-Sottas disease and congenital
hypomyelinating neuropathy which usually present in
infancy. CMAP amplitudes are reduced due to a combi-
nation of conduction block and axonal loss, motor NCVs
are typically less than 10 m/s, and latencies may be three
times the normal value (88).

Acute Inflammatory Demyelinating
Polyradiculoneuropathy (GBS)

These children often present with an acute rapid ascend-
ing paralysis initially affecting the lower limbs. While
pain is common, sensory symptoms are usually mild and
objective sensory loss is fairly rare. Electrophysiologi-
cally, criteria for poor recovery in adults may not apply to
children. One study documented good recovery in chil-
dren with low median CMAPs and fibrillation potentials
(89), while another study showed no difference in the
incidence of reduced CMAP amplitude among ventilated
and nonventilated children (74). It has been noted that
gait disorder, leg pain, a high rate of distal conduction
block (decreased distal CMAP amplitudes), and a good
prognosis are among the main specific features of GBS in
childhood (90).

Classic electrophysiologic findings in GBS include
prolonged or absent F-waves early in the course of the

disorder, slowing of CVs, both proximally and distally,
prolonged distal latencies, reduced CMAP amplitudes
with evidence of conduction block, and significant tem-
poral dispersion (see Figure 6.10) (91). The electrophys-
iologic findings may lag behind the clinical signs and
symptoms. In addition, electrophysiologic recovery may
lag behind clinical recovery.

Chronic Inflammatory Demyelinating
Polyradiculoneuropathy

This disorder has many features in common with AIDP.
These patients typically show a subacute or chronic onset
lasting more than 4 weeks, and the disorder continues
with either a chronic or relapsing course. Electrophysio-
logic findings generally show more marked slowing of
conduction velocity (often below 10 m/s) and elevated
stimulation thresholds. As in AIDP, there is evidence of
focal conduction block, temporal dispersion, prolon-
gation of DMLs, and prolonged or absent H-wave and
F-wave responses. These late responses may be absent
due to proximal conduction block. Needle EMG may
show a paucity of abnormal spontaneous rest activity and
normal or slightly enlarged MUAPs, which exhibit a neu-
ropathic firing pattern.

Axonal GBS/Acute Motor Axonal Neuropathy

In this disorder, children often present with rapid
onset, quadriparesis, bulbar dysfunction, and respira-
tory insufficiency (92). The patients may have inexcit-
able motor nerves or very low-amplitude CMAPs. The
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author has observed such a case with clinical findings
mimicking cerebral death (93). The child had combined
demyelinating and axonal findings and eventually had
near complete recovery over 18 months. In general,
children with the axonal form of GBS are more likely to
require assisted ventilation, develop severe quadripare-
sis, and require a much longer period of time to become
ambulatory. Campylobacter jejuni has been implicated as
a precipitating agent in many cases.

One recent study (94) evaluated an electrophys-
iologic classification of a GBS population into demye-
linating and axonal subtypes, to investigate how serial
recordings changed the classification and to underline
the pitfalls in electrodiagnosis of GBS subtypes. In the
first test, the electrodiagnostic findings resulted in 65%
to 67% of patients classifiable as demyelinating AIDP,
18% classifiable as axonal GBS, and 14% to 16% equivo-
cal. At follow-up, 24% of patients changed classification:
AIDP decreased to 58%, axonal GBS increased to 38%,
and equivocal patients decreased to 4%. The majority of
shifts were from AIDP and equivocal groups to axonal
GBS, and the main reason was the recognition by serial
recordings of the reversible conduction failure and of
the length-dependent CMAP amplitude reduction pat-
terns as expression of axonal pathology. Axonal GBS is
pathophysiologically characterized not only by axonal
degeneration but also by reversible conduction failure at
the axolemma of the Ranvier node. The lack of distinction
among demyelinating conduction block, reversible con-
duction failure, and length-dependent CMAP amplitude
reduction may fallaciously classify patients with axonal
GBS as having AIDP. Serial electrophysiologic studies are
mandatory for proper diagnosis of GBS subtypes and the
identification of pathophysiologic mechanisms of muscle
weakness. More reliable electrodiagnostic criteria tak-
ing into consideration the reversible conduction failure
pattern should be devised.

Neuropathies Associated With Central Disorders

A variety of metabolic disorders produce abnormali-
ties of both the central and peripheral nervous system.
Abnormalities of lipid metabolism such as metachro-
matic leukodystrophy may produce a severe demye-
linating peripheral neuropathy with electrophysiologic
findings of high stimulation threshold and low CVs.
Somatosensory evoked potentials may show both central
and peripheral delay, and visual evoked potentials show
central delay. Other disorders showing both central and
peripheral nervous system involvement include Krabbe
disease, Refsum’s disease (phytanic acid storage disease),
Tangier disease (hereditary high-density lipoprotein
deficiency), A-beta lipoproteinemia (a vitamin E defi-
ciency syndrome), Fabry’s disease (alpha galactosidase
A deficiency), Niemann-Pick disease (a variant of sphin-
gomyelin lipidoses), peroxisomal disorders such as adre-
noleukodystrophy, porphyria, which produces axonal

degeneration of predominantly motor fibers, and tyrosin-
emia, which produces primary axonal degeneration with
secondary segmental demyelination.

Krabbe disease is associated with marked central
and peripheral demyelination and NCSs typically show
a mixed sensorimotor demyelinating peripheral neurop-
athy. The peripheral neuropathy occurs very early in the
neonatal period in Krabbe disease and affects the nerves
uniformly. NCSs may provide a highly sensitive tool to
screen this patient population (95).

In ataxia telangiectasia, there is a loss of large, pre-
dominantly sensory, myelinated fibers due to a primary
axonal degeneration. In Friedreich’s ataxia, an autosomal
recessive condition, there is a primary axonal degener-
ation of peripheral nerve fibers producing reduced or
absent sensory compound action potential amplitudes.

Acquired Toxic Neuropathies

Toxic polyneuropathies with predominantly axonal
involvement include lead, mercury, and vincristine-
induced neuropathy, among others. Predominantly demy-
elinating neuropathies may be caused by organophosphate
poisoning and arsenic poisoning. While arsenic poisoning
may clinically simulate GBS or chronic demyelinating
polyneuropathy (CIDP), electrophysiologic studies have
shown evidence of both axonal degeneration and severe
demyelination.

Burn Associated Neuropathies

Children and adults with extensive burns are at increased
risk for mononeuropathies and/or peripheral neurop-
athies (96-101). Mechanisms include direct nerve tis-
sue destruction from the burn, extensive edema with
compartment syndrome, critical illness polyneuropathy
caused by systemic mediators, and entrapment neurop-
athies caused by scarring during and/or after healing.
The incidence of neuropathy exceeds 10% in many series.
Burn associated polyneuropathy (BAPN) is common
after thermal injury, and the electrophysiologic manifes-
tations of BAPN are usually present within the first week
(98). Thermal injuries may induce an inflammatory cas-
cade that results in alterations of nerve function. In one
series, those with severe neuropathy had higher levels of
C-reactive protein (98). Other risk factors associated with a
significantly higher prevalence of neuropathy include age
above 20 years, electrical burns involving full thickness of
the skin, a surface area of more than 20%, history of alco-
hol abuse, and number of days in the intensive care unit
(ICU). In animal models of burn injury, both functional
and morphological deficits are produced in peripheral
nerve axons at sites well removed from a full-thickness
dermal burn injury (102). The neural deficits may contrib-
ute to changes in neuromuscular transmission and the
development of limb and respiratory muscle weakness
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that also accompanies burn injury. Further animal work
has demonstrated that burn wound excision at 30 min-
utes but not at 3 hours prevented the nerve conduction
deficits measured in mice with 20% body surface area
burns (103). The cellular basis of burn-induced neurop-
athy is unknown, but nitric oxide and tumor necrosis
factor-alpha (TNF-alpha) appear to play a role.

Vitamin D deficiency has been reported in pediatric
burn patients (104), and the available literature on vita-
min D status in burn patients has been reviewed. Vitamin
D deficiency has been demonstrated to result in itching,
muscle weakness, and neuropathy, all of which are com-
mon postburn sequelae. The major source of vitamin D is
synthesis in the skin with a small amount being absorbed
through dietary intake. Population groups are at higher
risk of vitamin D deficiency if they have inadequate expo-
sure to ultraviolet (UV) light or reduced biosynthetic capa-
bility due to skin damage. Burn patients fall into both risk
groups and also suffer common complaints that overlap
with those reported by patients with vitamin D deficiency.

Diabetic Polyneuropathy

NCV in the distal motor and sensory nerves, the motor
nerve distal latency, and the SNAP amplitude were
impaired in adolescent patients with type 1 diabetes. The
deterioration in motor NCV, H-reflex latency, and SNAP
amplitude became more conspicuous in late puberty and
postpuberty and was related to poor metabolic control
(105). In another study of children 7 to 20 years old with
a duration of diabetes of more than 3 years, 57% of the
patients had abnormal conduction, which was seen most
often in the motor nerves, especially in the peroneal nerve
(41%), followed by the median nerve (24%) (106).

Neuropathies Associated With Infections

HIV INFECTION. Children with HIV may develop a variety
of neurologic sequelae including encephalopathy, progres-
sive multifocal leukoencephalopathy, myelopathy, intrac-
table seizures, optic neuritis, acute vasculitis, hemiplegia,
paraspinal lymphoma, and peripheral nerve disease. The
peripheral nerve dysfunction may present as distal sym-
metric sensory or sensorimotor polyneuropathy, carpal
tunnel syndrome (CTS), lumbosacral polyradiculopathy,
motor neuronopathy, AIDP and CIDP, autonomic neu-
ropathy, sensory ganglionopathy, and toxic neuropathy
(caused by antiretroviral medications) (107). In addition,
polyradiculopathy and multiple mononeuropathies may
be caused by other infections (eg, cytomegalovirus, hep-
atitis B or C, and herpes zoster). In one series, one-third
of children 5 to 14 years of age had symptoms and signs
of peripheral nerve involvement. Distal paresthesia and/
or pain plus diminished ankle jerks and/or diminished
vibration sense were the most common clinical findings.
Symptoms were chronic and fluctuating, and pain was,

in general, not severe. NCSs primarily revealed axonal
changes (108). The issue of peripheral nerve involvement
may be multifactorial. Children with HIV-1 infection
are exposed to antiretroviral (ARV) drugs for an ever-
increasing length of time throughout postnatal growth and
development, and the cumulative toxicities are becoming
progressively apparent. Evidence for nucleoside reverse
transcriptase inhibitor (NRTI) associated mitochondrial
toxicity is seen in vitro, in animal models and in NRTI-
exposed adults and children (108). Peripheral neuropathy
is associated with the chronic use of dual NRTI regimens
in HIV-infected children, and regimens containing Zid-
ovudine (Retrovir, AZT, ZDV) have less toxicity than do
those containing d4T (109).

LYME DISEASE. Lyme disease is the most common tick-
borne disease in the United States. Children and those
spending extended time outdoors in wooded areas are
also at increased risk. The spectrum of neurologic manifes-
tations and the relative frequencies of different syndromes
associated with North American Lyme disease caused by
Borrelia burgdorferi infection have been reviewed in a series
of 96 children referred for neurologic problems in associ-
ation with the infection (110). The most frequent neuro-
logic symptom was headache, and the most common sign
was facial palsy. Less common manifestations were sleep
disturbance, and papilledema associated with increased
intracranial pressure. Signs and symptoms of peripheral
nervous system involvement are infrequent. Cranial neu-
ropathy is common (111) and children may present with
only cranial neuropathy, both cranial neuropathy and
other neurologic symptoms, and neurologic symptoms
without cranial neuropathy. Patients with Lyme meningi-
tis had statistically more frequent cranial neuropathy (73%
vs. 4%) (112). In Lyme disease, the most common clinical
syndromes include mild encephalopathy, lymphocytic
meningitis, and cranial neuropathy (facial nerve palsy).
In contrast with adult patients with neurologic Lyme dis-
ease, meningoradiculitis (Bannwarth’s syndrome) and
peripheral neuropathy syndromes are rare in children.

ENTRAPMENT MONONEUROPATHIES IN CHILDREN

Carpal Tunnel Syndrome in Children

CTS is a relatively rare complication in children with
mucopolysaccharidosis types I, II, and III (eg, Hunter's
and Hurler's syndromes), with mucolipidosis being the
most common populations to manifest CTS during child-
hood (94). Treatment of the metabolic disorder does not
necessarily reverse the symptoms and prompt surgical
release is necessary. Other uncommon etiologies include
congenital bone anomalies, mucolipidosis types II and
III, hereditary neuropathies such as CMT 1 and heredi-
tary neuropathy with liability to pressure palsies (HNPP),
CIDP, treatment with growth hormone, hypothyroidism,
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hemophilia with localized bleeding in the region of the
carpal tunnel, autosomal-dominant acromicric dysplasia,
Down syndrome, Schwartz-Jampel syndrome, multiple
xanthomas associated with familial hypercholesterol-
emia, congenital macrodactyly in a median nerve terri-
tory, fibrolipomas and fibrolipomatous hamartoma of the
median nerves, obesity, and Klippel-Trénaunay syn-
drome (113-119). Idiopathic CTS is rare in children. Hand
clumsiness and thenar hypoplasia rather than sensory
complaints are often presenting symptoms in children.
In another pediatric series, all patients had hand pain,
numbness, and paresthesias in their hands. Night pains
and underutilization of the first three fingers are also
described in cases of pediatric CTS (120). An infant with
CTS presented with intermittent abnormal “pseudodys-
tonic” posturing movement of both hands (121).

Ulnar Mononeuropathies in Children

Ulnar mononeuropathies are the most common upper
extremity mononeuropathies seen in children (122). The
most common etiology is acute trauma (eg, midshaft or
proximal forearm fractures, elbow dislocation, etc.), com-
pression from compartment syndrome, or entrapments
in association with HNPP or other anomalous anatomy
producing entrapment. Other etiologies include baseball
throwing injuries in adolescents, Larsen syndrome with
dislocations, congenital constriction band syndrome,
insulin-dependent diabetes mellitus, ulnar nerve tuber-
culoma, leprosy, and so on. The location of the neuropa-
thy is most commonly the cubital tunnel, but it may also
localize to the forearm, wrist, or hand. The cause of ulnar
nerve palsy in a series of children with cubitus varus
deformity was constriction by a fibrous band and kinking
in the proximal border of the flexor carpi ulnaris due to
ulnar nerve dislocation and compression resulting from
the forward movement of the medial head of the triceps
brachii muscle (123). Cubital tunnel syndrome may occur
in children and adolescents. Subjective complaints at
the time of presentation included ulnar nerve instability
at the elbow, pain at the elbow, and numbness and tin-
gling in the ring and small fingers. Physical examination
revealed a majority of extremities with a positive Tinel’s
sign and a positive elbow-flexion—-compression test in
approximately 50% of cases (124).

Radial Mononeuropathies in Children

Radial mononeuropathies are rare but do occur in chil-
dren. In one series, 50% of radial neuropathies, includ-
ing two in newborns with apparent prenatal onset,
were atraumatic, primarily related to compression in six
and entrapment in two. The other 50% were traumatic
mononeuropathies related to fractures or lacerations
(125). Electromyography documented the radial neurop-
athy to be localized to the proximal main radial nerve

trunk in 13%, distal main radial nerve trunk in 56%, and
posterior interosseous nerve in 31% of the children.

Peroneal Mononeuropathies in Children

The most common entrapment in the lower extremity is
peroneal mononeuropathy at the fibular head. Children
with peroneal mononeuropathy typically present with
unilateral foot drop. Both distal branches are involved
in the majority of cases; hence the level of the lesion is
most commonly the common peroneal nerve at or above
the fibular head, followed by the deep peroneal nerve
and superficial peroneal nerve (126). Common etiologies
include compression from a short leg cast, compression
from prolonged surgical positioning, and trauma (eg, dis-
tal femoral physeal fractures, proximal tibial fractures,
etc.). Contributing factors include hereditary neuropa-
thies (CMT or HNPP), and significant rapid weight loss
in an adolescent. Other etiologies may include compres-
sion from osteochondromas, neurofibromas, intraneural
ganglions, or arthrogenic cyst of the fibula, and stretch
during tibial limb lengthening.

Sciatic Mononeuropathies in Children

Sciatic mononeuropathies are uncommon in children.
Etiologies in one series included compression, stretch
injuries (eg, during closed reduction of a hip dislocation),
lymphoma, vasculitis associated with hypereosinophilia,
and penetrating trauma (127). The peroneal division is
more commonly affected than the tibial division in the
absence of penetrating trauma. The vascular supply to
the peroneal division may be more susceptible to compro-
mise from stretch or compression. Axonal sciatic lesions
are more common than demyelinating lesions.

Femoral Mononeuropathies in Children

Wang and colleagues (128) from China reported elec-
trodiagnostic findings in 22 pediatric patients with sus-
pected femoral nerve injury. The investigators obtained
normal values for pediatric femoral nerve motor and
sensory conduction in all age groups, including proxi-
mal and distal CMAP latencies, proximal CMAP ampli-
tude and duration, MCV, F-wave latency, and sensory
conduction velocity. They measured proximal CMAP in
all children in all age groups. The manifestation of fem-
oral nerve injury in the 22 patients was primarily a clear
decrease or absence of CMAP amplitude or a lengthened
latency. Electromyographs revealed that 104 muscle parts
were involved in the nerve function, in which 59 parts
were found to be abnormal (56.73%). The development of
the pediatric femoral nerve mainly began after the child
was 1 years old and continued to 14 years. The proximal
latency and CMAP amplitude of the pediatric femoral
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nerve have clinical value. Detection of the femoral nerve
is important in the diagnosis of lower limb monople-
gia, especially for acute flaccid paralysis associated with
nonpolio enterovirus infection.

Neuropathies With Limb Lengthening Procedures

Mononeuropathies in the setting of limb lengthening are
not uncommon but are frequently subclinical. Patients
undergoing tibial limb lengthening procedures are at risk
for peroneal neuropathies, in particular, and rarely tib-
ial mononeuropathies. Femoral lengthening can place a
patient at risk for neuropathies affecting the sciatic nerve
(particularly the peroneal division). Humeral lengthen-
ing can place upper extremity nerves at risk. Some have
monitored for subclinical neuropathy of the upper and
lower extremities using mixed nerve somatosensory
evoked potentials during pin placement and serially
during distraction (129,130).

NEUROMUSCULAR JUNCTION DISORDERS

Infantile Botulism

Infantile botulism primarily occurs in infants 2 to 6
months of age. Clinical findings include diffuse weak-
ness, hypotonia, weak cry, poor feeding, constipation,
and occasionally respiratory distress. The onset is fairly
rapid. Electrophysiologic studies may show a reduced
CMAP amplitude, preserved MCVs and snaps, and
abnormal repetitive nerve stimulation findings at high
rates of stimulation (see Figure 6.11). One study demon-
strated an incremental response to repetitive nerve stim-
ulation at rates of 20 to 50 Hz in 92% of infants with
infantile botulism (25). The mean increment was 73%
with a range of 23% to 313%. For lower frequency stim-
ulation (2-5 Hz), variable changes occurred, but the
majority of infants showed decremental responses. A
recent study demonstrated that the isolation of clostrid-
ium botulinum from stool obtained by enema effluent
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FIGURE 6.11

High frequency repetitive nerve stimulation in a 7-week-old infant with marked progressive weakness, respi-

ratory failure, and botulism. (A) Several days into the course, the repetitive stimulation study of the ulnar nerve at 50 Hz is
normal; however, the compound muscle action potential amplitude is severely reduced (1.63 mV). (B) Twelve days later, the
infant is slightly improved clinically. A repeat study of the ulnar nerve at 50 Hz is diagnostic of infantile botulism with a 33%
increment obtained between first and tenth stimuli. Clostridium botulinum was isolated from the stool.
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was actually more sensitive for the diagnosis of infant
botulism than EDSs (131).

EMG in infants with botulism demonstrates abnor-
mal spontaneous rest activity with fibrillation poten-
tials and positive sharp waves and short-duration
low-amplitude MUAPs (25).

Transient Neonatal Autoimmune Myasthenia Gravis

This disorder is caused by the passage of antibodies from
myasthenic mothers to their fetuses. Infants often pres-
ent with hypotonia and respiratory distress. The diagno-
sis may be made by repetitive nerve stimulation studies.
Given that normal infants exhibit less neuromuscular
reserve than older children or adults, repetitive stimula-
tion studies in this clinical setting utilize rates of 2 to 5
Hz almost exclusively. A decrement of greater than 8%
to 10% between the first and fifth CMAP at low rates of
stimulation is considered positive for myasthenia. The

combination of repetitive motor nerve stimulation and
edrophonium or neostigmine testing may improve the
accuracy of the diagnosis (132). If a decremental response
is obtained, the repetitive nerve stimulation may be
repeated at 30 to 120 seconds after administration of edro-
phonium utilizing a stimulation rate of 2 to 5 Hz. Near
complete repair of the decremental response may be evi-
dent in the myasthenic infant (see Figure 6.12). Serologic
antibody testing may be helpful if the mother has docu-
mented antibodies. Transient neonatal myasthenia gravis
is self-limited with a reported duration of 5 to 47 days
with a mean duration of 18 days (133).

Toxic Neuromuscular Junction Disorders

Medications can interfere with neuromuscular transmis-
sion by inhibiting the release of acetylcholine, impairing
the function of AChE, or binding directly to the acetyl-
choline receptor. Two drugs that may produce clinically
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FIGURE 6.12 Low-frequency repetitive nerve stimulation study of the ulnar nerve in a 2-week-old infant with respiratory
failure secondary to congenital myasthenia. (A) At baseline, a 68% decrement in amplitude and a 59% decrement in area is
present between first and fifth stimuli with a stimulation frequency of 2 Hz. (B) Twenty minutes after intravenous neostigmine
is given, the initial compound muscle action potential has improved from 2.32 to 2.64 mV and the decrement has improved
to 14%. The infant was treated with Mestinon and later extubated.
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significant weakness in normal children are magnesium
and organophosphates (134,135).

Congenital Myasthenic Syndromes

Numerous presynaptic and postsynaptic congenital myas-
thenic subtypes exist, which are described in Chapter 18.
These disorders often show decremental responses to high
rates of stimulation whether they are pre- or postsynaptic.
Typically, the decremental responses are greater at higher
rates of stimulation. Standard repetitive nerve stimulation
studies do not adequately distinguish presynaptic from
postsynaptic subtypes but they do help diagnostically (see
Figure 6.13). Based on clinical findings, repetitive nerve
stimulation studies, and/or stimulated single-fiber EMG,
a strong clinical suspicion of an NM]J disorder such as a
congenital myasthenic syndrome might warrant further
elucidation of the specific subtype of presynaptic or post-
synaptic abnormality with application of a motor point

biopsy. Ultrastructural evaluation of the NM]J with elec-
tron microscopy is usually performed on a biopsy of the
deltoid or biceps, including the muscle region containing
the NMJ (the “motor point”). For in vitro electrophysio-
logic and immunocytic chemical studies of the neuromus-
cular junction, a short muscle is usually removed from the
origin to insertion along with its motor branch and NM]J.
Muscles obtained have included the anconeus muscle near
the elbow, the external intercostal muscle, and the fifth or
sixth intercostal space near the anterior axillary line or
the peroneus tertius muscle in the lower extremity. Often,
patients undergo simultaneous biopsy of the deltoid (for
electron microscopy [EM]) and motor point biopsy of the
anconeus or intercostal muscle (for in vitro electrophysio-
logic studies). The in vitro electrophysiologic studies often
allow specific delineation of the congenital myasthenic
syndrome into one of the numerous unique subtypes. In
recent years, many of the subtypes have been mapped to
specific gene loci and increasingly molecular genetic stud-
ies are being used for diagnostic purposes.
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FIGURE 6.13 Low-frequency repetitive nerve stimulation study of the axillary nerve in a 12-year-old child with presynaptic
congenital myasthenia. The active electrode is placed over the deltoid with stimulation at Erb’s point using a block
stimulator. (A) A 50% amplitude decrement is obtained between the first and fifth stimuli with 3 Hz stimulation frequency.
(B) After a 30-second isometric contraction of the deltoid, the amplitude decrement has improved to 13%. The child was
later confirmed to have a presynaptic congenital myasthenia by motor point biopsy of the anconeus muscle.
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Myasthenia Gravis

Myasthenia gravis presents in adolescents more fre-
quently than younger children. Muscle weakness typi-
cally increases with exertion but improves with rest and
AChE medication. The disorder is an autoimmune eti-
ology due to circulating antibodies, which bind on the
postsynaptic membrane. While elevated acetylcholine
receptor antibody levels may be diagnostic, a significant
percentage of cases with autoimmune myasthenia gravis
may have nondetectable circulating antibodies. Electro-
physiologic studies demonstrate abnormal decremen-
tal responses at low rates of stimulation (2-3 Hz). The
limb is well immobilized. A supramaximal train of 3 to
5 stimuli is applied. Typically, patients exhibit a smooth,
reproducible decrement of the evoked synapse of greater
than 8% to 10%. The defect in NM]J transmission can be
enhanced by exercise, which results in postactivation
facilitation. Often, there is an increased decremental
response obtained 2 to 4 minutes after exercise with low
rates of stimulation (2-3 Hz). This is due to postactivation
exhaustion (24). Proximal muscles may show increased
sensitivity versus distal muscles. Children with ocular
myasthenia frequently exhibit normal responses with dis-
tal repetitive nerve stimulation studies and sensitivity of
the repetitive nerve stimulation study is enhanced by the
use of a more proximal shoulder girdle muscle (eg, axil-
lary or spinal accessory nerve) or by the study of the facial
nerve. Combining the diagnostic yield, patient comfort,
and technical ease, the choice of muscle for RNS should
be ulnar to the ADM followed by spinal accessory to the
trapezius for a patient with predominant limb weakness;
facial nerve to the nasalis and spinal accessory to the tra-
pezius in oculobulbar; and facial to the nasalis in ocular
myasthenia (136).

Lambert-Eaton Syndrome

This presynaptic NMJ disorder usually found in adults
with small cell carcinoma of the bronchus has been
described in children. Approximately 5% of all cases occur
in children. The amplitude of the single evoked CMAP
is low. With low rates of repetitive nerve stimulation, a
decremental response is often obtained. After exercise or
tetanic contractions, there is facilitation of the potentials
by as much as 100% to 200%.

MYOPATHIES

Polymyositis/Dermatomyositis

Polymyositis/dermatomyositis has been described
in children ranging in age from infancy to adulthood.
Children may result with progressive proximal muscle
weakness, dysphagia due to involvement of pharyngeal
musculature, dyspnea, and muscle tenderness. A classic

skin rash may or may not be present. Creatinine kinase
values are often markedly elevated. Classic EMG find-
ings include: (a) increased insertional activity with com-
plex repetitive discharges; (b) fibrillations and positive
sharp waves; and (c) low-amplitude, polyphasic, short-
duration MUAPs recruited rapidly in relation to the
strength of contraction.

Congenital Myopathies

Congenital myopathies are a heterogeneous group of
disorders usually presenting with infantile hypotonia,
normal cognitive status, and primary structural abnor-
malities of the muscle fibers, which are elucidated on
histologic and electron microscopic evaluations of mus-
cle biopsy specimens. Patients usually develop proximal
rather than distal muscle weakness, which is nonpro-
gressive and static. These myopathies are described in
Chapter 18. NCSs are generally normal; however, there
may be mild reductions in CMAP amplitudes. On needle
EMG, findings are either normal or there may be mild,
nonspecific changes, usually of a myopathic character
(small-amplitude, short-duration polyphasic MUAPs).
The only congenital myopathy consistently associated
with abnormal spontaneous rest activity is myotubu-
lar (centronuclear) myopathy. In this disorder, the EMG
reveals myopathic MUAPs with frequent complex repeti-
tive discharges and diffuse fibrillation potentials.

Dystrophic Myopathies

The dystrophic myopathies are extensively described in
Chapter 18. EMG is rarely used in present times for the
diagnostic evaluation of a suspected dystrophic myopa-
thy due to molecular genetic testing and the importance
of muscle biopsy in differentiating among Duchenne
muscular dystrophy, Becker muscular dystrophy, and
limb girdle muscular dystrophies. EMG in dystrophic
myopathies is characterized by low-amplitude, short-
duration polyphasic MUAPs (see Figure 6.14). Recruit-
ment is myopathic in nature with increased recruitment
or “early” recruitment demonstrated with slight effort.
The interference pattern is usually full. Complex repet-
itive discharges (see Figure 6.15) and abnormal sponta-
neous rest activity may be present, reflecting membrane
instability.

Metabolic Myopathies

Nonspecific myopathic EMG findings may be demon-
strated in metabolic myopathies. For example, absent
maltase deficiency shows increased insertional activity,
complex repetitive discharges, low-amplitude short-
duration MUAPs, profuse fibrillations, and positive sharp
waves. Carnitine deficiency, a disorder of lipid metabolism,
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FIGURE 6.14 Low-amplitude short-duration polyphasic motor unit action potential in a 14-year-old girl with limb-girdle

muscular dystrophy.

demonstrates increased recruitment for effort, decreased
amplitudes of MUAPs and occasional fibrillations. EMG
may be normal in many metabolic myopathies such as
carnitine palmitoyltransferase I (CPT I) deficiency.

Myotonic Disorders

Myotonic disorders such as myotonic muscular dystro-
phy and Schwartz—Jampel syndrome may show myotonic
discharges with either a positive sharp wave or fibrilla-
tion configuration, and a waxing and waning firing fre-
quency. The myotonic discharges are often described as
exhibiting the sound of a “dive bomber.” There may be
profuse fibrillations and positive sharp waves. MUAPs
are often low amplitude and short duration. There may
be more involvement of distal musculature than proximal

SPR RECORD

musculature in myotonic muscular dystrophy. Again,
with a known family history of myotonic muscular dys-
trophy, confirmation of the diagnosis in an individual
with classic clinical features can be expeditiously and
cost-effectively confirmed in the EMG laboratory. How-
ever, clinical trials frequently require molecular genetic
confirmation of myotonic muscular dystrophy (DM1
versus DM2 and other myotonic disorders), so EMG is
becoming less utilized diagnostically.

A recent study assessed the spectrum of disorders
associated with electrophysiologic myotonia in a pediat-
ric electromyography laboratory (137). Records of 2,234
patients observed in the Electromyography Laboratory
at Boston Children’s Hospital from 2000 to 2011 were
screened retrospectively for electrophysiologic diagno-
ses of myotonia and myopathy. Based on electromyog-
raphy, 11 patients manifested myotonic discharges alone,
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FIGURE 6.15 Complex repetitive discharges in a dystrophic myopathy.
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8 exhibited both myotonic discharges and myopathic
MUPs, and 54 demonstrated myopathic MUPs alone.
The final diagnoses of patients with myotonic discharges
alone included myotonia congenita, paramyotonia con-
genita, congenital myopathy, and Pompe disease (acid
maltase deficiency). The diagnoses of patients with both
myotonic discharges and myopathic MUPs included
congenital myopathy and non-Pompe glycogen storage
diseases. Myotonic discharges are rarely observed in a
pediatric electromyography laboratory, but constitute
useful findings when present. The presence or absence of
concurrent myopathic MUPs may help narrow the differ-
ential diagnosis further.

Linear Scleroderma

Muscle atrophy and asymmetric extremity growth are
common features of linear scleroderma (LS). Extracuta-
neous features are also common and primary neurologic
involvement, with sympathetic dysfunction, may have
a pathogenic role in subcutaneous and muscle atro-
phy. One recent study (138) investigated nerve conduc-
tion and muscle involvement by electromyography in
pediatric patients with LS. A retrospective review of LS
pediatric patients who had regular follow-up at a single
pediatric center was conducted from 1997 to 2013. Elec-
tromyograms (EMG) were performed with bilateral sym-
metric technique, using surface and needle electrodes,
comparing the affected side with the contralateral side.
Abnormal muscle activity was categorized as a myopa-
thic or neurogenic pattern. Nine LS subjects were selected
for EMG, two with Parry-Romberg/hemifacial atrophy
syndrome, seven with LS of an extremity, and two with
mixed forms (linear and morphea). Electromyogram anal-
ysis indicated that all but one had an asymmetric myo-
pathic pattern in muscles underlying the linear streaks.
Motor and sensory nerve conduction was also evaluated
in upper and lower limbs and one presented a neurogenic
pattern. Masticatory muscle testing showed a myopathic
pattern in the atrophic face of two cases with head and
face involvement. Thus, in this small series of LS patients,
the investigators found a surprising amount of muscle
dysfunction by EMG. The muscle involvement may be
possibly related to a secondary peripheral nerve involve-
ment due to LS inflammation and fibrosis. Further collab-
orative studies to confirm these findings are needed.

SOMATOSENSORY EVOKED POTENTIALS
GENERAL PRINCIPLES

The somatosensory evoked potential (SSEP) is the
sequence of voltage changes generated in the brain and
the pathway from a peripheral sensory nerve following a

transient electrical stimulus to the sensory cortex. Evidence
suggests that these signals are related to large afferent
fibers and the peripheral nerve, which ascend through
the dorsal column pathways of the spinal cord, proceed
to the thalamus, and arrive at the somatosensory cortex.
These are the same pathways that mediate light touch
two-point discrimination, proprioception, and vibration.
Sensitive amplification and averaging techniques enable
discrimination between the evoked response and other
larger and more random physiologic potentials with
which the signal is mixed. As a general rule, SSEP studies
may be considered whenever the disease process in ques-
tion can involve the somatosensory system. SSEPs reflect
neurophysiologic activity in the posterior column, medial
lemniscus pathways. SSEPs do not reflect activity in the
anterolateral column of the spinal cord. Thus, SSEPs cor-
relate better with clinical examinations of proprioception
and vibration rather than pain or temperature sensation.

Individual components of the SSEP waveform are
identified by their latency (ie, the time at which they
occur following a peripheral stimulus), their polarity, the
position at which they are observed to be maximal, and
to a lesser extent by the amplitude and shape of the wave-
form. Individual components are referred to by a letter
and number. The letter (N for negative or P for positive)
refers to the polarity of the wave and the number either to
the latency in milliseconds of the signal from the time of
the stimulus (eg, N20) or alternatively, especially appro-
priate in pediatric SSEPs, the order in which the compo-
nent was observed (eg, N1, P2). Examples of median and
tibial SSEPs are shown in Figures 6.16A and 6.17A.

With mixed nerve stimulation, recording electrodes
are placed over the peripheral nerve more proximally, tho-
racolumbar or cervical spine, linked mastoids, and scalp.
For upper extremity stimulation, the likely generator
source for the cervical spine response is the incoming root,
as well as postsynaptic excitatory potentials generated at
the dorsal root entry zone (139). For the lower extrem-
ity, the lumbar spine responses are similarly a reflection
of the root or cauda equina activity and the postsynaptic
activity of the cord. The linked mastoid response is gen-
erated at the brainstem level. The difference in the latency
of scalp N1 and the cervical spine response with median
nerve stimulation gives a central conduction time. Simi-
larly, the difference in latency between scalp P1 for pos-
terior tibial nerve stimulation and the spinal potential
generated over T12 or L1 gives a central conduction time.

Filter settings vary from a low-frequency filter of 3
to 30 Hz to a high-frequency filter of 1.5 to 3 KHz. The
peripheral nerve is typically stimulated with a rate of 3.1
Hz. Our lab utilizes a stimulation intensity of 1.5 times
the motor threshold for mixed nerve stimulation and 2.5
times the sensory threshold for dermatomal stimulation.
Electrodes are positioned according to a modified inter-
national 10 to 20 electrode system.

SEP latencies decrease with age until well into child-
hood (139-142). The maturation with the growth of SSEPs
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is mainly associated with cell-growth processes such as
myelination and with cell differentiation and synaptic
development. CV along the central pathways progres-
sively increases until 3 to 8 years of age, remains constant
between 10 and 49 years of age, and slows thereafter. The
N1 scalp latency of the median SSEP decreases until 2
to 3 years of age (owing to peripheral myelination) and
then increases with body growth until adulthood. The
cervical spine latency is relatively stable during the first
2 years (due to concomitant peripheral myelination and
body growth), and then increases with age from 2 to 3
years until adulthood. The median SSEP central inter-
peak latency between cervical spine latency and scalp N1,
which reflects central conduction time, decreases from a
mean of 11.6 msec at 4 to 8 months of age to a mean of 7
msec at 6 to 8 years of age, and remains constant between
6.9 and 7.0 msec until adulthood (143,144).

Among infants less than 4 months of age, sleep can
affect the cortical components and is best performed on
the awake infant. With children greater than 4 months of
age, sleep or sedation usually has little effect on the SEP
waveform when performing mixed nerve stimulation.
Indeed, the author has had no difficulty obtaining median
nerve scalp responses in the pediatric ICU in comatose

(A

na4d

children with head trauma, or those heavily sedated. Der-
matomal SSEPs, on the other hand, are state-dependent
responses impacted by both sleep and sedation.

CLINICAL APPLICATIONS OF SSEPs IN CHILDREN

Brain Injury in SSEPs

Abnormalities of median SSEPs can be predictive of poor
prognosis in the situation of brain injury due to head
trauma or hypoxia. A loss of bilateral SSEP scalp wave-
forms, as shown in Figure 6.16B, portends a poor prog-
nosis in comatose children (145-149). Asymmetric scalp
responses in a comatose child may be associated with the
development of motor abnormalities such as hemipare-
sis because of the proximity of the sensory cortex to the
motor cortex (see Figure 6.17B). A recent study compared
the predictive powers of clinical examination (pupillary
responses, motor responses, and Glasgow Coma Scale
[GCSD), EEG, and computed tomography (CT) to that of
somatosensory evoked potentials (SEPs) in a systematic
review. SEPs appear to be the best single overall predictor
of outcome (116). Posterior tibial nerve SSEPs performed
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FIGURE 6.16 Median nerve somatosensory-evoked potentials (SSEPs) obtained in the pediatric intensive care unit. Channels
1-4 are responses with left median nerve stimulation, and channels 5-8 are responses with right median stimulation. Chan-
nels 1 and 5 are scalp responses (C4” and C3" referenced to Fz); channels 2 and 6 are brain (C4” and C3’ referenced to linked
mastoids); channels 3 and 7 are lower cervical spine responses (C7 spine referenced to Fz); channels 4 and 8 are peripheral
responses obtained at the axillae. (A) Normal median SSEP responses obtained from a child with an epidural hematoma who
was paralyzed with vecuronium for intracranial pressure control. There is no evidence of myelopathy. The child later recov-
ered with minimal sequelae. (B) Abnormal median SSEP responses in a comatose child with severe brain injury and C1-C2
vertebral injuries. Note the bilaterally abnormal scalp reponses. Brainstem, C7 spine, and peripheral responses show no
evidence of a spinal cord injury affecting posterior column pathways.
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on neonates at high risk of future neurodevelopmental
impairment have demonstrated a highly significant rela-
tionship between bilaterally abnormal posterior tibial
nerve SSEPs and the presence of cerebral palsy at 3 years
of age (150). Normal posterior tibial nerve SSEPs were
associated with a normal outcome in 24 of 25 infants.
In this study, posterior tibial nerve SSEPs were more
predictive than cranial ultrasound. Another study of 43
children with hemiplegic cerebral palsy found a positive
correlation between median nerve SSEPs and the affected
side using the amplitude of the responses rather than the
latency (151). Other studies have confirmed the prognos-
tic value of SSEPs in infants at risk for neurodevelopmen-
tal impairment (152-156).

Traumatic Spinal Cord Injury

SSEP results combined with early American Spinal Injury
Association (ASIA) motor scores have been shown to
predict ultimate ambulatory capacity in patients with
acute SCI (157,158). Other authors have shown that SSEP
improvement over a 1-week interval during the first 3
weeks after SCI was associated with motor index score
improvement over a 6-month period (159). Both ASIA
scores and MEP recordings are similarly related to the
outcome of ambulatory capacity and hand function in
patients with SCI. Dermatomal somatosensory evoked
potentials have also been shown to be more sensitive for
the detection of sacral sparing and of more prognostic
value than mixed nerve somatosensory evoked poten-
tials (160). However, somatosensory evoked potentials
and dermatomal SSEPs have been shown to add little or
no useful prognostic information to the initial physical
examination in either complete or incomplete SCI patient
groups (161).

The author has a great deal of experience utilizing
somatosensory evoked potentials in the pediatric ICU to
evaluate for SCIWORA (162) in the situation where chil-
dren are comatose, or too obtunded to cooperate with the
examination, or the child’s age precludes a detailed sen-
sory examination. Figure 6.17A shows an example of a
normal tibial SSEP, whereas Figure 6.17C demonstrates
the impaired posterior column conduction between the
lower cervical spinal cord and brainstem with a SCI-
WORA injury sustained by a 4-year-old child.

Tethered Cord Syndrome

Posterior tibial SSEPs have been shown in some studies to
be a sensitive indicator of declining neurophysiologic sta-
tus and a more sensitive diagnostic tool than the clinical
testing of sensation in patients with tethered spinal cord
post myelomeningocele repair (163-166). In addition,
improvement of the evoked potentials after untethering
has been documented (163,164,166). In the author’s expe-
rience, the spine response is often caudally displaced in

myelomeningocele. Absent or reduced amplitude lumbar
spine potentials or prolonged lumbar spine or scalp laten-
cies with tibial nerve stimulation in the setting of normal
median somatosensory evoked potentials (normal spine
latencies and amplitudes with median nerve stimulation,
normal cervical to brain central conduction time, and nor-
mal median scalp latencies) have been suggested to be
indicators of electrophysiologic impairment due to teth-
ered cord syndrome.

In the most comprehensive study to date, 90 children
were followed with serial peroneal SSEPs after a repair of
their spinal dysraphic lesions with the objective of eval-
uating whether SSEPs were a useful way of monitoring
these children to facilitate early detection of clinically sig-
nificant retethering. Three hundred and nine studies were
performed on these children yielding a mean of 3.4 studies
per patient. The median time between SSEP studies was
13 months. A clinical examination was performed at the
time each SSEP was done. There was a false-positive rate
of 71% and a false-negative rate of 43%. It was concluded
that serial SSEPs do not correlate well with clinical sta-
tus and are not a useful modality for monitoring patients
at risk for retethering (167). The author has followed a
large population of children with myelomeningocele for
decades and similarly has not found mixed nerve SSEPs
to be useful in the evaluation of secondary tethered spinal
cord after myelomeningocele repair.

Intraoperative Spinal Monitoring

There are many reports detailing the usefulness of intra-
operative SSEP monitoring during scoliosis surgery
(168-172), as well as during other surgical procedures
of the spine. The limitation of SSEPs is the fact that they
only monitor afferent pathways in the dorsal columns.
Over the past decade, intraoperative spinal monitoring
has evolved to include monitoring of the motor path-
ways. The corticospinal tracts are now being routinely
monitored intraoperatively using transcranial electrical
stimulation of the motor cortex (172), with motor evoked
potentials recorded from either peripheral motor axons or
as a CMAP from innervated muscles. Transcranial elec-
trical MEPs to monitor the corticospinal motor tracts are
now used routinely in addition to SSEPs for the detection
of emerging SCI during surgery to correct spine defor-
mity or resect intramedullary tumors (63-65).

Brachial Plexus Injury

The dermatomal SSEP can be a useful supplement to
the assessment of the child with a brachial plexus injury
(173). The child needs to be awake during the study. The
C5 and C6 dermatomal SSEPs are generally most useful
in the author’'s experience. The C5 dermatome is stimu-
lated over the lateral proximal shoulder using a proxi-
mal disk as the cathode and a distal disk as the anode.
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FIGURE 6.17 Tibial somatosensory-evoked potentials (SSEPs) obtained in the pediatric intensive care unit. Channels 1-4 are
responses with left tibial stimulation, and channels 5-8 are responses with right tibial stimulation. Channels 1 and 5 are scalp

responses (C2' to Fz); channels 2-7 are spine responses (L2 spine referenced to flank); and channels 4 and 8 are peripheral

responses obtained at the popliteal fossa. (A) Normal tibial SSEP study. (B) Abnormal tibial SSEPs in a child with left
hemispheric brain injury. Peripheral and lumbar spine (L2 and T12 level) responses are normal bilaterally. The scalp response

is normal with left tibial nerve stimulation (channel 1), but absent with right tibial nerve stimulation (Channel 5). (C) Abnormal
tibial SSEPs bilaterally in an awake 4-year-old with low cervical spinal cord injury without radiographic abnormality. Peripheral
(channels 4 and 8) and L2 spine (channels 2 and 7) responses are normal. Scalp responses (channel 2 and 5) are absent as a
result of the low cervical spinal cord injury.
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Intraoperative SSEPs with direct stimulation of exposed
nerves may demonstrate incomplete injuries of upper
cervical roots, a proximal stump of the ruptured C5 root
with functional central continuity (thus, potentially suit-
able for grafting), or complete root avulsion. Preoperative
diagnostic SSEPs, while a useful adjunct to conventional
electrodiagnosis, do not enable one to discriminate
incomplete cervical root avulsion from intact roots (174).

Demyelinating Diseases

Both SSEPs and brainstem auditory evoked potentials
have been reported to be abnormal in children with, or
carriers of, leukodystrophy (175,176). Peripheral and/
or central abnormalities have been documented in meta-
chromatic leukodystrophy Pelizaeus—Merzbacher dis-
ease, Krabbe disease, adrenoleulodystrophy, Canavan
disease, Alexander disease, and multiple sulfatase defi-
ciency (177).

Pediatric multiple sclerosis (MS), while relatively
rare, does occur in preadolescents and adolescents (178).
MRI has been shown to be slightly more sensitive than
multimodal evoked potentials in confirming the clinical
diagnosis of childhood MS (179). However, in suspected
or probable MS, both SSEPs and visual evoked potentials
may contribute to the determination of clinical diagnosis
because of their capacity to demonstrate asymptomatic
involvement in central somatosensory and central optic
nerve pathways (180).

Acute transverse myelitis often results in severe
myelopathy due to inflammation and demyelination.
SSEPs have been shown to be abnormal in this condition
and may provide prognostic information regarding the
ultimate outcome (181).

The extent and location of nerve involvement in
demyelinating peripheral neuropathies have been evalu-
ated with SSEPs; however, SSEPs do not usually provide
necessary additional information to standard nerve con-
ductions. Hereditary motor-sensory neuropathy type I
shows impaired peripheral conduction in both proximal
and distal nerve segments with normal central conduc-
tion (182). AIDP patients have been shown to exhibit
prolonged posterior tibial peripheral SSEP latencies in
addition to prolonged or absent median F-waves. How-
ever, posterior tibial F-wave latencies and median nerve
SSEPs were less sensitive studies for the detection of
demyelination in AIDP (183). SEP can detect an abnor-
mality and thus support the clinical diagnosis of GBS in
the acute stage when the results of more conventional
tests are inconclusive (184).

CONCLUSION

Pediatric EDSs are a useful diagnostic tool that aids in
the localization of abnormalities within the lower motor

neuron and often provide helpful prognostic informa-
tion. EDSs have been less and less utilized in the diag-
nosis of many myopathic disorders and anterior horn
cell diseases due to the importance of molecular genetic
studies and/or muscle biopsy for the determination of
disease subtypes. However, there remains a use for EMG
and NCSs in many focal and generalized lower motor
neuron conditions. For children suspected of having
hereditary neuropathies, with no family member pos-
sessing genetic confirmation, a directed NCS may guide
the acquisition of more specific and less costly molecu-
lar genetic studies. In other conditions such as GBS and
focal neuropathic conditions, EDSs remain critical for
diagnostic confirmation.

Practical suggestions relating to the pediatric elec-
trodiagnostic evaluation have been provided. Study
results must be interpreted in light of developmental and
maturational issues affecting both clinical findings and
electrophysiologic processes. A skilled electrodiagnostic
evaluation utilizes careful strategic planning to provide
the most important diagnostic information needed in an
expeditious manner, with the least distress possible to
the child and parent. Ongoing electrodiagnostic experi-
ence with the pediatric population provides increasing
diagnostic acumen regarding pediatric lower motor neu-
ron disease processes and sufficient technical skills to
provide the referring physician with accurate diagnostic
information.
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GUIDANCE TECHNIQUES FOR
BOTULINUM TOXINS AND

OTHER INJECTIONS

Katharine E. Alter and Kevin P. Murphy

Botulinum toxins (BoNTs) are an effective therapy for
a wide variety of medical problems including muscle
overactivity, pain, neurosecretory, urological, and ophthal-
mic disorders for patients of all ages. In pediatric patients,
the most common clinical problems for which BoNTs are
prescribed are muscle overactivity and sialorrhea asso-
ciated with upper motor neuron syndromes (UMNSs)
including cerebral palsy (CP) and acquired brain injury.
BoNTs may also be recommended in children for condi-
tions unresponsive to traditional treatments including
muscle imbalance in congenital torticollis or obstetrical
brachial plexus palsy, detrusor overactivity or dyssyner-
gia, and migraine headaches.

To accurately select and target skeletal muscles,
salivary glands, or other structures for injection with
BoNT requires a fundamental knowledge of anatomy. To
improve their accuracy in targeting when performing che-
modenervation procedures, most physicians utilize one or
more supplementary localization techniques in addition
to relying on knowledge of surface anatomy, palpation
and/or range of motion (ROM) (1). The goals of precisely
targeting a structure for injection include optimizing the
outcomes of the procedure, reducing BoNT dose required
for treatment efficacy, and minimizing potential risks
and/or adverse events associated with these procedures.
Commonly used guidance methods include palpation,
surface anatomy/reference guides, motor point/endplate
targeting, electromyography (EMG), electrical stimulation
(E-Stim) and image localization techniques (brightness
mode [B-mode] ultrasound [US], fluoroscopy, computed
tomography [CT]), and/or combinations of these tech-
niques (2-5). To select the most appropriate guidance tech-
nique for a given patient and injection target, physicians
must be familiar with the advantages and limitations of
each of these targeting methods. What follows is a review
of the advantages and limitations of the guidance tech-
niques commonly used when performing BoNT injections.

PATIENT EVALUATION

When a patient arrives for a scheduled BoNT procedure,
it is mandatory to take an interval history and examine
the patient, even for a patient well known to the exam-
iner. This is to rule out acute illness, infection, or other
medical problems, which would necessitate rescheduling
the procedure. Patients should also be questioned about
their current medications (medications with anticholiner-
gic effects may potentiate BoNT effects), anticoagulation
levels, and whether they have received BoNT injections
from another provider within the past 3 months. This last
question has become of increased importance as multiple
specialists who prescribe BONT may be treating the same
patient. When patients receive BoNT from more than
one specialist, these procedures should be coordinated to
avoid the use of an excessive number of units and/or to
prevent “booster dosing.”

TREATMENT PLANNING

Treatment planning prior to performing BoNT injec-
tions includes a thorough history and examination of
the patient, functional assessment, and a review of the
relevant anatomy. This evaluation is critical prior to per-
forming any procedure as it will guide selection of the
muscle or muscle groups or other targets. This assess-
ment requires that a physician has an extensive knowl-
edge of surface/cross-sectional anatomy of the region
of interest including relevant muscles, salivary glands,
vessels, nerves, bones, and nearby organs. In addition to
structural anatomy, physicians must also be familiar with
functional anatomy, kinesiology, and the biomechanics
of movement. This knowledge is required for evaluation
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of a patient’s functional limitations and muscle selection.
When performing BoNT injections, this knowledge of
anatomy is the foundation upon which all other guid-
ance techniques are based. Teaching tools that are avail-
able to clinicians to improve their knowledge of anatomy
include various anatomy or biomechanics texts, print
and/or electronic reference guides, anatomic simulators,
and/or return to the gross anatomy lab (6-10).

ANATOMIC GUIDANCE METHODS

Anatomic guidance techniques rely on surface anatomy,
knowledge of cross-sectional anatomy, palpation, and
passive or active range of motion (PROM, AROM). The
majority of anatomic reference guides used by physicians
when performing BoNT injections were not developed
for this purpose. These atlases were written to guide nee-
dle placement for diagnostic EMG procedures (11-13).
While these texts may be useful for BoNT injections, they
have limitations both for their original purpose and when
used to guide BoNT injections. More recently, two ana-
tomic atlases were published specifically for BONT and/
or other chemodenervation procedures (14-16).

TECHNIQUE

Once a muscle or muscles have been localized using a
combination of surface anatomy, palpation, and PROM or
AROM, the skin is disinfected and cleansed as per the phy-
sician or institution’s protocol. Standard single-use hypo-
dermic needles are used for the injection. Needle size and
length are determined by the estimated depth of the muscle.
For superficial muscles, a 30 g, 1-inch needle may be suffi-
cient, for deeper muscles 26 to 27 g, 1- to 1.5-inch needles
or even a 25 g, 2.5- to 5-inch spinal needle may be required.

EQUIPMENT

Surface anatomy and/or cross-sectional reference guides,
hypodermic needles of various lengths, and other injection
supplies (gloves, skin cleansers, gauze, band aids/ plasters).

ADVANTAGES AND LIMITATIONS OF ANATOMIC
GUIDANCE FOR BoNT THERAPY

Advantages

o All physicians receive training in anatomy in medical
school.

e Most physicians have access to a variety of anatomic
reference guides and are familiar with their use, and the
guides are relatively inexpensive.

e Anatomic simulators can provide physicians with
detailed information about orientation and function of
muscles.

Limitations

¢ A physician’s training in the anatomy lab and therefore
his or her last review of gross anatomy may have been
many years ago.

e Positioning: When treating patients with spasticity,
positioning the patient as described in reference guides
may be challenging, at best or may be unfeasible. When
the patient is not positioned as described in the refer-
ence guide, the recommended site for needle insertion
into the target may be incorrect. This limits the use of
reference guides when performing BoNT injections in
many patients.

¢ Even when used to guide diagnostic EMG, as they were
designed to do, studies of the accuracy of surface anat-
omy and/or reference guides has been called into ques-
tion, see Evidence discussion.

e Palpation and surface anatomy: While a few muscles
may be easily identified by their surface anatomy and/
or by using palpation, it may be difficult or impossible
to correctly identify many muscles including:

B Muscles of the neck or forearm where complex over-
lapping may make it difficult to correctly identify a
target muscle

B Deeply situated muscles in the limb or neck; where it
may be impossible to palpate the target muscle and/
or estimate muscle depth

® Obesity obscures surface landmarks or palpation of the
target muscle and limiting depth/location estimation

B Disuse atrophy or atrophy caused by repeated BONT
injections may limit estimation of muscle depth

W Patients in whom spasticity has caused anatomic
rearrangements or deformities

B Postoperative muscle changes following lengthening
or transfers

B Patient cooperation

Evidence supporting or refuting the use of ana-
tomic guidance for BoNT injections: There is an increas-
ing body of evidence that calls into question the practice
of relying solely on anatomic guidance when performing
BoNT injections.

CADAVER STUDIES

o A 2012 study evaluated the accuracy of injections into
the gastrocnemius muscles of 30 cadavers using palpa-
tion and surface landmarks. 121 physicians injected ink
into the gastrocnemius muscle followed by dissection
to evaluate the accuracy of ink injections (17). Only
43% of the injections were successful with 57% of the
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injections placed outside of the gastrocnemius muscle,
either in the soft tissue (19.8%) or deep to the gastrocne-
mius, in the adjacent soleus muscle (37.2%).

A 2011 blinded study compared “blind” (e.g., manual)
versus US placement of a wire into 14 lower limb mus-
cles in fresh cadavers. Two clinicians (a resident with 6
months” EMG experience and an attending = 10 years’
experience) performed the needle insertions and the
accuracy was then verified by CT, and assessed by a
third clinician (18). The overall accuracy in the 14 tested
muscles with blind wire placement using anatomic
guidance was 39% (range 0%-100%) whereas the accu-
racy for US-guided wire placement was 96% (range
50-100%). The only muscles in which blind placement
was 100% accurate were the tibialis anterior and short
head of the biceps femoris, whereas with US guidance
the only muscle with less than 100% accuracy was the
semitendinosus muscle. Unexpectedly, the accuracy
of anatomic guidance/blind placement was 0% for
needle insertions into semitendinosus, rectus femoris,
and extensor hallucis longus. When comparing the less
and more experienced clinicians, there was no signifi-
cant difference in accuracy of needle placement in the
target muscle. The experienced clinician was only more
accurate in the trajectory of needle insertion toward the
target muscle.

A 2003 study evaluated the accuracy of fine-wire
insertions by three physicians (with varying degrees
of EMG experience) into 36 lower limb muscles in
10 cadavers (263 muscles) using standard EMG ana-
tomical reference guides (11,19). The accuracy of wire
placement was checked by anatomical dissection by
an anatomist. In this study, 57% of wire insertions
penetrated the target muscle; however, the wire tip
was only in the target muscle 45% of the time. As with
the previously mentioned 2011 study, there was sig-
nificant variability in the accuracy of targeting differ-
ent muscles from 100% for vastus medialis to 0% for
12 attempts in the hip flexors. The proximity of the
wire to other structures was also reported with 17%
of insertions either penetrating or passing within 5
mm of an important structure. The authors concluded
that the accuracy of blind wire placement using EMG
reference guides was quite variable and the develop-
ment of safer strategies was recommended.

CLINICAL STUDIES

e Manual placement versus EMG: A 2013 prospective

study describes the development of a structured pro-
tocol using surface anatomy and PROM to localize
lower limb muscle injection sites for BoONT injections.
The described manual localization protocol details the
origin, insertion, innervation, and function of the mus-
cles; how to position the patient, localize the muscle
belly, and support the limb, the site, and direction for
needle insertions; and the PROM procedure to verify
needle location. The authors report that the accuracy
of needle insertion using this protocol will be verified
using E-Stim. All patients were sedated for the BoNT
procedure. While this study provides a description of
the protocol, it provides no results from data collection.
Therefore the accuracy of this manual/PROM localiza-
tion protocol is unknown (20).

Manual placement versus EMG: A randomized con-
trolled trial (RCT) in 27 adult patients with spasticity
from UMNS (brain injury, spinal cord injury) com-
pared the effectiveness of BoNT injections in upper and
lower limb muscles guided by EMG versus injections
guided by landmark-based systems. Outcome mea-
sures included evaluation of the reduction of spastic-
ity using the Modified Ashworth Scale (MAS) and the
functional outcome using the Modified Barthel Index.
While a reduction in MAS score and improved Bar-
thel Index score was noted in all subjects, the degree of
improvement in spasticity and function was greater in
patients where BoNT injections were guided by EMG.
The authors concluded that when performing BoNT
injections for the treatment of spasticity, the use of EMG
to guide injections was superior to injections guided by
anatomic/landmark-based reference guides (21).
Manual versus EMG: A 2003 study of the efficacy of
BoNT injections in adult patients with focal hand dys-
tonia reported superiority of EMG compared to ana-
tomic guidance (22).

Manual placement versus E-Stim: A 2009 study in chil-
dren with CP (hemiplegia or diplegia) compared the
efficacy of BoNT injections guided either by palpation
or E-Stim. At 3 months, patients who had injections
guided by E-Stim had a statistically greater reduction in
MAS scores, PROM, Composite Spasticity Scale scores,
and Gross Motor Function Measure scores than those
patients injected using manual guidance alone (23).
Manual placement checked by E-Stim: A 2005 study in
226 children with CP investigated the accuracy of man-
ual needle for BoNT injections checked with E-Stim to
confirm needle position in upper and lower limb mus-
cles (1,376 needle insertions) (24). The needle inser-

Comparison of Anatomic Localization With Other
Localization Techniques for BoNT in
Limb Muscles

tion site was determined by surface anatomy/manual
placement and depth estimated by limb size and using
PROM. Once the clinician was satisfied with the posi-
tion of the needle, the accuracy was checked by using
E-Stim. During stimulation, the clinician observed
the pattern of muscle twitch and whether the twitch
response was in the target muscle, or other muscles.

The results from anatomic/cadaver studies are supported
by clinical studies evaluating the accuracy of needle
placement using anatomic techniques in upper and lower
limb muscles.
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The reported accuracy of manual placement was as
follows: gastrocsoleus 78%, hip adductors 67%, medial
hamstrings 46%, tibialis posterior 11%, biceps brachii
62%, pronator teres 22%, flexor carpi radialis (FCR)
13%, flexor carpi ulnaris (FCU) 16%, and adductor pol-
licis 35%. The authors concluded for the muscles tested
that manual placement was adequate only in the gas-
trocnemius. They also postulated that inaccurate mus-
cle targeting could be responsible, at least in part, for a
lack of response or insufficient clinical response follow-
ing BoNT injections in children with CP.

e Manual placement, E-Stim and US: A 2012 RCT of 49
adult patients evaluated the efficacy of BoNT injections
in the gastrocnemius muscle of 49 adult patients with
poststroke spasticity (PSS) (25). The study compared
the efficacy of three localization techniques (manual,
E-Stim, US) using a fixed dose and dilution protocol
(onabotulinumtoxinA 100 units medial head, 100 units
lateral, dilution 100 units reconstituted with 2 mL pre-
servative free normal saline). At 4 weeks, the patients
injected with US guidance had a greater reduction in
MAS score than in patients injected with manual needle
placement. The US injection group also had a greater
increase in PROM compared with the E-Stim and man-
ual injection groups. There was no difference in the
Tardieu Scale score between the 3 groups. The authors
concluded that when performing BoNT in the gastroc-
nemius muscle of adult patients with PSS, US guidance
provided a greater reduction in MAS and clinical ben-
efit than injections guided with manual needle place-
ment or E-Stim.

e Manual placement checked by US: In a 2009 study of
39 children with CP, the accuracy of blind needle place-
ment in the gastrocnemius muscles was checked using
US by a blinded clinician (26). The authors reported an
overall accuracy of blind placement in the gastrocne-
mius of 78.7%. The accuracy of needle placement in the
thinner lateral gastrocnemius was 64% overall (46% in
younger patients), whereas accuracy of needle place-
ment in the medial gastrocnemius was 93% overall
(87% in younger patients). The authors concluded that
supplementary localization should be considered for
the medial gastrocnemius muscle in younger patients
and for the lateral gastrocnemius for all patients.

e Manual placement checked by US: In a second 2009
study of 54 children with CP, the authors evaluated
the effect of a number of variables on the effectiveness
of lower limb BoNT injections (27). Variables included
patient age, BoNT dose, BoNT dilution, muscles
injected, and guidance method for injections. BoNT
injections were guided by manual needle placement
in 44% of patients and by US in 56% of patients. The
authors reported a greater efficacy of injections guided
by US, in patients less than 6 or greater than 12 years
of age, when the muscles injected were hamstrings or
gastrocnemii and when the dose/muscle was greater
than 0.8 units/kg of onabotulinumtoxinA. Dilution
had no effect on efficacy. The authors concluded that

this study confirmed the usefulness of US guidance for
BoNT injections in lower limb muscles.

o Location of muscle/muscle fascicles using recommen-
dations from reference guides checked by US: In a
2010 study of forearm flexor muscles in patients with
spasticity, the location of the muscle or muscle fascicles
using anatomic reference guides was compared to the
position of the muscle/muscle fascicle using US. There
were significant differences between the estimated
position of the muscle or muscle fascicles compared to
US for the FCR, flexor policis longus (FPL), and for the
fascicles of the flexor digitorum superficialis (FDS) (28).

CONCLUSIONS

Although a thorough knowledge of surface and func-
tional anatomy is a requirement when performing BoNT
injections and critical for muscle selection, the use of this
knowledge alone may not be the optimal method to guide
BoNT injections. While many clinicians report a good
effect with BoONT using blind needle placement, no study
to date has shown this technique to be superior to using
a supplemental guidance method. Due to the limitations
of anatomic guidance techniques, many if not most clini-
cians choose to use one or more supplementary localiza-
tion techniques when performing BoNT injections.

MOTOR ENDPLATE TARGETING OR
LOCALIZATION TECHNIQUE

It is well established that to exert its action BoNT avidly
binds to and is internalized at cholinergic nerve termi-
nals including at the neuromuscular junction. Know-
ing this, clinicians and researchers have suggested (or
investigated) that targeting the endplate zones or motor
points may enhance the uptake of the toxin (29-32). The
technique of motor point or endplate targeting requires
knowledge of the location and distribution of motor end-
plates (MoEPs) in human skeletal muscle.

The location of motor points or endplate zones in
mammalian muscles has been studied in animal models
and in humans using histochemical staining and electro-
physiologic methods (32-35).

STUDIES ON THE LOCATION OF MOTOR ENDPLATE
LOCATION AND DISTRIBUTION

In the 1950s, two researchers published data on the loca-
tion and distribution of MoEP in human skeletal muscles.
Coers described three types or arrangements of MoEP in
human muscle: (a) muscles having a single innervation
band, (b) muscles with multiple innervation bands, and
(c) muscles where the innervation bands were scattered
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throughout (35). Christensson published data on the dis-
tribution and pattern of MoEP in stillborn infants. She
reported that MoEPs were distributed in a single trans-
verse band at the midpoint of unipennate muscles and in a
concave band in bipennate muscles (gastrocnemius) (34).

In the last decade, additional anatomical stud-
ies detailing the location of MoEP have been published
(29,36,37). Kim et al. reported that the MoEPs in gastroc-
nemius and soleus muscles were distributed along the
length of the muscle. They reported the location of the
most proximal of MoEPs in the medial gastrocnemius,
lateral gastrocnemius, and soleus at 9.6% (+/- 3.5%),
12.0% (+/- 3.4%), and 20.5% (+/- 3.9%, of the lower leg
length. The most distal MoEPs were reportedly located at
37.5% (+/-5.5%),37.9% (+/-2.3%), and 46.7% (+/- 3.6%)
of lower limb length, respectively (36).

In the biceps brachii muscle, an inverted V arrange-
ment of MoEP has been reported (37). The authors
reported the MoEP zone to be 1 cm in width, laterally
located 7 cm superior to the olecranon, in the midline
located 11 cm superior to the olecranon, and medially 8
c¢m proximal to the olecranon. The authors also reported
the ratio of MoEP location to total olecranon-acromion
length: 0.25 at the lateral edge, 0.39 at midline, and 0.28
medially.

The location and distribution of MoEP in the psoas
muscle of adult cadavers were reported in a 2010 study.
The authors reported an average of 3.7 (range 2-7) nerve
branches from the lumbar plexus innervating the long
pennate psoas muscle, which was made up of converging
fibers of variable length. The area of the MoEP zone was
reported to correlate with a zone between 30.83% and
70.25% of the distance from T12 to the inguinal ligament.
Therefore the majority of the MoEPs were proximal to the
sacral promontory (29).

MoEP TARGETING FOR BoNT INJECTIONS

Clinicians have suggested or recommended targeting
MOoEP for BoNT injections, for decades (30,31,38). There
is limited data from trials comparing MoEP targeting to
other techniques.

LOWER LIMB

In a 2014 double-blind randomized controlled trial
(DB-RCT), Im et al. compared the efficacy of a fixed dose
of BoNT with injections placed within the MoEP zone sug-
gested by anatomical studies (2/10 and 3/10 of calf length)
to injections below the mid-belly of the muscle. Both groups
improved and there were no statistical differences between
the two groups in either clinical or electrophysiologic
measures (39). In a 2011 review, Van Campenhout et al.
published the location of MoEPs in lower limb muscles
and anatomical guidelines for the use of MoEP targeting

for BoNT injections. Based on the location of MoEP, the
authors recommended an optimal injection zone for the
gastrocnemius, soleus, tibialis posterior, semitendinosus,
semimembranosus, biceps femoris, gracilis, rectus femoris,
adductors longus, brevis, magus, and psoas muscles.

UPPER LIMB

In a 2009 DB-RCT, Gracies et al. used published informa-
tion on the location of the MoEP in the biceps brachii to
compare the effectiveness of a fixed dose of onabotuli-
numtoxinA using MoEP targeting, standard dilution (100
units in 1 ml), and high volume dilution (100 units in 5
ml). The authors reported a greater benefit with injections
using MoEP targeting and those with high volume dilu-
tion of onabotulinumtoxinA (40).

MoEP TARGETING TECHNIQUES

The use of MoEP targeting can be incorporated into con-
ventional targeting techniques used to guide BoNT injec-
tions. When using manual or blind needle guidance for
BoNT injections, physicians can make use of published
motor point maps or the information (where available)
as to the location of MoEPs or MoEP zones (29,36,37).
When using EMG, physicians can target MoEP by listen-
ing for endplate noise and injecting toxin in this zone/
location (30). If using E-Stim, MoEPs are targeted by
repositioning the needle within the muscle and main-
taining a maximal or visible twitch while reducing the
stimulation intensity (40). While MoEP cannot be visu-
alized with US or other imaging-based guidance tech-
niques, the published information on the location of
MOoEPs in muscles can be used when using US to guide
BoNT injections.

ADVANTAGES AND LIMITATIONS OF MoEP
TARGETING FOR BoNT THERAPY

Advantages of MoEP Targeting

Targeting of MoEP when performing BoNT chemodener-
vation procedures has at least a theoretical advantage
over injections placed in areas away from the MoEP.
The data on the superiority of MoEP targeting is limited
and additional controlled trials are needed to determine
whether all BoNT injections should be performed using
this technique.

Disadvantages of MoEP Targeting

A potential disadvantage of MoEP targeting is that it may
increase the time required to perform a BoNT procedure.
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Using this technique requires measuring the limb and
marking MoEP zones. However, this information is mem-
orized or can be transcribed to a template or form, which
can be used in clinical practice to speed up this process.

If MoEP targeting is not superior, then the extra time
and effort required for this method is unnecessary.

MOEP targeting, as currently described, is not use-
ful for nonmuscle targets. Studies of the location of other
cholinergic nerve terminals in organs targeted for BONT
injections may become available in the future.

CONCLUSIONS

While there is limited data on the superiority of MoEP
targeting over injection at other sites in skeletal muscles,
this practice requires minimal time or effort. Therefore,
clinicians should consider incorporating this technique
into whatever guidance technique or techniques that they
currently use to guide BoNT injections into muscles.

ELECTROMYOGRAPHY GUIDANCE FOR
BoNT INJECTIONS

EMG is the most commonly reported or recommended
localization technique used for BoNT injections in mus-
cle targets, other than anatomic guidance (1, 22, Botox PI,
Dysport PI, Xeomin PI, Myobloc PI). Obviously, EMG is
not helpful for localizing or injecting nonmuscle targets
and is not necessary for most muscles of the face.

When using EMG to guide BoNT injections, avail-
able equipment options include a standard electrodiag-
nostic machine or one of the inexpensive commercially
available small portable EMG audio or audiovisual ampli-
fier units. EMG-guided injections require the use of ster-
ile, single-use, insulated injecting needle electrodes. These
needles are available in a range of lengths (25-75 mm). The
choice of needle length/size is determined by the depth of
the target muscle(s).

TECHNIQUE FOR EMG-GUIDED BoNT PROCEDURES

When EMG is used to guide BoNT injections, identifying
the optimal site for needle insertion begins with inspec-
tion of the limb followed by palpation and ROM. PROM
or AROM while palpating the limb or body part may
facilitate muscle localization. Once the site for needle
insertion has been selected, the skin is then disinfected or
cleansed and the needle electrode is inserted through the
skin, advancing the needle to the target while listening
for audible EMG activity. To facilitate muscle localization,
the patient should be instructed to either relax or con-
tract the target muscle (if he or she has adequate selective

motor control or can cooperate with this request). If the
patient has impaired selective motor control, asking him
or her to contract (or relax) a given muscle may result in
mass synergy or cocontraction in multiple muscles, which
may limit the accuracy of EMG guidance. In patients with
impaired motor control, another option is for the exam-
iner to perform PROM while recording EMG. The move-
ment of the muscle may trigger activation of motor units
or insertional activity as the needle moves within the
muscle during passive motion (2).

When using EMG to guide BoNT injections, the
clinician listens as the recording needle electrode is
advanced into the target muscle. As the needle nears an
actively contracting muscle fiber, the tone associated with
EMG activity will change from a dull or low-pitch to the
crisp high-pitched sound, which is characteristic when
recording nearby motor unit action potentials (MUAPs).
This tonal change from dull to crisp indicates that the
needle electrode is near the firing muscle fiber. If the tone
remains dull, then the needle position should be adjusted
until a crisp tone is heard.

Localizing a target muscle using EMG requires simul-
taneous contraction in the target and relaxation in antag-
onist muscles and/or adjacent muscles, which may have
a similar action. While this process of contraction and
relaxation may be facile for some patients, it is often dif-
ficult for many patients, particularly those with UMNS,
impaired motor control, or cognitive impairments.
Patients with UMNS and spasticity may have impaired
reciprocal inhibition. This may lead to firing in muscles at
rest or when the muscle is moved in the direction of the
antagonist and firing in multiple muscles. Cocontraction,
mass synergy, and the loss of reciprocal inhibition often
limit the usefulness of EMG to isolate a specific muscle
for injection. For example, when a needle electrode is
inserted into the forearm to target the FDS, there may be
cocontraction or firing in the other flexor digitorum pro-
fundus (FDP) or wrist flexors. Recording EMG activity in
this circumstance only indicates the needle is in an active
muscle but it may not be possible to determine which
muscle is firing. PROM of the various muscles may be
useful in this circumstance as the needle electrode may
reveal increased firing in the stretched muscle. E-Stim
may also be more useful than EMG for muscle localiza-
tion when cocontraction is present. Careful inspection
of the patient’'s abnormal posture may help determine
which muscle is contributing to the pattern (1,3).

EQUIPMENT FOR EMG GUIDANCE

Electrodiagnostic machines, EMG audio amplifiers, and
EMG audio/liquid-crystal display (LCD) units (Figures
7.1A-C) are used as equipment. Other supplies include
monopolar insulated injection electrodes/needles of var-
ious lengths, surface electrodes, gloves, skin cleansers,
gauze, and band aids/plasters.
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FIGURE 7.1 (A) EMG machine; (B) EMG audio amplifier; (C) EMG E-Stim combined; (D) E-Stim unit.

ADVANTAGES AND LIMITATIONS OF EMG FOR
BoNT PROCEDURES

Advantages

* One of the main advantages of EMG is that it provides
auditory feedback indicating the level of activity or
overactivity in a muscle.

¢ In adult patients with cervical dystonia, EMG is often
useful to determine whether a muscle is active and
therefore contributing to the patient’s abnormal head
posture (21,25).

e In adult patients with focal limb dystonia, EMG is often
useful to isolate individual muscle fascicles.

Limitations

¢ While EMG may be useful to isolate a muscle or muscle
fascicle in patients with focal dystonia, it may be less
useful in patients with UMNS-related muscle overac-
tivity (spasticity, dystonia) where;

B The presence of cocontraction, mass synergy, and loss
of reciprocal inhibition may lead to diffuse activation
of multiple muscles.

® EMG activity in muscles surrounding the target may
make it impossible to correctly isolate a muscle. For
example, when a needle electrode is inserted into the
forearm of a patient with flexion synergy, it may only be
possible to state that the needle is in an active muscle,
but it may not be possible to determine which muscle.



160 PEDIATRIC REHABILITATION

e The usefulness of EMG may also be limited when
patients are sedated for BoNT injections, particularly
when general anesthesia is used.

e Patients often report more pain with the insertion of
Teflon-coated needle electrodes than with standard
hypodermic needles.

¢ Insulated needles are more costly than hypodermic
needles.

EVIDENCE

There is limited evidence, particularly in pediatric
patients, to support or refute whether EMG improves the
efficacy or safety of BoNT injection or of its superiority
over other techniques.

¢ See the previous section, “Clinical Studies; Compari-
son of Anatomic Localization With Other Localization
Techniques for BoNT in Limb Muscles,” for details from
several studies, which showed superiority of BoNT
injections guided by EMG compared to anatomic guid-
ance in adult patients with spasticity and focal hand dys-
tonia (21,22).

¢ In a 2012 study, Hong et al. compared the incidence of
adverse events (dysphagia) when BoNT injections were
guided by EMG versus US. The incidence of dysphagia
was 34.7% in patients where the procedure was guided
by EMG and 0% in the same patients when the proce-
dure was guided by US (41).

e In a 1996 methodological study comparing EMG to
E-Stim for adults with focal hand dystonia, there was
no significant difference in outcome measures between
the two techniques (42).

¢ In a study of adults with cervical dystonia, the authors
reported that EMG guidance may reduce the number
and severity of side effects following BoNT injections
(43). Additional studies comparing the EMG and other
guidance are reviewed in the sections following.

SUMMARY

EMG may provide useful information as to whether
a muscle is active and/or contributing to the clinical
problem. It may be challenging or difficult to determine if
the EMG needle is actually in the target muscle. The com-
bination of US and EMG may be useful as US can direct
the needle to a target muscle and EMG will determine if
the muscle is active.

ELECTRICAL STIMULATION GUIDANCE FOR
BoNT INJECTIONS

E-Stim is only useful for BoNT injections in muscles
and is not required when targeting superficial muscles

of the face. When using E-Stim for chemodenervation
procedures, a nerve trunk can be stimulated, which will
activate the entire muscle or group of muscles inner-
vated by the stimulated nerve. Alternately, E-Stim can be
used to stimulate distal motor nerve branches to activate
muscle fascicles, for example, motor point stimulation
or for MoEP targeting (1,40). Nerve trunk stimulation
is typically used for diagnostic nerve blocks using local
anesthetics or for phenol chemoneurolysis procedures.
When using E-Stim to guide BoNT injections, physi-
cians typically use motor point or endplate targeting
techniques. These techniques are also used for phenol
chemoneurolysis.

TECHNIQUE

When using E-Stim to guide BoNT injections, selection of
the most appropriate site for needle insertion begins with
inspection of the limb or body part, PROM, and AROM.
To determine this site, many physicians also use pub-
lished information on the location of endplates within a
muscle, if this information is available (see the previous
section on endplate location/targeting).

Once the location of the needle insertion is iden-
tified, the skin is cleaned or disinfected using the
physician or institution’s standard protocol. The phy-
sician then inserts the needle electrode through the
skin advancing the needle toward the muscle target.
When the physician estimates that the needle is near
or within the muscle target, the stimulator is turned on
and the intensity of stimulation is adjusted up to pro-
duce a muscle twitch, typically 1 to 3 mA. The needle
is then advanced, redirected, or repositioned so that
successive reductions in stimulation intensity continue
to produce a maximum twitch in the desired muscle.
When performing motor point blocks, the reported goal
for stimulation intensity is 0.025 to 0.5 mA (1). If upon
stimulation, contraction occurs in several muscles or a
muscle other than the target, the clinician should repo-
sition the needle to isolate the target muscle. Care must
be taken to avoid overstimulation, which may lead to
volume conduction.

EQUIPMENT FOR E-STIM GUIDANCE

A nerve stimulator (either a portable handheld unit or
the stimulator from an electrodiagnostic machine) is
used (Fig 7.1A, C, D). The stimulator unit must have a
port to which the cable of the insulated injecting electrode
(needle) is connected. Other supplies include monopolar
insulated injection electrodes/needles of various lengths,
surface electrodes, a cable to connect the reference elec-
trode to the stimulator, gloves, skin cleansers, gauze, and
band aids/plasters.
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ADVANTAGES AND LIMITATIONS OF E-STIM FOR
BoNT INJECTIONS

Advantages

¢ The primary advantage of E-Stim when compared to
using anatomic or EMG guidance is that E-Stim pro-
duces a direct visual feedback confirming that the
needle is in the target muscle (i.e., muscle twitch/con-
traction and/or joint movement).

¢ E-Stim can be used in a patient for whom mass synergy
or cocontraction limits the usefulness of EMG.

¢ E-Stim can be used when patients are sedated, where
EMG is often not helpful.

¢ E-Stim may help isolate muscles that are difficult to
isolate with EMG (deep or overlapping muscles, thin
muscles such as the rectal sphincter).

e Studies have shown that E-Stim is more accurate than
manual needle placement (24,44).

Disadvantages

There are a number of disadvantages to E-Stim not the
least of which is that electrical stimulation increases the
pain of the procedure (3,25,44,45).

e The stimulation and repeated insertions and adjust-
ments of the needle that are necessary with E-Stim often
cause pain and may be difficult for patients to tolerate,
even cooperative adults.

e Most if not all pediatric patients will require general
sedation and analgesia.

B Sedation may increase the risk of BONT procedures,
particularly in compromised patients.

B Sedation increases the time and cost of the BoNT pro-
cedure.

B Sedation increases the time away from work or school
for the patient and/or parent.

¢ When the needle is outside of the target muscle, over-
stimulation (excessive current) can lead to volume con-
duction and therefore contraction in the target muscle.
The resulting muscle twitch may lead the physician to
falsely conclude that the needle is in the target muscle
when in fact it is located elsewhere.

¢ When stimulation occurs for a motor nerve branch
prior to its insertion in the targeted muscle, stimulation
will lead to a muscle twitch but the needle tip is out-
side of the muscle. The physician may falsely conclude
that the needle is in the target muscle and toxin may be
injected at the wrong site.

EVIDENCE

Although E-Stim is commonly used to guide chemo-
denervation procedures, there is limited evidence from
controlled trials to support or refute the superiority

of E-Stim over other guidance techniques for BoNT
procedures.

e See the previous section, “Clinical Studies; Comparison
of Anatomic Localization With Other Localization Tech-
niques for BoNT in Limb Muscles,” for studies compar-
ing E-Stim to manual, EMG, and US guidance techniques.

o Surface E-Stim, following BoNT injections in calf mus-
cle, has been shown to potentiate or increase the effects
of the toxin in the stimulated muscle (46,47).

IMAGING-BASED GUIDANCE FOR
BoNT INJECTIONS

Fluoroscopy, CT, MRI, and US all have been reported for
guiding BoNT injections (4,5,45,48-50). Because of the
exposure to ionizing radiation with CT and fluoroscopy,
these techniques are used much less frequently than
MRI and US. US is the most commonly reported image
guidance technique for BoNT injections because it pro-
vides continuous real-time, high-resolution images and
because it is less costly and more accessible and conve-
nient than MRI, CT, or fluoroscopy (5,45,48). MRI-, CT-, or
fluoroscopy-guided procedures are typically performed
by interventional radiologists. Because most clinicians
who perform BoNT injections do not use these tech-
niques, only US guidance will be reviewed (2,45).

US is used to guide an array of invasive procedures
including those targeting musculoskeletal structures (51).
In the past 10 years, the reports of US used to guide BONT
injections and nerve blocks have grown substantially
(4,25,26,28,41,48,52-,57). This growth is in part related to
the development of high-frequency transducers, which
provide exquisitely detailed images with a resolution sim-
ilar to MRI and the increased access to lower cost portable
US machines (14,15). In addition, unlike EMG or E-Stim,
US can be used to guide BoNT injections in muscle and
nonmuscle targets, including the salivary glands (45,57).

US PHYSICS AND SONO-ACOUSTIC PROPERTIES
OF TISSUES

A full discussion of the physics of US and scanning tech-
niques is beyond the scope of this chapter and the reader
is referred to several reviews and a text (4,15,45,48). US
scanning is made possible by piezoelectric crystals, which
are responsible for generating and receiving returning
soundwaves or echoes. These crystals are placed into
arrays within a transducer, which is used when scanning
with US. Sound waves are generated when piezoelectric
crystals convert electrical pulses (generated by the US
machine) into mechanical vibrations. When a transducer
is placed in contact with a patient, these mechanical vibra-
tions or sound waves are transmitted through the patient’s
skin and on to deeper tissues. Sound waves transmitted
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through the body are then scattered, refracted, or reflected
off various interfaces within the body. The sound waves
that are reflected back to the transducer are converted by
the piezoelectric crystal back into electrical pulses. These
pulses are processed by the central processing unit (CPU)
of the US machine (using time—-distance coefficients) to
create real-time grayscale US images viewed on the US
display screen (58).

The frequency of the transducer determines the reso-
lution of the image and the depth of penetration of the
US beam. Higher frequency sound waves have a higher
sampling rate and therefore provide a higher resolution
images. This detail is at the expense of depth of penetra-
tion as soft tissues act as a high-frequency filter and limit
the transmission of higher frequencies to deeper struc-
tures. Most transducers have a mix of frequencies, for
example, 5 to 12 MHz, 3 to 5 MHz, and so on. This allows
scanning of tissues at various depths (45,58).

The echogenicity of a tissue, and therefore its appear-
ance on the US display screen, is determined by its
impedance to sound waves, which is termed its acoustic
impedance. When a tissue has no impedance to sound
wave transmission, sound will travel through a tissue
without being reflected. When sound waves encounter
tissue interfaces of differing acoustic impedances, sound
waves are reflected, refracted, or scattered off these inter-
faces. When scanning, if no sound waves return to the
transducer, then the image on the screen will be black, or
anechoic. When most of the sound waves pass through
tissues without being reflected and only a few sound
waves return to the transducer, the image on the display
screen will appear dark or hypoechoic. When a tissue is
highly reflective of US, most waveforms are reflected back
to the transducer and the image on the display screen will
appear bright or hyperechoic. Tissues with higher water
content are relatively hypoechoic. Those with low water
content and those with a higher content of fibroconnective
tissue or calcium (bone cortex) will appear hyperechoic.

When scanning with US, tissues are described by
their internal echotexture and echogenicity. Most, but
not all, organs in the human body are of a mixed echo-
genicity. For example, skeletal muscle is composed of
contractile fascicles, which are relatively hypoechoic, and
noncontractile fibroconnective tissue, which in contrast
to the fascicles appears relatively bright or hyperechoic
(Figures 7.2A,B). In contrast, glandular tissues such as
salivary gland or thyroid are homogenous in composition
and echotexture. Therefore its appearance on the display
screen is a uniform gray scale (Figure 7.2C). The appear-
ance of some tissues may also vary with the scanning
plane, for example, in long axis versus transverse planes.
For example, when scanned in a longitudinal plane, mus-
cle has the appearance of long thin hypoechoic bands
(contractile fascicles) surrounded by and interspersed
with linear hyperechoic bands (noncontractile fibro-
connective tissue) (Figure 7.2A). In a cross-sectional or
transverse view, muscle will have a specked appearance
made up of hypoechoic fascicles and hyperechoic connec-

tive tissue (Figure 7.2B). On B-mode scans, blood vessels
will appear hypoechoic, tendons are highly echogenic/
hyperechoic, and nerves have a mixed hyperechoic,
hypoechoic appearance (Figure 7.3A).

TECHNIQUE FOR US GUIDED FOR
BoNT INJECTIONS

When using US to guide BoNT injections, as with other
supplemental guidance techniques, the procedure begins
with inspection of the limb/body part, palpation, spas-
ticity assessment, PROM, and AROM. The patient is then
positioned to expose the area to be scanned and then
injected. This may require the assistance of another cli-
nician in patients with UMNS, involuntary movements,
dynamic contractures, or with less cooperative patients.

After turning on the US machine, the physician
enters the patient data into the machine, selects the most
appropriate transducer and desired machine preset
program (Musculoskeletal/MSK for muscle injections,
thyroid for salivary gland nerve block for diagnostic/
therapeutic nerve blocks). When selecting a transducer
for a procedure the sonographer should choose the trans-
ducer of the highest frequency, which provides an ade-
quate depth of field view as this will provide the highest
resolution image. To optimize imaging of the structure
of interest, the physician must adjust the depth, number
of, and position of focal zones, and gain (14). Some US
instruments have automatic settings for the number of
and position of focal zones, but may allow the physician
to adjust these settings. Following this, the desired scan-
ning mode is selected. B-mode and color Doppler are the
most frequently used scanning modes when performing
US-guided chemodenervation procedures. B-mode provides
real-time grayscale images of structures and continuous
visualization of the needle, target of injection, the toxin as
it is injected, and other structures within the field of view.
Color Doppler is useful in identifying blood vessels in the
field of view so as to avoid them when inserting the nee-
dle and directing it into the muscle (Figure 7.3B).

Gel is applied to the transducer and the transducer is
placed in contact with the patient to reduce impedance
to sound waves. The transducer is then placed in contact
with the patient’s skin and the entire region of interest
is scanned in transverse and longitudinal imaging planes
(Figures 7.4A,B). The US beam created by the transducer
is quite thin (the width of a credit card) (45,58). As a result
of the limited field of view of the US beam, the entire
region must be scanned thoroughly to identify not only
the muscle or muscles of interest, but also structures such
as nerves, vessels, and adjacent organs.

Muscles are identified based on pattern recognition,
for example, their characteristic shape and by nearby
structures (Figures 7.2B, 7.3A,B, 7.5A,B).

Once the muscle position and depth have been
identified, the physician chooses the most appropriate



CHAPTER 7 GUIDANCE TECHNIQUES FOR BOTULINUM TOXINS AND OTHER INJECTIONS 163

04:57:13PM  TIS0.1 MID6 04:54:06PM TISO0.1
L12-5/MSK Gen L12-5IMSK Gen

T — - - o s 4 %ecusFop.
LONGIT - - : TRANSV: -

PAROTID

©)

FIGURE 7.2 (A) Flexor carpi ulnaris and digitorum profundus, longitudial B mode ultrasound scan; (B) flexor carpi ulnaris and
digitorum profundus, transverse B mode ultrasound scan; (C) Parotid gland.
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FIGURE 7.3 (A) Adductor muscles oburator nerve and vessels, transverse B mode US scan; (B) adductor muscles, obturator
nerve, and vessels transverse color Doppler scan.
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FIGURE 7.4 (A) Biceps transverse scan, out-of-plane needle insertion (2); (B) biceps longitudinal scan, out-of-plane needle
insertion (1); (C) biceps longitudinal scan, in-plane needle insertion.
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FIGURE 7.5 (A) B mode scan, antero-medial calf, 5 y.o.; (B) B mode scan, posterior calf, 12 y.o.
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ongitudinal view,
out of plane technique
needle tip

FIGURE 7.6 (A) Out-of-plane view of needle in muscle; (B) in-plane view of needle in muscle.

needle and injection technique. Using an out-of-plane
technique, the needle is inserted across the short axis
of the transducer (Figures 7.4A,B). When using an
in-plane technique, the needle is inserted down the long
axis of the transducer (Figure 7.4C). Using the out-of-
plane technique, the needle is visualized as a hyperechoic
dot (Figure 7.6A). With the in-plane technique the entire
needle is visualized, including the needle tip (Figure
7.6B). When using an out-of-plane technique, only the tip
of the needle is visualized. Therefore the physician tracks
the needle to its target using a walkdown technique
(4,45). Using this technique, the physician observes the
needle tip or the movement it creates within the muscle
as the needle is moved from superficial to deep. Once the
target muscle is reached, the toxin is injected. If desirable,
the needle may be repositioned in the muscle to allow for
multiple injection sites.

EQUIPMENT

US-guided BoNT injections require a US instrument or
machine and one or more transducers (Figure 7.7A-C).
A linear transducer with a lower range of frequencies of
4 to 5 mHz (for deep muscles in larger patients) and a
higher frequency range of 12 to 17 mHz will allow visu-
alization of most muscles in pediatric and adolescent
patients. A lower frequency range curvilinear transducer
may be needed for deeply seated muscles in larger teen-
agers or adult patients. A hockey stick transducer is use-
ful when imaging small patients, irregular surfaces, and
for salivary gland injections. Other US supplies include
US gel and transducer cleansers. Sterile transducer cov-
ers and gel packets are available, if desired. Other proce-
dural supplies include alcohol or another skin cleanser,

hypodermic needles of various lengths, gloves, skin
cleansers, gauze, and band aids/plasters. If the physician
is also using EMG or E-Stim then monopolar insulated
injection electrodes/surface electrodes, a cable to connect
the reference electrode to the stimulator, and a stimulator
or EMG machine are also required.

CLEANING AND MAINTENANCE

US machines and transducers should be cleaned as per
the manufacturer's recommendations. Alcohol-based
cleaners should not be used to clean transducer heads as
this will damage the membrane (14).

ADVANTAGES AND LIMITATIONS OF US TO GUIDE
BoNT INJECTIONS

As with the other localization techniques used to guide
BoNT injections, there are advantages and disadvantages
to using US guidance (2,4,45,48).

Advantages

o US provides a detailed view of the muscle location,
depth, and structures in the region of interest.

o The needle can be tracked continuously during the pro-
cedure to a position within the target muscle.

e The volume of injectate can be visualized during the
procedure preventing overdistention or injection at
one site.

o US decreases the risk of inadvertent needle penetration
and/or injection of untargeted muscles, vessels, nerves,
or other structures.
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(A)

FIGURE 7.7 (A) Phillips IU 22 ultrasound; (B) Terason 3200 uSmart ultrasound; (C) ultrasound transducers.

o US localization/visualization of muscles can be per-
formed quickly and is painless.

o Standard hypodermic needles, which may be used with
US-guided procedures, may be less painful to insert
than insulated monopolar needles.

o Viewing the US image may provide distraction to the
patient during the procedure.

e Many procedures can be done with the patient unse-
dated.

Disadvantages of US Guidance for BoNT Injections

¢ Cost of the equipment is high.

¢ Physicians unfamiliar with US have a steep learning
curve.

o Access to hands-on training, particularly training spe-
cific for BoNT injections may be limited.

o Until the physician is familiar with and facile with this
technique, using US for BoNT injections may increase
the time required for the procedure.

¢ US may not provide information on the activity of a
muscle, for example, whether it is contributing to the
patient’s problem. However, US can be combined with
EMG to obtain this information, if desired.

EVIDENCE SUPPORTING OR REFUTING THE USE OF
US TO GUIDE BoNT INJECTIONS

There is increasing evidence that US is more accurate at
localizing targets for BONT as well as reducing adverse
events and outcomes with BoNT injections. See the sec-
tion “Clinical Studies; Comparison of Anatomic Local-
ization With Other Localization Techniques for BoNT in
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TABLE 7.1 ADVANTAGES AND DISADVANTAGES OF VARI-
OUS GUIDANCE TECHNIQUES FOR CHEMODENERVATION
PROCEDURES

METHOD PALPATION EMG STIMULATION ULTRASOUND
Accuracy +/- +/- + +++
Practicability + - +/- ++
Availability +/- +/- +/- +

Pain + - +/- 4+
Speed +/- - +/- ++
Evaluation +/- - +/- +44
Future - - - 4
Research

Limb Muscles,” for evidence reviews for manual, EMG,
and E-Stim guidance.

SUMMARY

US guidance provides detailed information on the loca-
tion of the target structure, the position of the needle,
and location of the injectate during interventional proce-
dures including BoNT injections. The evidence to support
the superiority of US over other guidance techniques is
increasing. While there is a steep learning curve when
learning to use this technology, it is a technique physicians
should consider learning and adding to their tool boxes.

CONCLUSIONS

When selecting a guidance or localization technique for
BoNT procedures, physicians should be aware of the
advantages and disadvantages of each of the available
techniques (Table 7.1). This knowledge allows the phy-
sician to select the most appropriate guidance method
for a given patient and procedure. Optimally physicians
should be trained in and have access to all of these tech-
niques. Additional head-to-head comparative studies
are needed to further define and determine which of the
discussed techniques is superior, and if so, for which
muscles and/or procedures (59-61).
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ORTHOTICS AND ASSISTIVE DEVICES

Elizabeth L. Koczur, Carrie E. Strine, Denise Peischl, Richard Lytton,
Tarig Rahman, and Michael A. Alexander

Knowledge of orthotic and assistive devices is an import-
ant component of rehabilitation practice. Having an
understanding of normal upper and lower body move-
ment is fundamental for appropriate recommenda-
tion and fabrication of an orthosis. Likewise, clinicians’
understanding of typical language and communication
behaviors, literacy skills, and socialization needs is a pre-
requisite to the recommendation of augmentative and
alternative communication (AAC) devices, assistive read-
ing and writing aids, and social media tools.

Similarly, the role of orthotic and assistive devices
for patients also relates to the overall rehabilitation goal
of eliminating, minimizing, or helping them to overcome
the limitations imposed by their underlying disorders
across areas of physical, cognitive, and psychosocial func-
tions. While some orthotic and assistive devices allow a
patient to achieve a degree of independence in a single
area of function (such as mobility), pediatric rehabilita-
tion seeks to treat that patient as a whole person across
his or her activities of daily living, learning, leisure and
recreation, and/or vocational functions. Thus, the role
of orthotic and assistive devices needs to be seen not
just within the context of independence but also within
the context of interdependence with others in a person’s
surroundings.

Interdependence recognizes that all people have
strengths and weaknesses and that all people function
most effectively when they do so within social networks
that consist of life partners (parents, siblings, children
and, often, other relatives); close personal and family
friends; teachers and schoolmates; paid workers (such
as caregivers, aides, nurses, therapists, physicians, and
other health care providers); coworkers; acquaintances;
and unfamiliar people. Interdependence occurs when each of
us uses our strengths to build relationships that help support
our weaknesses. Dr. Al Condeluci in Community & Social
Capital asks that we “consider the notion of reciprocity
(1). The more you become connected with your commu-
nity, the more people begin to watch out for each other.”

Dr. Condeluci also applies literature from the field of
social capital to the rehabilitation vision for people with
disabilities: “Social capital refers to the connections and
relationships that develop around community and the
value these relationships hold for the members... those
tangible substances that count for most in the daily lives
of people: namely good will, fellowship, sympathy, and
social intercourse among the individuals and [others]
who make up a social unit.” Thus, an adolescent who has
a spinal cord injury (SCI) but can use her head control
to independently drive a wheelchair at home, in school,
and in the community still cannot participate and con-
tribute to planning the eighth grade class yearbook if her
family has not yet been able to buy an adapted van to
take her to the Starbucks where her classmates meet to
work on the project on Thursday evenings, unless she is
perhaps able to participate from home through her head-
or speech-controlled computer via Skype, FaceTime, or
social media.

The key to identifying the most appropriate ortho-
sis, augmentative communication, or assistive technology
system is being creative and having a proper understand-
ing of the anatomical, biomechanical, language and com-
munication, and social networking needs of the patient
and being sensitive to the patient’s (or the parents’) pref-
erences and desires.

The pediatric population adds a further chal-
lenge. Early development is heavily based on fine and
gross motor skills. Infants and children use these skills
to explore and manipulate their environments. Studies
have indicated that the inability to master the environ-
ment independently may lead to decreased socialization,
learned helplessness, and a delay in normal development
(2,3). Therefore, an orthosis, augmentative communica-
tion device, or assistive learning system should allow for
and assist in the growth of the child.

Several team members are involved in prescrib-
ing, fabricating, and fitting the orthosis, augmentative
communication device, or assistive technology system
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option. The physician, often with input from the thera-
pist, provides patient assessment and a prescription of
the recommended device (4). The therapist and/or ortho-
tist are instrumental in its fabrication and fitting. A team
including a speech-language pathologist, an occupational
therapist, a special educator, and/or a rehabilitation engi-
neer is often beneficial for AAC device recommendations.
Finally, the patient and family play an important role in
its acceptance and use. If the device is cumbersome and
difficult to manage, it will be rejected and find a home on
the top shelf in the closet (5).

UPPER AND LOWER LIMB ORTHOSES

When choosing an orthosis, there are a few key prin-
ciples to keep in mind. The orthosis should enhance
normal movement while decreasing the presence of
abnormal postures and tone. It should be simple, light-
weight, durable, and strong. It should be easy for the
child to use and maintain. Finally, it should augment
functional independence. An orthotic device is not suc-
cessful unless it assists in improving a child’s quality of
life. In 2004, a manufacturer new to the rehabilitation
field designed a medical device for the hand. The Hand
Rehabilitation System was meant for upper limb impair-
ment and paralysis therapy. In addition, the Foot Drop
System was presented for those with gait disturbance
specific to foot drop impairment. In 2011, Bioness Incor-
porated developed a device for thigh weakness. The
system compliments the foot drop system by aiding and
assisting the thigh and knee movement for improved
gait performance. Their devices are neuromodulation
products that are designed to service populations with
multiple sclerosis, traumatic brain injury (TBI), cerebral
vascular accident, SCI, and cerebral palsy, and aid in
their recovery. Their product can assist both the upper
and lower extremity using stimulation to aid in regain-
ing mobility and functional skills so that they can achieve
optimal self-care independence, play, and/or work pro-
ductivity. The upper limb orthosis addresses neurologic
impairments, while the lower extremity orthosis focuses
on regaining the associated foot drop commonly seen in
those clients with central nervous system disorders. Both
upper and lower extremity orthoses use mild functional
electrical stimulation (FES) to improve loss of function
from injury associated with a central nervous system dis-
ability. The orthoses can be used in the clinic setting or
at home. The overall goal of its use with the involved
extremity is to reduce the spasticity, minimize the pain
and discomfort during use, increase local blood circu-
lation, prevent muscle atrophy, improve or maintain
range of motion in the limb, and reeducate muscle use to
enhance functional movement (see the following website
for additional information: www.bioness.com/Bioness_
for_Hand_Rehab.php).

Tables 8.1, 8.2, and 8.3 list some of the more com-
mon upper and lower extremity orthoses. Special consid-
erations and limitations are also listed.

SHOE INSERTS

Many orthopedic and neurologic pediatric disorders
have sequelae that require orthotic management. Shoe
inserts may be a viable option in many circumstances.
There are many commercially available products to con-
trol differing levels of impairment in the hindfoot, mid-
foot, and forefoot. Heel cups help with shock absorption
for joints, heel spurs, bursitis, and tendonitis. In the
mid-foot, orthoses assist to maintain the arch of the foot
in varying degrees of firmness. Numerous products are
also available to control disorders of the forefoot and
toes. To relieve metatarsalgia, metatarsal bars are avail-
able to unload pressure from the metatarsal arch. Pads
are available to help to realign hammer and claw toes,
cushion bunions and calluses, and to protect toes from
friction and irritation. A limitation to these commercially
available products is that many times they do not come in
pediatric sizes and must be modified to fit.

ORTHOSES FOR POSITIONING, RANGE OF
MOTION, AND HEALING

Due to immobility, spasticity, and /or abnormal postures,
many children are at risk for joint contractures, muscu-
loskeletal deformity, and skin breakdown. Traditionally,
caregivers have used pillows and towel rolls to maintain
more appropriate postures. Bony areas such as the occiput,
scapular spine, coccyx, femoral head, fibular head, and
calcaneus are at greatest risk for skin breakdown from
prolonged bed rest or maintenance of one position. Gel
pads may be used to distribute weight over a larger area.
The child may benefit from positioning pieces to main-
tain neutral positions and decrease pressure on parts of
the body. Foam wedges in various lengths and sizes are
commonly used for back support to position a child in
side-lying. An abduction pillow may be used to decrease
scissoring and increase hip abduction. Foam arm and leg
elevators help to reduce edema, and foot splints/boots
are available to maintain the foot in a dorsiflexed position
with relief for the calcaneus to prevent pressure sores.

The Versa Form pillow is a semipermanent posi-
tioning support. These styrene bead bags are available
in a variety of sizes and allow for molding to a child in
any position. A vacuum pump is required to remove air
from the pillow to make it firm. The bead bags need to
be reformed after several weeks of use. This technology
gives the practitioner flexibility to change a child’s posi-
tioning frequently. It is also a “system” that can be used in
multiple environments.
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TABLE 8.1 UPPER EXTREMITY ORTHOSIS

UPPER EXTREMITY COMMON NAME FUNCTION (REF.) SPECIAL CONSIDERATIONS (REF.)

ORTHOSIS

STATIC

Finger/thumb Neoprene thumb Places thumb in abduction to promote  Will not overcome severe cortical

abductor functional use of the hand. thumb position.

Hand Short opponens Places thumb in a functional position Allows for full wrist flexion and
between palmar and radial abduction.  extension. Should be worn at all
Wrist and fingers are freely mobile. times, removing only for hygiene and

exercise.

Wrist-hand Thumb spica Immobilizes and protects the thumb, Need to allow for full MCP flexion of
positioning it in opposition. In this the fingers, especially the index finger,
type of splint, unlike the short oppon-  and full IP flexion of the thumb.
ens, the wrist is immobilized. Provides
a stable post against which the index
finger can pinch.

Resting hand Preserves a balance between extrinsic ~ Should preserve the MCP joint
and intrinsic musculature and provides  descent and longitudinal arch follow-
joint support when the hand is put at ing the contour of the distal palmar
rest. Prevents deformity. crease. Pressure at the MCP joint or

proximal phalanx should be avoided,
as this could cause injury to the MCP
joint.

Wrist cock-up Supports, immobilizes, or stabilizes the Must maintain full MCP flexion and
wrist in extension. Increases mechani- ~ CMC motion of the thumb. Monitor
cal advantage for grasp. the area over the styloid process for

pressure changes if a dorsal splint is
used.

Antispasticity ball Positions the wrist, abducts the fingers  Should not be used for minimal spas-
and thumb, and maintains the palmar ticity (6).
arch in a reflex-inhibiting position.

Elbow Elbow extension Increases extensor range of motion Not recommended for severe flexor

Elbow—wrist-hand

Shoulder

Clavicle

Full elbow/hand

Humeral orthosis

Gunslinger

Harness strap

and prevents flexion.

Promotes supination at the forearm
and provides a long stretch of the limb
near end range to decrease tone.

Used for humeral fractures. Stabilizes
the shaft of the humerus circumferen-
tially.

Used for rotator cuff repairs; positions
the shoulder girdle in to slight abduc-

tion and prevents excessive tension on
the repair.

Used for displaced clavicular fractures;
proximally stabilizes shoulder girdle
movement and limits shoulder flexion
and abduction movement beyond 90
degrees.

contracture or fluctuating tone in
either flexor or extensor patterns.

Not recommended for flexor tight-
ness.

May shift position if not appropriately
anchored by straps.

Make sure the edges around the base
of the splint do not cut into the hip
area. Check the fitting both in stand-
ing and supine positions to accommo-
date the shift of the splint.

Must mark settings for appropriate fit
due to increased adjustability. Keep
a check on skin integrity around the
underarm area.

(continued)
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TABLE 8.1 UPPER EXTREMITY ORTHOSIS (CONTINUED)
UPPER EXTREMITY COMMON NAME FUNCTION (REF.) SPECIAL CONSIDERATIONS (REF.)
ORTHOSIS
DYNAMIC
Hand MCP flexion assist Gradually lengthens or gently Ensure that the traction applied is
splint stretches soft tissue structures that gentle to guard against soft tissue
limit joint flexion; generally not used hemorrhages; microtrauma around the
for fixed contractures. joints, which can cause edema, pain,
and increased scarring.
MCP extension Passively pulls the proximal phalanx Do not position the proximal phalanx
assist splint into extension while allowing active in either radial or ulnar deviation when
flexion; generally used for radial nerve  using dynamic traction. Avoid hyper-
palsy or the hemiplegic hand. extension of the MP joint, which can
cause microtrauma and hyperlaxity to
the MP volar plates.
Finger spring—PIP  Gives dynamic traction of the PIP joint  Not recommended for severe
extension assist without limiting motion at the MCP spasticity.
joint. Assists in reducing tightness or
contractures of the PIP joint.
Elbow Dynasplint Brace adjusts to lock out undesired Not recommended for severe spastic-
flexion and extension. Settings are ity or fixed contractures.
adjusted in increments of 10 degrees.
Power Smart-WHO Flexor-hinge hand orthosis that immo-  Although design is lightweight and

bilizes the thumb in opposition and
semiflexes the IP joints of the index
and middle fingers to allow the index
and middle fingers to move simulta-
neously toward the thumb. Variations
include using an external power
battery pack, SMA actuators, ratchet
hand position, and shoulder-driven
cables (7).

simple, a disadvantage can be the
actuator's bulkiness as well as the
unsightliness of the orthosis.

Abbreviations: CMC, carpometacarpal; IP, interphalangeal; MCP (or MP), metacarpophalangeal; PIP, proximal interphalangeal;
SMA, spinal muscular atrophy; WHO, wrist-hand orthosis.

TABLE 8.2 LOWER LIMB ORTHOSES

ORTHOSIS

COMMON NAME

FUNCTION (REF.)

LIMITATIONS

Solid ankle foot
orthosis

Hinged or artic-
ulated ankle foot
orthosis

AFO, MAFO

HAFO

Reduces tone, prevents joint contracture,
and provides knee and ankle stability.
Most appropriate for a child with severe
tone, ankle joint hypermobility, and rigid
deformities.

A hinged AFO with a plantarflexion stop
and free motion into dorsiflexion allows the
tibia to translate over the foot in stance.
This orthosis allows the foot to dorsiflex for
balance reactions and improves ambulation
on uneven surfaces and stairs. Posteriorly, a
dorsiflexion stop strap can be added to limit
the amount of dorsiflexion. A plantarflexion

Does not allow any ankle move-
ment and therefore limits smooth
progression from heel strike to
push off.

Does not control “crouched” pos-
ture allowing increased dorsiflexion
and knee flexion. Children with
strong extensor posturing may
break the ankle joint. May allow
hindfoot to slip, causing mid-foot
break if insufficient hindfoot dorsi-
flexion is present.

stop in 2-5 degrees of dorsiflexion may assist

to control genu recurvatum at the knee.

(continued)
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TABLE 8.2 LOWER LIMB ORTHOSES (CONTINUED)

ORTHOSIS

COMMON NAME

FUNCTION (REF.)

LIMITATIONS

Anterior floor-
reaction or
ground reac-
tion ankle foot
orthosis

Rear-entry
hinged floor-
reaction AFO

Posterior leaf
spring

Dynamic ankle
foot orthosis

Knee hyperex-
tension splint

Swedish knee
cage

Knee ankle foot

orthosis

Hip knee ankle

foot orthosis

GRAFO

PLS

DAFO

KO

KAFO

HKAFO

Limits a “crouch” posture (stance posture
with hip flexion, knee flexion, and ankle
dorsiflexion). At heel strike, it encourages

a force up through the anterior cuff of this
orthosis, giving the knee an extension torque.
Knee extension is maintained throughout
stance.

Dorsiflexion stop limits a “crouch” posture
while allowing for plantarflexion during the
loading phase of stance and at pushoff.

The trimlines of this solid AFO are posterior
to the malleoli. The slender posterior portion
of this AFO gives it flexibility to allow for
some dorsiflexion in stance and plantarflexion
at pushoff.

A supramalleolar orthosis that uses a foot-
board to support the arches of the foot.
Provides medial-lateral ankle stability with
control for pronation/supination. Allows some
ankle dorsiflexion/plantarflexion.

Maintains neutral knee and limits knee
hyperextension. Uses three points of pres-
sure: superior—anterior surface of the knee,
inferior—anterior surface of the knee, and
posterior to the knee joint (8,9).

Controls genu recurvatum with the same
three points of pressure as a knee hyper-
extension splint and works the same. Uses
metal uprights and straps instead of plastic
material (10).

Molded plastic upper and lower leg com-
ponents, usually with a locked or unlocked
hinged knee joint. Four most common knee
locks are free, drop lock, bail lock, and dial
lock. Free knee allows full motion at the
knee axis. Knee axis may be straight or
offset. Offset axis has an increased extensor
moment at the knee joint. The drop lock is a
metal collar that slides into place to main-
tain the knee in extension. The bail lock is a
spring-loaded lock that has a trip mechanism
to unlock the knee. The dial lock is a lock
that may be set in varying degrees of flexion,
used to accommodate or decrease a knee
flexion contracture (11).

Hip belt and joint. Hip and knee joints may
be locked or unlocked. Able to progress child
to an increasing number of free joints at a
time.

A child with significant hamstring
or hindfoot tightness or tone will
not benefit from this orthosis.

Active dorsiflexion is required to
restrict foot drag during swing.

Does not allow full motion into
dorsiflexion or plantarflexion. For
medial-lateral ankle stability and
arch control, another orthosis may
be more appropriate. Does not
control foot deformity or extensor
tone. Excessive torque on spring
may cause skin problems.

Difficult to fit into shoes. Difficult
for self-donning. Child may quickly
outgrow this splint, since it is finely
contoured to the foot.

Controls only the knee. Does not
control extensor posturing well. It
is bulky under clothes and difficult
to sit with.

Controls only the knee. It is difficult
to fit to smaller children, and it

is difficult to maintain correct
positioning.

It is bulky and difficult to don/doff.
Free knee at times allows too much
motion. Drop lock requires fine
motor control to lock and unlock.
The child must be able to get the
knee fully extended to engage

the drop lock. Bail locks at times
become easily disengaged. Dial
locks do not allow free movement
through the available range.

Bulky, difficult to don/doff. Difficult
to manage clothing for toileting.

(continued)
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TABLE 8.2 LOWER LIMB ORTHOSES (CONTINUED)

ORTHOSIS

COMMON NAME

FUNCTION (REF.)

LIMITATIONS

Reciprocating
gait orthosis

Hip spica/hip
abduction splint

Pavlik harness

Parapodium or
Variety Village
Stander

Parapodium with
ORLAU swivel
modification

Twister cables

RGO

HKAFOs that are connected by a cable
system that links hip flexion on one side

with hip extension on the other. This device
assists children with active hip flexion and no
hip extension to advance legs with a more
normalized gait. Allows the child to ambulate
with a reciprocal or swing-through gait (11).

An orthosis made of thermoplastic material
and Velcro to position a newborn’s legs in
abduction and flexion. This splint is used to
maintain the femoral head in the acetabulum
to mimic normal hip formation. Use of this
splint helps to avoid hip subluxation and
dislocation. Used from birth up to a year.

A soft splint used for children with the diag-
nosis of congenital hip dislocation. This splint
is generally used in the first 9 months of age.
Bilateral lower limbs are positioned with hips
abducted and flexed to 90 degrees in an
attempt to maintain the hips in a reduced
position.

This device allows the child to stand without
upper extremity support, freeing bilateral
arms to do activities. Walking with this device
and crutches can be quicker than with the
Parapodium with a swivel device (11).

This orthosis allows the child to walk with-
out use of a gait aid and to use the arms for
other activities. Less energy expenditure than
with a Parapodium and crutches (6,12).

Cables are attached to a pelvic band and
traverse the lower limbs to attach on shoes
or AFOs. These cables provide control for
increased internal rotation. Work well with
children with normal to floppy tone to control
internal rotation (11).

Bulky, expensive. Difficult to don/
doff. Not appropriate for a child
with hip and/or knee flexion
contractures. Difficult to manage
clothing for toileting.

Requires frequent repositioning.
May need frequent adjustments for
growth. Difficult for caregivers to
maintain appropriate fit.

Careful positioning required. Care-
givers must be vigilant in checking
splint positioning.

More energy expenditure than
with the swivel device. Children are
unable to independently don/doff
or to independently transfer supine
to stand and stand to supine.
Device is heavy.

Slower than walking with
Parapodium and crutches.

Do not work well with children with
extensor spasticity. They may need
to be frequently readjusted as the
child grows.

Abbreviation: ORLAU, orthotic research and locomotor assessment unit.

MOBILITY AIDS
TRANSFER AIDS

There are a number of commercially available patient
care lifts to assist caregivers and/or health care profes-
sionals with performing safe transfers for children. The
Trans-Aid and Hoyer lift are two examples of patient care
lifts. They are designed to transfer children from bed to
wheelchair, off the floor, onto a toilet, into a car, or from
any one room to another. Slings are available with heavy-
duty support options to further minimize the effort of the

caregiver while maximizing safety during the transfer.
There are also institutional lifters available, which offer
a 400-pound and 600-pound weight capacity, as well as
portable home-care lifts, which are lightweight, portable,
and designed for home doorways and narrow halls.

Powered overhead transfer lift systems provide fam-
ilies with a unique transfer method. This system enables
users to transfer from bed to wheelchair, toilet, or bath
using a motorized lift and either manual or motorized
lateral movement along a permanent ceiling-mounted
track or a free-standing semipermanent rack. However,
this transfer system is expensive and usually not covered
by insurance.
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TABLE 8.3 TRUNK ORTHOSES

TRUNK ORTHOSIS

COMMON NAME

FUNCTION

SPECIAL CONSIDERATIONS

STATIC

Trunk Thoracic—lumbosacral

orthoses

Theratogs/Benik

This device is used to stabilize
the spine after surgery, fractured
vertebrae, or used therapeutically
to provide the trunk with upright
support during static or dynamic
activities.

This orthotic undergarment and
strapping system gives users with
sensorimotor impairment tactile
positioning cues for improving
postural alignment, postural and
joint stability and movement, skill
and precision.

Can affect respiratory function.

Brace will not correct spinal defor-
mity, but may alter the progression of
the curve.

Can cause pressure along axillary line,
breast bone, or ASIS area.

Monitor wear time secondary to heat
intolerance.

Abbreviation: ASIS, anterior superior iliac spine.

In addition to patient lifts, there are other smaller
devices that can assist children with ease of transfers. One
option is a transfer board, while another is an overhead
trapeze bar attached to an over-bed frame. The most com-
monly used transfer board is constructed of maple wood
measuring approximately 8 inches wide by 24 inches long.
It is ideal for all types of transfers (bed, car, bath bench,
commode, etc.). Trapeze bars may be attached overhead
to bed frames to assist the child with bed mobility skills
and positioning changes. The position is individually
set and can be altered as needed. Typically, trapeze bars
assist with supine to sitting transfers and initiating rolling
side to side. They are often appropriate for use initially,
but are soon removed after the child’s strength and bed
mobility skills improve.

STANDERS

Numerous passive standing devices are available. These
devices offer many potential benefits for the child, includ-
ing the provision of a sustained muscular stretch, main-
tenance of trunk and lower limb passive range of motion,
facilitation of cocontraction of muscles, decreasing tone,
and improvement in trunk and head control. Standers
should be used a couple of times a day for up to a total of
1 hour. The child should progressively work to increase
tolerance in the standing position. However, passive
standing should not take the place of the child exploring
his or her environment and body.

Three types of standers will be discussed here: supine,
prone, and upright. Supine standers go from a horizontal
position to approximately 90 degrees upright, depending

on the model chosen. Laterals, kneepads, adduction/
abduction supports, and head supports all assist to main-
tain the child’s posture while in this stander. Bilateral upper
extremity strengthening can be performed in this position,
with or without a tray. However, it does not provide for any
upper extremity weight-bearing. A further limitation is that
it will not work to improve head and trunk control. This
stander is recommended for a child with significant exten-
sor tone and posturing and/or a child with poor or absent
head control. It is also preferred over the prone stander for
the larger child due to the increased ease in positioning.

Prone standers support the child anteriorly. Postural
support is supplied through trunk laterals, hip guides,
abductor blocks, knee blocks, and shoe holders. These
standing devices do come with a chin support to aid
children who have limited head control or fatigue easily.
However, the child should not be permitted to “hang” on
this support; a supine stander is more appropriate if the
child lacks fair head control. The stander can be used to
improve antigravity head control and promote bilateral
upper extremity weight-bearing. Its tray may serve as a
functional surface for stimulation. This stander may not
be appropriate for some children with increased extensor
tone. In these cases, gravity increases the work required
for neck and trunk extension as well as shoulder retrac-
tion, thus feeding into primitive posturing.

Upright standers, such as the Evolv by EasyStand
(Figure 8.1) maintain the child in an erect position through
supports at the hips, knees, and trunk. Certain standers
are available with a hydraulic or manual lift, making
positioning of the larger child easier. This stander mimics
a normal standing position and permits the child to work
on head control and upper extremity strengthening. The
seat swings to the side for ease of transfer.
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FIGURE 8.1 EasyStand Evolv.

GAIT AIDS

Gait aids are assistive devices designed to improve func-
tional independence and/or expand exercise options
through standing and walking. In pediatrics, gait aids
assist children to explore and interact with their envi-
ronment. Improved balance, decreased energy expendi-
ture, decreased impact on joints, improved posture, and
decreased pain are all potential benefits of gait aid use. The
most common gait aids are canes, crutches, and walkers.

Canes are available in different sizes with a variety
of handles and supports (ie, straight cane versus quad
cane). A quad cane provides a better base for support,
but a normal gait cycle is more easily mimicked using a
straight cane. A hemicane is a combination of a cane and
a walker. It has a four-point base and the largest base of
support of all the canes. It gives the greatest amount of
stability among the canes, but also encourages the child
to lean laterally when ambulating.

Crutches generally fall into two categories: axillary
and Lofstrand. Axillary crutches are usually constructed
of wood or aluminum and have limited adaptability.
Some crutches may be modified to offer forearm support
to decrease weight-bearing through wrists and hands.
The child and family should be cautioned about possible

nerve impingement from sustained axillary pressure with
improper use. A “Kenny Stick” is an axillary crutch with-
out the underarm piece. In place of the underarm support
is a leather armband that fits around a child’s forearm.

Lofstrand crutches are much more flexible. They
have a variety of forearm cuff styles, including circumfer-
ential or half cuff. Functional independence is increased
with the use of Lofstrand crutches because the child is
able to reach with his or her hands and the circumferen-
tial cuff will stay on the forearm. Half cuffs require less
reliance on the cuff for balance, but they will not stay on
the forearm if the handgrip is released. Handles may be
wide and flat, pistol, or rounded. Rounded handles are
the most commonly prescribed. The flat, wide handles
may be helpful with tonal issues as well as with carpal
tunnel inflammation. Pistol grips provide grooves for
finger placement. Newer varieties of Lofstrand crutches
are lightweight for children who have limited strength or
need shock absorption for their joints.

Another adjustable option for all crutches is the
crutch tip. Crutch tips may be constructed with materi-
als of various flexibilities and in different widths to make
the crutches more stable. Tips may include a gel, provid-
ing some shock-absorbent qualities. In addition, stud-
ded cups, which cover crutch tips, are available to make
ambulation in rain and snow easier.

Three varieties of walkers are appropriate for the
pediatric population: forward, reverse, and gait trainers.
Forward walkers are the traditional type of walker. They
can be purchased with or without wheels. Children can
grip flat handles or use platforms on one or both sides to
weight-bear through the elbows and forearms. It should
be remembered that forward walkers promote trunk
flexion in many children.

Reverse walkers, also called posture control walk-
ers, promote an erect posture. The child has increased
extension at the trunk and hips when his or her hands
are positioned to the sides or slightly in front. A pelvic
support can be added to assist with lateral pelvic control
and to facilitate trunk extension. Platforms can also be
attached to allow forearm weight-bearing. These walkers
are widely used in the pediatric population. However,
due to increased width, adult-sized children may have
difficulty with accessibility. Other accessories available
with some walkers are swivel wheels, forearm attach-
ments, hip guides, handwheel locks, baskets, and seats.

Gait trainers make ambulation a viable option for
children who are unable to ambulate with other aids.
Intensive body-weight-supported treadmill training may
be an effective intervention for some children with cere-
bral palsy who are ambulatory (12). A gait trainer is an
assistive device that provides significant trunk and pel-
vic support (Figure 8.2). It consists of a metal frame with
adjustable-height metal uprights that support the trunk
and arms. Adjustable-height seats, which are either slings
or a bicycle-type seat, are attached. The seat is not used
to support the entire body weight, but rather to keep the
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FIGURE 8.2 Rifton gait trainer.

child erect. This gait device has been used to teach a more
normal reciprocal gait pattern. It may function as a step-
ping stone to walking with a walker or crutches. Some
limitations of gait trainers include decreased transport-
ability, difficulty with positioning, and decreased accessi-
bility. They are wider and longer than traditional walkers
are. Gait trainers do have a place in therapeutic rehabil-
itation—to provide a child with independent means of
ambulation when no other assistive device is appropriate
and as a therapeutic tool toward ambulation with a more
accessible assistive device. Accessories available with gait
trainers are trays, wheel locks, harnesses, forearm sup-
ports, and differing lower extremity supports.

For facility use, weight-bearing and ambulation aids
are available. The Lite Gait is a partial weight-bearing
gait therapy device. It allows the therapist to control the
amount of weight-bearing by supporting the patient in a
harness system over a floor treadmill. With other thera-
peutic modalities, this has been shown to improve ambu-
lation and endurance levels (13).

The EVA Walker is a heavy-duty walker that has
a manual or hydraulic lift that is easily adjustable for a
variety of patients. It allows for significant upper extrem-
ity weight-bearing to assist and improve ambulation for
more moderately dependent patients.

WHEELCHAIRS AND SEATING

The degree of limitation in mobility varies across a broad
range for people with physical disabilities (5). Over the
years, technology related to wheelchair seating and
mobility has enhanced the opportunities for people with
disabilities. Many more options exist to match technology
with the user than ever before.

In order to begin the process of matching the child’s
needs to a particular wheelchair, it is recommended that a

thorough evaluation be made. Many factors contribute to
deciding on a particular seating and mobility system for
the pediatric population. These include growth, specific
disability, medical interventions, and prognosis of future
functional and cognitive abilities. Assess the particular
needs of the child, collect medical and surgical history,
and perform a physical assessment. A multidisciplinary
team approach usually works best. Once the assessment
is performed, educate the family on various wheelchairs
relative to the child’s goals. If possible, simulate the child
in as close to the recommended equipment as possible.
Finally, determine the particular seating objectives for the
child as well as the type of mobility base (4).

Every child has a unique set of challenges that will
dictate how his or her rehabilitation needs will be met.
Proper seating provides stability and support, decreases
the likelihood of postural deformities, and enhances
upper extremity control. Proximal stability allows for dis-
tal control. Within a wheelchair seating system, maintain-
ing proper body alignment is achieved by using various
seating and positioning components (14). Seating sys-
tems, including both the seat and the back, can be linear,
contoured, or molded. Of the three, linear seating systems
provide adjustability that allows the seating system to
grow as the child grows. Linear seating systems are the
most adaptable as the person’s orthopedic needs change.
The basic materials consist of plywood for the base, foam
(usually viscoelastic, which can vary in density and be
combined in layers for pressure relief and distribution)
for comfort and pressure relief, and a covering, usually
Lycra, Rubatex, or Dartex. Positioners such as laterals,
abductors, and adductors are easy to mount on these
systems.

Contour systems, in contrast to linear systems, con-
form closer to the actual shape of one’s body. When rec-
ommending a contour system, close attention should be
given to the growth rate and potential medical interven-
tions, as the shape of the contour may not be an appro-
priate choice. Custom molded systems provide maximal
support and should be considered for children with fixed
deformities. Molded systems do not change as the child
grows, unless remolding is performed, which is poten-
tially time-consuming and costly. Although this system
aids in controlling tone and nicely contours to most defor-
mities, it has the reverse effect of limiting the amount of
freedom children have in their seating system.

For patients who lack sensation, a variety of cush-
ions exist that assist in alleviating pressure, which will
decrease the likelihood of skin breakdown. Cushions
fall under several categories, including foam, gel, air,
and water (Table 8.4). Cushions should provide pressure
relief under bony prominences, provide a stable support
surface for the pelvis and the thighs, and function effec-
tively in different climates. They should be lightweight,
especially if a person is transferring independently or is
a self-propeller, and be durable. Each type of cushion has
advantages and disadvantages.
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TABLE 8.4 CUSHION TYPES

FOAM GEL

AIR

¢ Lightweight ¢ Lightweight

¢ Provides a stable base of support o

® Provides extremely good pressure relief

Provides a stable base of support

¢ Various densities available that ¢ Various densities available that ¢ Lightweight
can improve pressure-relieving can improve pressure-relieving
qualities qualities
* Heavy * Heavy ¢ Can be unstable
e Conforms to individual shape ¢ Conforms to individual shape ¢ Requires careful monitoring and

maintenance

Pressure mapping systems are tools used by clini-
cians to measure interface pressures between two sur-
faces, such as a seated person and the cushion he or she
is sitting on (see an example of a pressure mapping sys-
tem by Vista Medical at www.pressuremapping.com).
A visual output on a computer monitor allows easy view-
ing and understanding. Using this tool allows clinicians
to “diagnose” potential causes of skin ulcers as well as to
select a cushion that will provide the most appropriate
pressure relief for that patient. Keep in mind that all risk
factors, both extrinsic and intrinsic, should be considered
before assuming a particular cushion or piece of equip-
ment is causing skin breakdown.

POSITIONING COMPONENTS

Within a wheelchair seating system, maintaining proper
body alignment is achieved by using various position-
ing components. Evidence supports that children with
cerebral palsy should be fitted for wheelchairs that place
them in a functional sitting position (15). Lateral sup-
ports can be used to encourage midline trunk position
when trunk control is poor. Support for those with spinal
deformities, such as scoliosis and kyphosis, is carefully
evaluated to ensure that corrective forces applied to the
individual are tolerable. Scoliosis is managed with the
three-point pressure technique. Support pads are placed
under the apex of the curve, high on the opposite side
and bilaterally at the pelvis. Severe deformities should
always be accommodated comfortably, using a seating
technique that allows for contact with as much surface
area as possible. Usually, when supporting a scoliosis,
some degree of tilt (maintaining 90-degree hip angle) is
necessary to alleviate some of the effects of gravity on
the spine. Also, if the client is not forced to counteract
gravity, the lateral supports do not need to be as aggres-
sive and can be made more comfortable and tolerable
(16). Chest harnesses assist in stabilizing the trunk by
anterior support as well as by preventing forward trunk
flexion.

Positioning belts are used for pelvic alignment and
stabilization. An improperly placed pelvic positioner is
more detrimental than no positioner at all. The standard
angulation of a pelvic positioning belt is at a 45-degree
angle to the sitting surface (3). There are many pelvic
positioners available to maintain proper pelvic align-
ment, such as a double pull padded hip belt, a Hip Grip
Pelvic Stabilizer by BodyPoint Inc., and Pelvic Harness
by Rifton, to name a few. Subasis bars are used primarily
for high-tone patients. Proper placement and position of
the bar is critical to the success of the product. Improper
positioning can potentially lead to skin breakdown.

Additional positioners include abductor pads that
reduce or prevent increased adduction and assist in pro-
viding proper leg alignment. It should be remembered
that abductors are not to be used to block a child from
“sliding” out of the wheelchair. This may cause injury to
the perineal area (2). Adductors decrease hip abduction
and assist in providing proper leg alignment. Shoe hold-
ers and ankle positioners help control increased extension
or spasms in the lower limbs and correct or prevent exces-
sive internal or external foot rotation.

Head position is important for many reasons,
including proper visual input, control of tone, and proper
alignment for feeding and swallowing. Headrests pro-
vide support and positioning for a patient with poor head
control due to low tone, active flexion, or hyperextension.
They provide posterior and, if necessary, lateral support.
They also furnish safety in transport. The size and shape
of the headrest depend on individual needs. Total head
support can be achieved with the same headrest that
allows the child to freely move his or her head to explore
his or her environment.

When proper seating and positioning components
are in place, pediatric wheelchairs provide users with the
opportunity to explore and experience the world around
them. It encourages social integration as well as enhances
the level of involvement in various school and home
activities. The majority of wheelchairs can be divided
into two main categories: dependent mobility and inde-
pendent mobility. These categories represent the level
of functional mobility the child can achieve. Strollers,
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recliner wheelchairs, and tilt-in-space wheelchairs typi-
cally make up the types of chairs recommended for peo-
ple who need a temporary means of mobility or who are
incapable of independent mobility. Tilt-in-space chairs,
such as the Quickie or Zippie IRIS (Figure 8.3) (see web-
site for additional information: www.sunrisemedical.
com), are recommended for people who need moderate
to maximum positioning when there is little tolerance for
an upright position. A reduction of pressure readings at
the ischial tuberosities with tilt and recline positioning
was shown as a general trend in a study by Pellow (7).
Tilt-in-space wheelchairs provide pressure relief by redis-
tributing body weight. The tilt also can assist the care-
giver in properly positioning the child in the wheelchair
by allowing gravity to assist. Positioning strollers, such as
the Kid Kart Xpress, are typically used for younger chil-
dren in whom independent mobility is less of an issue.
Most strollers are also easily transportable.

Independent mobility can be achieved by using a
manual wheelchair or a power wheelchair. Functional
abilities and mobility goals dictate the type of wheelchair
recommended. Manual wheelchairs can range from pro-
viding minimal support to complete postural support.
Manual wheelchairs are lightweight in nature and have
a multitude of features that can be adjusted or added
to enhance efficient and effective use. Table 8.5 offers a

FIGURE 8.3 Zippie IRIS.

comparative look at the various wheelchair components.
Although this is a list of manual wheelchair components,
many features can be considered for power wheelchairs
as well.

Power wheelchairs provide independent mobility
when manual wheelchairs cannot be used. Independent
mobility is believed to be essential for perceptual motor
and social skill development. Self-produced locomotion
also is believed to have an impact on cognition, commu-
nication, and psychosocial development (9). Technolog-
ical advances in electronics have enabled people with
severe physical disability to operate a motorized wheel-
chair. Power wheelchairs can incorporate unique features
that enhance function critical to health maintenance, as
well as social development. The children who received
power mobility had significantly greater improvement
in receptive language on the Beck Depression Inventory
(BDD). Children with power mobility also score higher in
social-function, functional skills and self care assistance
on the Pediatric Evaluation of Disability Inventory (PEDI)
than the children who did not use power mobility (17).
Power wheelchairs have pediatric sizes that are capable
of raising the child from a seated to a standing position
(for an example, see the Permobil website at www.per-
mobilus.com), as well as elevating in the seated position
using a “seat elevator.” Table 8.5 shows an overview of
powered mobility systems.

Some power wheelchairs lower to floor level to
allow the child to socially interact with peers. However,
there may be constraints to using a power wheelchair.
The family may not have the means to transport the
wheelchair, or the power wheelchair cannot be used in
the home due to limited physical space and accessibility.
Funding may also prohibit the ability to acquire a power
wheelchair. Another option for powered mobility for chil-
dren may lie in three- or four-wheeled scooters. Scooters
are usually less expensive than a power wheelchair, but
do not offer a great deal of positioning options. Although
choices are limited for pediatric-sized scooters, several do
exist that can accommodate small children.

CAR SEATS

Conventional restraint devices may not always be the
option for safety in transportation (18). Alternative car seats
can be purchased for children with special needs. There are
several commonly used types of special needs car seats: the
Britax Traveller Plus (for more information, see www.snug-
seat.com) offers the most seat width in a special needs car
seat. The Convaid Carrot Car Seat offers a modular system
that can grow as the child grows. Both include seat depth
extenders, adequate positioning pads, five-point safety
straps, and an appropriate restraint system. The Carrie Car
Seat comes complete with head support, harness and safety
belt straps, and foot supports. At times, a child is sent home
from the hospital in a spica cast or one that limits the fit in


http://www.permobilus.com
http://www.snugseat.com
http://www.sunrisemedical.com
http://www.permobilus.com
http://www.sunrisemedical.com
http://www.snugseat.com

TABLE 8.5 WHEELCHAIR CHARACTERISTICS

FRAMES
Rigid Folding Hemiheight Tilt in Space Recliner One-Arm Drive
(+) Efficient ride (+) Shock (+) Allows LE propulsion (+) Pressure relief (+) Pressure relief (+) One functional UE
(+) Durable absorption (+) May make transfer (+) May assist to help (+) Seating for hip contractures (+) Sometimes difficult
(+) Lightweight (+) Ease of easier balance (+) Limited tolerance for upright to manipulate
(-) Decreased shock transport (+) Optimal height for peer  (+) head control posture (=) Additional steps for
absorption (+) Ability to nar- interaction (+) Change position for (+) Ease of breathing/feeding folding a chair

row chair (=) May make transfers respiration (—) Difficulty changing position

(-) Less efficient difficult (=) Heavy with spasticity

propulsion (=) Compromise height at (-) Difficult to break down  (-) Laterals and headrest move

tables with changing position

ARMRESTS
Conventional Height Adjustable Flip-Up Swing-Away Arm Troughs
+) Offers protection (+) Positioning (+) Hand function varies +) Durable (+) Alignment of UEs with mini-

—) Heavy
—) Hand function
—) Cosmesis

(
(
(
(

assist

(+) Offers protec-
tion

(+) Ease of trans-
fers

(+) Remains attached for
quick availability
(=) May be in bad position

(

(+) Cosmesis

(+) Easiest to operate
(+) Can change width via
cushion

) No protection

(_
(_

mal AROM
() Bulky
(-) Difficult to support tray

(=) Bulky ) Must order side guards
for protection

FOOTRESTS
Hanger Angle Types
60 degrees 70 degrees 90 degrees Tapered Standard Elevating
(+) Able to have large  (+) Reduces spas- (+) Reduces turning radius (+) Increased accessibility  (+) Adequate calf space (+) Positioning—
casters ticity problems (+) Reduces chair length (+) Positioning () Decreased accessibility contractures
(+) Limited ROM (+) Compromise (=) Decreased calf space (+) Edema
(+) Increase depth (=) Increased chair
without length weight

(+) Taller person
(=) Increased length
of chair

(=) Increased length

(-) Decreased accessi-
bility

(—) Elevating mechanism
(=) Cumbersome

(continued)
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TABLE 8.5 WHEELCHAIR CHARACTERISTICS (CONTINUED)

FOOTPLATES

FRONT RIGGING

Solid/Platform

Angle Adjustable

Hemimount

Flip-Up

Fixed

Swing-Away

(+) Folding frame
more stable

(+) Durable

(=) Must remove to
fold on folding frame

LEG STRAPS

(+) Best
positioning-ankle
contractures

(+) Reduce exten-
sor thrust in lower
limbs

(—) Heavier

(+) Positioning for shorter

legs

(+) Easier to move out of
way
(=) Not as durable

(+) More durable

(+) Change seat depth without
length

(=) Transfers more difficult

(=) Cannot reduce chair length

(+) Facilitate transfers
(+) Greater accessibility
(=) Must manipulate
release mechanism

Toe loop, heel loop, calf
strap

Shoe holders

(+) Maintain feet on
footplates

(+) Straps maintain
position even with
flexor spasticity

(+) Straps may be
used for WC/floor/
WC transfer

(=) May make transfer

difficult

CASTERS

(+) Control
increased exten-
sion or spasms in
lower limbs

(+) Excessive
internal, external
rotation

(+) Prevent
aggressive behav-
jor for safety

(=) Heavy

(=) Cumbersome

Solid

Pneumatic

Semipneumatic

Size 6-8 Inches

Size 3-5 Inches

(+) No maintenance
(+) Least rolling resis-
tance

(+) Energy-efficient

(+) Most shock
absorbent

(+) Easier to
maneuver over
small objects

(=) Requires main-
tenance

(+) No maintenance
(+) A good

compromise between solid

and pneumatic

(+) Less rolling resistance
(+) Increase footplate/
ground clearance

(+) Good on rough terrain
(+) Tilt

(+) Rugged terrain

(+) Smoother ride

(=) Larger caster—hard to
turn on carpet

(+) Less shimmy

(+) More responsive to quick
turns

(+) May aid in curb maneuver-
ability

(+) Increase footplate/caster
clearance

(+) Indoor use—tighter turns
(=) Poor maneuverability over
rough or uneven terrain
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TABLE 8.5 WHEELCHAIR CHARACTERISTICS (CONTINUED)

AXLES
Axle position Axles
Single Position Multiposition Amputee Standard Quick Release Quad Release
(+) Durable (+) Adjustability (+) Fits special population (+) Threaded (+) Can remove rear wheels (+) Can remove rear
(=) No adjustability (-) Decreased (=) Decreased durability (=) Cannot remove rear (+) Reduce size weight for trans-  wheels
wheels portability (+) Lower hand function
(=) Need good hand function (=) Durability
(—) Durability (=) May accidentally
disengage
REAR WHEELS
Spoked Mag
(+) Shock absorption (+) No maintenance
(+) Lighter (+) Decreased chance of
(=) Maintenance finger injury
(-) Heavier
TIRES
Urethane Pneumatic Kevlar Knobby High Pressure Airless Inserts

+) Good Indoors
+) No maintenance

(+)
(+)
(+) Durable
(=)
(=)

+) Rough terrain
+) Good traction

(
(
(+) Lighter
(

(+) Reinforced tire (+) All-terrain (+) High pres-
(+) Increased sure

traction (+) Lighter

(+) Flat-free
(+) Compromise
(+) Low maintenance

—) Rougher ride —) Maintenance (+) Added (=) Need Presta  (—) 1 pound heavier than
—) Heavier flotation valve pneumatic tires
(=) Squeaks
when new
PUSH RIMS
Aluminum Friction-Coated Projection “Quad Knobs”

+) No friction

+) Fine control
) Cold in cold weather
)

(
(
(
(=) Slippery if wet

+) Impaired hand function
—) Chair width increased
—) Slippery if wet

—) Can cause burns

—) Coating wears away

(
(
(
(
(

(+) Angle varies

(+) Length varies

(+) Number varies

(=) Angle increases width
(-) Decreased

efficiency if pegs do not
end up in right position
(-) Difficult to descend

(continued)
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TABLE 8.5 WHEELCHAIR CHARACTERISTICS (CONTINUED)

WHEEL LOCKS

Push to Lock Pull to Lock Scissors Extensions Grade Aids
Attendant Wheel Lock (+) Ease of access for (-) Inaccessible for client (+) Increased
caregiver leverage

(=) May hit transfer surface and unlock
(=) May hit hand when propelling

Power wheelchair

Scooter

Power Assist

(+) Not as likely to unlock
during transfer

(+) Closer for transfers
(+) Clear for propulsion

(+) Durable

(+) Allows power seat
functions

(+) Allows higher speed
(+) Allows adjustable
electronics for alternate
interface drive controls or
ECU control

(+) Improved shock
absorption

(+) Negotiates small curbs
and uneven terrain

(+) Adaptable for progres-
sive diseases

(+) Car transportable

(+) Manual wheelchair
frame with power assist
add-on components
(+) Transportable and
collapsible

lessens force

(+) Clear for (+) Easier to

propulsion reach

(+) Clear for (+) Easier to

transfers operate

(=) Difficult to (-) Decreased

manipulate brake dura-

(=) Less surface bility

contact with camber (=) In the way

(-) Toggle

Heavy

=)

(-) Difficult to transport
(-) Cost

(-) Lengthy repairs

(=) Not bus transportable

(=) Cannot utilize power
seat functions

(+) Prevents
chair from roll-
ing backwards
(=) Difficult to
propel forward
(=) May engage
inadvertently
(=) Requires
treaded tire

(=) Prevents
recovery from
backward fall
(=) Low durability

Abbreviations: AROM, active range of motion; ECU, environmental control unit; LE, lower extremity; UE, upper extremity; WC, wheelchair.
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a safe manner for travel. The Hippo Car Seat is for trans-
porting children with hip spica casts, broomstick casts, and
Ilifeld splints. For those children whose postures require
more than a lap belt and shoulder harness, an EZ On vest
(http:/ /ezonpro.com) is recommended. It can be used in
upright sitting in the rear seat or in side-lying in the back
seat. EZ On vests can accommodate children aged 2 to 12,
depending on size and weight.

Children with tracheostomies should avoid using
child restraint systems with a harness tray/shield com-
bination or an armrest. Upon sudden impact, the child
could fall forward and cause the tracheostomy to contact
the shield or armrest, possibly resulting in injury and a
blocked airway. Five-point harnesses should be used for
children with tracheostomies (13).

Transporting wheelchair occupants can be a chal-
lenge for many, especially school bus supervisors.
Research and accident data show that wheelchair tie-
downs and occupant restraint systems (WTORSs) can
reduce the possibility of injury by preventing the wheel-
chair occupant’s head from hitting the vehicle interior (19).
Several commercially available systems exist that secure
the wheelchair to the vehicle, including a four-point belt
system, a “docking” station, and a “T” bar configuration.
It is also recommended that wheelchairs face forward to
avoid collapsibility should there be a collision. In addi-
tion to the wheelchair seatbelt and shoulder or chest har-
ness, the standard lap and shoulder belt anchored to the
vehicle or the restraint system should be used (5,20).

VEHICLE ACCESSIBILITY: RAMPS AND LIFTS

The safest strategy is to transfer the child into an appro-
priate car seat; if they need to stay in a chair, there are two
options. The first option is two four-point restraint straps
in the front and two at the back, which buckle to the floor
so that the chair is securely fixed to the floor of the vehi-
cle. If the chair has a solid base, as in a power chair, one
can install an “EASY LOCK” (Figure 8.4); a plate with a
steel peg is bolted to the bottom of the chair. The chair
is steered over a box, the EASY LOCK docking station
(Figure 8.5), which is bolted to the floor of the vehicle. This
box has a “v”-shaped notch, and when the peg reaches
the bottom of the “v,” a latch locks it in place. When the
chair is to leave the vehicle, a switch releases the latch and
the peg is backed out of the “v”-shaped notch in the box.

Getting the child and chair into the vehicle requires
either a lift, which is fit to full size vans, or a ramp, which
can be fit to minivans with both side and rear entry. There
are also several companies that modify vehicles, includ-
ing non-minivans, such as a Honda Element for side entry.
The minivans have adjustments that allow the vehicle to
have a kneeling capability. Since the vehicle is closer to
the ground, the ramp does not need to be very steep. This
is accomplished with a hydraulic suspension system,
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FIGURE 8.4 Steel peg of EASY LOCK.

which is vulnerable to leaks. The non-minivan conver-
sions have the floor lowered, so they may be vulnerable
to speed bumps. Ramps come with a hydraulic feature
to raise and deploy them or they can be manually raised
and lowered. Some families use a minivan, and they use
folding ramps, which they set up and take down man-
ually. Recently there has been a side accessible vehicle,
the MV-1, which is fully ADA compliant with a ramp that
slides out from under the floor and is not a conversion but
a vehicle warrantied and designed bumper to bumper for
this function.

RECREATIONAL EQUIPMENT

An integral part of a child’s life should be learning and
self-exploration through recreational activities and play.
Many tricycles now fit the needs of some physically

FIGURE 8.5 Docking station of EASY LOCK.
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challenged children. Special features include hand pro-
pulsion, wider seats, seatbelts, trunk supports, and chest
straps. The Step-N-Go bicycle allows a rider to stand and
pedal, making propulsion easier for children with extensor
tone. The Rifton Adaptive Tricycle (see www.rifton.com/
products/mobility /adaptivetricycles/index.html)  pro-
vides the user with the ability to sit and pedal. This bike
provides multiple positioning supports and the capability
to grow. A “roller racer” is a riding toy for children with
lower extremity dysfunction. It sits close to the ground
and is propelled by moving the handlebars from side to
side. Electronic cars can be adapted with switches or a pro-
portional joystick. Scooters can be propelled with arms or
legs. Many commercially available mobility devices are
on the market today. Further information on recreational
equipment is available in the adapted sports and recreation
chapter (Chapter 9).

ADAPTIVE INTERFACES

With the level of human interaction incorporated into
today’s technology, the interface between a device and the
child takes on a new meaning and new challenges. The
success of a device can be determined by the interface,
which takes the form of various technologies. Depending
on the physical abilities of the user, the interface between
the child and the product can look quite different. A sig-
nificant proportion of severely disabled people need to
use head movements to control assistive equipment such
as speech-generating devices, environmental control
systems, assistive reading and writing tools, and powered
wheelchairs (10). Other adaptive interfaces include eye
gaze, “sip and puff” systems, chin control devices, and
other various switches configured to provide a specific
output, depending on the device to be controlled.

Other adaptive interfaces used typically to control
one’s environment or access to a computer include voice
activation. Speech recognition may use software such
as Dragon Naturally Speaking or software that is included
in operating systems of many computers, tablets, and smart
phones. Eye gaze tracking technology continues to improve
and often can be set to track the coordinated movements of two
eyes or more specifically the movement of one eye when a person
does not have normal binocular movements.

As electronics have advanced, particularly in pow-
ered mobility systems, so has the ability to integrate con-
trols. Therefore, it is possible to have a power-wheelchair
user also control his or her communication device using
the same interface that allows him or her to control the
power wheelchair. Although these technologies are
sophisticated, they offer another means of accessing the
environment and maximizing independence. The advan-
tages of integrated control are that persons with lim-
ited motor control can access without assistance several
devices with one access method and tool (10).

AUGMENTATIVE AND
ALTERNATIVE COMMUNICATION

Children who have physical, cognitive, and developmen-
tal disabilities and are as young as 2 years arrive for medi-
cal and therapy appointments as already competent users
of their parents’ smart phones and tablets for leisure/
entertainment and with early learning apps. Five-year
olds with visual, visual-motor, and fine motor planning
disorders can be introduced to keyboarding as a possi-
bly more functional alternative to handwriting—but may
need to be retrained from swiping on smart phones and
tablets as an access method before they learn to point and
touch keys.

All children, whether disabled or not, utilize a com-
plex communication system that integrates spoken, writ-
ten, and pragmatic social language skills. AAC includes
low- and high-technology devices that supplement these
skills and facilitate language learning. Augmentative
communication options are appropriate for any child
whose natural speech and writing does not enable him or
her to express himself or herself to all listeners in all envi-
ronments and for all pragmatic communication purposes.
In addition, AAC devices should be considered when
natural speech and writing does not sufficiently support
continued speech, language, and academic learning and
success. Rather than slowing down the development of
more competent oral speech and articulation skills, using
an AAC system to support expressive language (vocabu-
lary, syntax, and pragmatic) learning and teach a child the
interpersonal power of “spoken language” can help sup-
port speech development and provide more competent
language skills when oral speech capabilities catch up.

The communication impairments of children with
complex communication needs may be caused by motor
speech disorder (such as dysarthria or dyspraxia); a cog-
nitive and language disorder (such as global develop-
mental delay); a pervasive developmental disorder or
autism spectrum disorder; a chromosomal abnormality
(including Down syndrome); mental retardation; a brain
injury; cerebral palsy; or a neuromuscular disorder (such
as muscular dystrophy or SCI). Many children from age
two through adolescence who can benefit from AAC have
a multiplicity of complex diagnoses that may include
hypotonia, spasticity, attention deficit disorder (ADD) or
attention deficit hyperactivity disorder (ADHD), and/or
cortical visual impairment.

Communication behaviors develop spontaneously
in all children, regardless of the severity and multiplicity
of their disabilities. Nonverbal communication behav-
iors may manifest as vocalizations for satisfaction and
dissatisfaction; eye gaze and eye contact; looking away
from a person, place, or thing; idiosyncratic gestures; and
physically leading adults to desired objects and places.
Even when such communication behaviors are more
“reflexive” or self-directed than intentionally interactive,
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parents, caregivers, and familiar listeners typically learn
to recognize communicative information from their
children’s behaviors.

One goal of AAC intervention includes introduc-
ing communication strategies that help a child develop
systematic language and communication behaviors.
Systematic communication helps listeners to more read-
ily understand a child’s communicative intent, helps to
reduce the “20 questions” guesses that parents and care-
givers typically engage in, and helps the child and his or
her listeners form a communication dyad. With regard
to the psychosocial development of children and ado-
lescents with disabilities, the use of a speech-generating
device may enable them to shift social and communica-
tion control of interactions from parents, teachers, and
caregivers to the child—just as happens with typically
developing children as they develop independence and
interdependence within the social interactions that occur
throughout their home, school/daycare, and community
experiences.

Not all augmentative communication devices need
to be speech-generating. Low-tech aids can include
communication notebooks, communication boards,
and Picture Exchange Communication System (PECS)
displays. They may be even simpler, including low-tech
systems, such as refrigerator magnets or homemade pic-
ture magnets displayed on the refrigerator or on a cookie
sheet for portability.

It is important that all people utilize their residual
speech whenever functional, although many children
and adolescents may benefit from an AAC device to aug-
ment that speech. Natural speech may be used primarily
for initiation and getting attention, with a supplementary
device used to communicate specific or complex informa-
tion (eg, “I want + go + grandma + house” rather than
just “go” or “grandma”). Unaided natural speech may
be one’s primary communication technique, but sup-
plemented by a speech amplifier or a speech-generating
device in noisy environments.

AUGMENTATIVE AND ALTERNATIVE
COMMUNICATION (AAC) DEVICES

Today’s AAC devices typically are hosted by Windows
tablet computers, iPad tablets, or Android tablets; some
apps are available for smart phones as well. AAC devices
should be thought of as having features that support their
users’ achievement of success across their home, school,
community, and leisure (and eventually work) environ-
ments. Like all technologies, neither the features them-
selves nor the functions that open the doors to success can
be seen as static. A 2012 holiday gift giving guide about
cameras referred to considering “which cameras use their
newfound Wi-Fi capabilities.” Within a year, it was noted
that “new models can back up straight to cloud services

or networked computers as well as connect directly to a
mobile device, so you can view, transfer, and edit shots,
and then upload to sharing sites over your devices mobile
broadband. Some models use Wi-Fi to remotely control the
camera, too, using your mobile device’s display as a view-
finder.” The same rapid shift is true—and will continue to
be true—of features and capabilities in AAC devices.

The most important features of AAC devices can be
thought of as (a) access options; (b) vocabulary and syn-
tax organization; (c) pragmatic language function sup-
ports; and (d) language output. Consequently, the most
important team members to determine an effective match
of an AAC device to an individual are often a speech—
language pathologist and an occupational therapist, often
in conjunction with a seating specialist for individuals
who have positioning and wheelchair needs. Parents as
well as adolescents and younger children and other team
members (whenever possible) should be active partici-
pants in decision making regarding a specific AAC sys-
tem for an individual. At the very least, determination of
a child’s need for and development of a recommendation
for a specific AAC device should include a detailed par-
ent and team member education process so that they can
help make informed decisions about a device and a treat-
ment plan for implementation of that device in a child’s
natural environments.

Most AAC devices currently use dynamic display
technology in order to provide efficient access to expres-
sive language. Dynamic display technology changes its
display of vocabulary keys (that contain letters, words,
pictures, commands, etc.) according to what has been
selected before. The most common version of this is the
word prediction displays that smart phones and tablet
computers use to make typing e-mails and text messages
easier for those who are not efficient users of their small
keyboards. A less familiar version of dynamic display
language organization includes syntactical prediction of
vocabulary so that selection of the verb “go” automati-
cally links to a page of vocabulary that represents different
places (perhaps with its own link to a page of “People”
since many of us are more likely to talk about going to
grandma’s house for dinner than to a fast food restaurant).

As modes of communication have been changing
throughout society, the modes of communication that
AAC devices support also have needed to change—and
will need to continually change. High schools and junior
high schools are providing access to curriculum materials
onlineand allowing students to submit homework through
e-mail. This makes access to written output and electronic
communication through the same language system a per-
son uses for face-to-face communication more import-
ant to children with disabilities who are even partially
included in inclusive education settings. Text messages
frequently are the most common way that adolescents
socialize, plan, and even schedule school-centered work
group meetings. Adolescents who use AAC devices need
to have access to receive and send text messages through
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their “communication devices” to fully participate in
activities with their peers. As electronic health records
are more universally used among health care providers
and networks, more patients have easier access through
secure patient portals to their health information, commu-
nication with their health care team members, scheduling
appointments, and so on. This can provide adolescent
AAC users with more independent and private communi-
cation with their health care team members, without being
constantly dependent on their parents for communicating
their physical statuses, experiences, and feelings with doc-
tors, nurses, and other health care providers.

Access Options

The most common way for people, including children, to
access AAC devices is through direct selection—reaching
and touching vocabulary keys. AAC devices typically
contain options for different numbers and sizes of keys on
a screen for people who have different degrees of visual
and fine motor patterns. Most of them also have settings
to customize how long one has to hold or release keys
in order to account for different degrees of spasticity or
tremors. Options for different color contrasts between
page background, key backgrounds, and key symbols are
important for children with some types of visual impair-
ments. Even with customization of such settings, direct
selection typically is the fastest and most reliable way for
people to access AAC devices. This may require additional
wheelchair or desktop mounting equipment to be ordered
with the devices in order to optimally position them for
children who have neuromuscular or visual impairments.
Mouse, head tracking (Figure 8.6), and eye gaze
tracking systems can be considered directed selection
and rely on the mouse pointing options of AAC devices
that are hosted by computer or tablet systems. This can
be accomplished through a standard mouse or trackpad
or with “mouse emulators.” While targeting desired keys
is done through mouse pointing, selection typically is
accomplished by pressing a switch (or “mouse button”) or
by leaving the cursor on the target for a custom-set “dwell
time.” Head and eye tracking systems are “mouse emula-
tors.” Some head tracking systems use specialized cam-
eras that track the movements of the user’s head or other
body parts, often with a small reflective dot applied to
the target body part, and do not require special software.
Others use the built-in cameras of an AAC device’s host
computer and may require special software. Some eye
gaze tracking systems most effectively focus their track-
ing sensors on the eye movements of both eyes together;
some can competently track the position of a single eye
and can be expected to be more effective for people who
have poorly coordinated bilateral eye movements.
Finally, scanning selection techniques are available in
many AAC devices for people whose motor control is lim-
ited to one, two, or three body parts or movements. These
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FIGURE 8.6 Tracker Pro Head Tracking camera from
AbleNet Inc. (www.ablenetinc.com).

require that one, two, or three switches be placed in effec-
tive proximity to the user's movements, but still typically
remain the slowest and most physically effortful technique
to accessing technology. Customizable settings that give
users more direct control and speedier access rates include
two-switch scanning (in which activation of Switch #1
moves the scanning cursor to a target and then activation
of Switch #2 makes the selection), inverse two-switch scan-
ning (in which holding Switch #1 moves the cursor to a tar-
get, release of the switch stops the cursor movement, and
activation of Switch #2 makes the selection), and block/
row /column scanning (in which the user moves the cur-
sor to a section of the vocabulary display, then to a smaller
group such as a row within that portion of the display, and
then to an item within the row or even to a section of a dig-
ital photograph or “scene”) (Figure 8.7).

Vocabulary and Syntax Organization

The most functional AAC devices are those that have
complex vocabulary and syntax options as out-of-the-box
programming. The ways in which vocabulary is orga-
nized are critically important for anybody who cannot
access all of the words that he or she might want to say
through spelling and typing. On the other hand, there are
few of us who can keep up with the pace of fluent conver-
sation by typing. Therefore, language organization sys-
tems that focus on phrase and whole word organization
(complemented by less frequent use of whole messages)
should be considered.

Language organization software and apps may rep-
resent phrase, word, or whole message vocabulary through
printed words, picture symbols, multimeaning icons, or
digital photographs. The most robust language organiza-
tion may include self-prompting syntactical sequencing
features (eg, selecting a phrase such as “I want” at the
beginning of a sentence or utterance automatically links
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FIGURE 8.7 Examples of block/row/column scanning set-ups.

to a display of verbs; selecting “to play” as a verb results in
the visual suggestion of “toys,” “games,” and “sports” for
categories of nouns that might follow) (Figure 8.8).

Children with complex communication needs may
use customized whole message vocabulary keys forarange
of pragmatically and appropriately socially interactive
purposes. For example, telling others about personal
information as a personal safety skill can be important but
is more frequently used as the basis of introducing oneself
to adults and peers and engaging with them in reciprocal,
turn-taking conversations (Figures 8.9 and 8.10).

Most young learners, including children with com-
plex communication needs, use early literacy experi-
ences to learn joint attention and language skills. In fact,
home assessments by many early intervention specialists
include an assessment of how many “literacy artifacts”
are visible in the home (books, magazines, crayons,
tablet computers with book apps, etc.). When children
are verbal or have emerging verbal language skills,
adults at home and in school typically read with them;
when a child is nonverbal, fewer people expose them to
story books and, when they do, read to them. Most of

us find that our attention is shorter when we are talked
(or lectured) to without our active participation in the
experience. AAC devices can give children with complex
communication needs the ability to actively participate
in age-appropriate story book reading (and song sing-
ing) and access to learning of picture associations, vocab-
ulary, sequential and syntactical language, turn-taking
communication interactions, and visual processing with
vocabulary pages that largely include pictures that match
those in story books (Figure 8.11).

Additionally, digital photographs that are per-
sonally meaningful and contextually relevant—such as
photos of personal experiences—can form the founda-
tion of personal stories that people of many ages can
share with others (and tell multiple times with differ-
ent communication partners in different conversational
contexts) (Figure 8.12).

Finally, language organization options include the
uniquely linguistically organized system of Unity soft-
ware with Minspeak icons. Unity’s icons are more con-
ceptual and multimeaning than the more pictographic
symbols or printed words of most other AAC systems.
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FIGURE 8.8 Picture Word Power with Phrases and Categories (www.inmaninnovations.com).
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FIGURE 8.9 Telling others personal information.

For example, the [apple] icon refers to verbs (including
eat, feed, chew, and taste), noun categories (including
foods and breakfast foods, lunch foods, dessert, fruits/
vegetables), and attributes/adjectives (including deli-
cious and awful) (Figure 8.13). Similarly, the [rainbow]
icon refers to verbs (including draw and color), the cate-
gory of art supplies, name of colors, and attributes/adjec-
tives (including pretty, beautiful, and ugly) (Figure 8.14).

Unity also uses a color coding and layout system that
supports learning of its language and vocabulary by the
color and the location of vocabulary keys on the devices’
touch-sensitive screens. Pronouns and sentence starter
phrases are always yellow and always on the left side of the
screen; verbs are always green and located in the same two
locations of the screen; attributes across topics and concepts
are always in the same two or three locations of the screen;
and so on. This system minimizes the amount of visual
scanning and visual searching needed to learn and access
expressive language and instead relies on the development
of visual and motor memory patterns. It led to an approach
called Language Access through Motor Planning.
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FIGURE 8.11 Vocabulary page for actively participat-
ing and exchanging communication turns when reading
“Brown Bear” story book.

FIGURE 8.10 Asking others for their personal information.

While Unity seems like a cognitively complex sys-
tem, this author has worked with children under 3 years
of age who have learned it. One 2.5-year-old nonverbal
girl who has significant disabilities due to a chromosomal
abnormality had a 4-week trial of the system and learned
a great variety of vocabulary and sentence structures.
At the end of the trial, her mother commented that they
were beginning to understand how much knowledge
her daughter had about her world. This author, in re-
evaluating her at the end of her trial period, was explor-
ing her ability to use Unity to describe items by combining
color and noun vocabulary. When he presented her with
the “Brown Bear” story book as one activity structured
for this expressive vocabulary and language task, she
independently navigated to her “Reading” and “Books
categories, opened the “Brown Bear” story page and
giggled since taking turns reading the story was a much
more fun activity for her.

COBEOICE

e go to[ see the waterlilies in the pond. It is Grandma Mimi’'s

FIGURE 8.12 Vocabulary page to support telling of a
Personal Story about going to see water lilies with grandma.
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Pragmatic Language Function Supports

Pragmatic language functions refer to the purposes for
which people communicate. Children and adolescents
with complex community needs and other challenges
have as much need to engage in a range of socially appro-
priate communication interactions as anybody else does.
In fact, their need may be greater because until they can
engage in socially appropriate communication and con-
versational interactions that are of as much interest to and
valued by their communication partners, their inclusion
in activities with nondisabled peers and adults can be
expected to be limited.

According to the American Speech-Language—
Hearing Association (ASHA), successful use of Pragmatics
involves three major communication skills:

1. Using language for different purposes, such as
B greeting (eg, hello, goodbye)

informing (eg, I'm going to get a cookie)

demanding (eg, Give me a cookie)

promising (eg, I'm going to get you a cookie)

requesting (eg, | would like a cookie, please)

2. Changing language according to the needs of a listener
or situation, such as
B talking differently to a baby than to an adult
B giving background information to an unfamiliar
listener
B speaking differently in a classroom than on a
playground

3. Following rules for conversations and storytelling, such as
B taking turns in conversation
B introducing topics of conversation
B staying on topic
B rephrasing when misunderstood
B how to use verbal and nonverbal signals
B how close to stand to someone when speaking
B how to use facial expressions and eye contact

Source: http://www.asha.org/public/speech/development/Pragmatics/
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FIGURE 8.13 Unity's vocabulary related to eating and
foods.

Note: Unity is a registered trademark of the Prentke Romich
Company (www.prentrom.com).

FIGURE 8.14 Unity’s vocabulary related to art and colors.

Note: Unity is a registered trademark of the Prentke Romich
Company (www.prentrom.com).

Active participation in one’s health care services
and treatment planning should be added to this list.
AAC devices are more and more commonly used not
only by people with chronic disorders and disabilities
but also by people who have temporary speech impair-
ments due to postsurgical tracheotomies, other short- or
long-term acquired oral speech impairments, or ven-
tilator dependence. The Joint Commission in its 2010
Roadmap for Hospitals: Advancing Effective Communica-
tion, Cultural Competence, and Patient- and Family-Centered
Care stated that “For patients that experience sensory or
communication impairment due to their current medical
condition, it may be necessary for the hospital to pro-
vide auxiliary aids and services or augmentative and
alternative communication (AAC) resources to facilitate
communication” (www.jointcommission.org/roadmap_
for_hospitals).

Language Output

Most current AAC devices utilize synthesized speech
output. Although almost all synthesized speech output
inherently has a measure of a “robotic” speech quality,
it also provides more intelligible speech output when
a person syntactically sequences vocabulary selections
into original utterances. Digitized (eg, recorded) speech
output may be more intelligible for expressing prepro-
grammed whole messages but the same speaker should
then be programming all vocabulary for an AAC device
user so that he or she does not speak in a variety of
voices. When used for syntactically sequencing phrases
and words in originally generative messages, digitized
speech output contains the uneven rhythm and intona-
tion with which each individual word and phrase was
recorded, thus disrupting the intelligibility of the com-
plete message.

As more and more AAC devices have become
hosted by Windows computers, speech synthesizer
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software such as ModelTalker has become more com-
monly thought of. Such software uses “voice banking”
(the recording and saving of samples of a person’s natu-
ral speech or vocalizations) as the basis for processing the
live voice into synthesized speech output that has much
of the tone and quality of the original natural speech
(www.modeltalker.com).

Written output, e-mail output, texting, and post-
ing messages and pictures to social media have assumed
progressively more important places in pragmatic, social,
and interdependent communication interactions among
children as well as adolescents. AAC devices can pro-
vide access to these communication techniques even
if people are not fluent typists and spellers or cannot
effectively access the keyboards (or speech recognition)
of standard computing devices. At the time of writing,
few insurance companies have considered “computers”
and “computing” to be a medical necessity and only
cover funding of “dedicated speech-generating devices.”
Many AAC manufacturers offer the option to have the
underlying Windows computer, Android tablet, or iPad
tablet “opened” later for a small fee. Perhaps by the time
this book is published, those policies may have changed
along with the understanding that electronic communi-
cation through patient portals in hospitals and doctors’
offices; written output for educational successes; and
electronic communication through text messages and
social media are as critical a necessity as is traditional
speech output for helping children and adolescents who
have medical diagnoses that create complex communi-
cation needs overcome the barriers associated with their
disabling conditions.

That day, however, can be expected to come faster
only if a growing number of health care providers
become advocates for such patients’ achievement of inter-
dependence with others in their immediate and extended social
networks.

Resources

These organizations offer some combination of informa-
tion, educational programs, and a range of other resources
in AAC:

¢ American Speech-Language-Hearing Association
(ASHA): www.asha.org

o Assistive Technology Industry Association (ATIA):
www.atia.org

¢ Association of Assistive Technology Act Programs
(ATAP): www.ataporg.org

¢ International Society for Augmentative and Alternative
Communication (ISAAC): www.isaac-online.org

¢ Patient Provider Communications: www.patientpro
vidercommunication.org

¢ RERC on Communication Enhancement: www.aac-rerc
.com

ASSISTIVE ROBOTS AND ORTHOSES
AUTOMATED FEEDERS

Task-specific devices exist for feeding such as the Wins-
ford feeder—sold through North Coast Medical and
Rehabilitation Products for approximately $3,500. This is
a motorized device intended for people without available
arm function. They activate a chin switch, which sends a
signal to scoop up the food off a mechanized plate and
presents it to the user. The Neater Eater (Neater Solutions,
Buxton, UK) is a table-mounted feeding device that comes
in two versions. The first is a motorized feeding arm that
can be controlled by a user with little arm function and
retails for about $4,000 (Figure 8.15). It is attached to a
tabletop and can be controlled by a foot switch. A manual
version is also attached to a tabletop and is for someone
with some arm movement but whose movement may be
erratic or tremulous. The arm has a built-in damper that
filters out unwanted movement.

ORTHOSES

This area has seen a few new devices that have become
commercially available. What makes this segment unique
is that these are devices that are attached to an appendage
(typically the arm) and provide assistance to accomplish
activities of daily living. They utilize the remaining resid-
ual strength of the individual to allow voluntary move-
ments. They act to amplify weak movements of the arm
and negate the effect of gravity for the user so that they
can perform tasks such as feeding themselves very easily.

Among the earliest and most accepted devices is the
balance forearm orthosis (BFO), also called the mobile arm
support (Figure 8.16). The BFO (JAECO Orthopedics, Hot
Springs AR), which is a passive (body-powered) device,
was developed in 1965. It provides a person with weak

FIGURE 8.15 The Neater Eater.
Courtesy Neater Solutions, UK.
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FIGURE 8.16 Balanced forearm orthosis (BFO).
Courtesy Jaeco Orthopedics, Hot Springs, Arkansas.

musculature with the ability to move his or her arms in a
horizontal plane. Two linkages that have joints along the
vertical axes accomplish this. One end of the BFO is attached
to a wheelchair; the other end is connected to a trough into
which a person places his or her forearm. The trough uses
a fulcrum at the forearm that permits the hand to elevate
if the shoulder is depressed. The BFO allows a person to
move horizontally, for example, over a lap tray and to use
compensatory movements to attain limited movement in
the vertical direction. The BFO retails for approximately
$600 and is available through Patterson Medical.

The Wilmington Robotic Exoskeleton (WREX) is a
body-powered orthosis that is modular and mounted to a
person’s wheelchair or to a body jacket (Figure 8.17). It is
a two-segment, four-degree-of-freedom exoskeletal arm,
energized by elastic bands that aid in moving the arm in
three-dimensional (3D) space. The WREX allows full pas-
sive range of motion of the arm and provides a sense of

FIGURE 8.17 Wilmington Robotic Exoskeleton (WREX)
mounted to a wheelchair.

FIGURE 8.18 WREX mounted to a body jacket and
constructed using 3D printed parts.

flotation that assists in voluntary movement (21). WREX
can easily be adjusted to accommodate subjects of differ-
ent size weights and arm lengths by changing the number
of bands or sliding the telescoping links. WREX can be
mounted to a wheelchair (Figure 8.17) or a body jacket
(Figure 8.18), and is intended primarily for people with
muscular weakness such as muscular dystrophy, spinal
muscular atrophy, and arthrogryposis (22). The WREX
was conceived and developed at the Alfred I. duPont
Hospital for Children and is now manufactured and sold
by JAECO Orthopedics, Hot Springs, AR and Patterson
Medical, Bolingbrook, IL for approximately $2,000.

Two other passive upper extremity orthoses have
recently been commercialized and both emanate from
the Netherlands. The first is the Armon made by Micro-
gravity Products and is powered by springs. It retails for
$3,000 and is for people with arm weakness. It attaches
to the forearm of the user and provides gravity balanc-
ing. It can be attached to the wheelchair or a tabletop. The
Armon does not follow the contours of the arm. It can
be adjusted by a motor to compensate for the weight of
a person. The second device is called the Dynamic Arm
Support (DAS) made by Exact Dynamics. It is similar to
the Armon but has a vertical movement that provides the
elevation. It too can be adjusted for different sized people
with the aid of a motor. It can be attached to a wheelchair.

ROBOTS

The Assistive Robotic Manipulator 1IARM; see Figure 8.19)
is a six-degree-of-freedom wheelchair-mounted robotic
device developed in the Netherlands (Exact Dynamics Inc.
Netherlands). As a result of its functionality and mobil-
ity, the iARM offers its users a wide range of manipula-
tion possibilities. Example tasks include eating, pouring
and drinking, playing board games, operating switches,
and opening doors. The iARM manipulator features a
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FIGURE 8.19 iARM.

programmable user interface and flexible input/output
for interfacing with electrical wheelchairs. The iARM
folds into an unobtrusive position at the side of the wheel-
chair when not in use and folds out when commanded.
Its present inputs include a 16-button keypad, trackball,
and joystick, which perform individual joint control, inte-
grated hand control, or programmed modes of control.
There are currently approximately 400 users of the iIARM
worldwide. The iARM robot costs approximately $20,000.

THERAPY ROBOTS

The term “rehabilitation robot” has been around for
about 35 years when it was applied to assistive motorized
devices that performed tasks of daily living for people
with physical impairments. As shown previously, these
applications are continually being developed; however,
the term is being increasingly applied to machines that
assist in the recovery from a condition such as stroke. This
shift in emphasis from assistive to rehabilitation in robot-
ics is largely driven by an aging population resulting in
a far greater number of potential beneficiaries. There are
approximately 800,000 new cases of stroke in the United
States every year. The “graying” of the population is more
pronounced in other countries such as Japan. Patients
undergo physical therapy to restore lost function. The ther-
apy tends to be repetitive and evidence suggests that the
duration, intensity, and quality of therapy all play a role
in recovery. Although functional gains still remain small,

the potential of machines assisting in therapy is enormous.
These machines are ideally suited to the rigorous and
repetitive nature of therapy. The following paragraphs list
some of the devices that are currently on the market.

Manually assisted treadmill walking is commonly
used for regular therapy for patients with neuromuscular
impairments. This type of therapy is performed with some
type of harness system that supports the patient’s weight.
There are two main limitations to this type of therapys; it
is labor intensive, as it requires two therapists to move
the patient’s legs. This causes therapist fatigue and back
pain due to awkward ergonomic positions for therapists.
Second, manual therapy lacks repeatability and a way to
objectively measure performance. The Lokomat (Hocoma
AG, Volketswil, Switzerland) is a bilateral robotic gait
trainer that is used along with a weight-supported system.
It can replace some of the functions of therapists and free
them from performing the arduous task of leg movement.
The Locomat can provide customized gait training to an
individual patient by defining the optimal trajectory of
leg movements and creating a specified set of force inter-
actions between the device and the patient. The Locomat
has been commercially available since 2000 and is used
in numerous clinics for SCI, stroke, and TBI populations.
There are over 400 Locomat systems in use worldwide.

Hocoma AG features a line of products for upper
extremity therapy. ArmeoSpring is a device based on the
WREX. It furthers the WREX by adding an interactive
component that contributes to the therapeutic process.
Over 500 have been sold by Hocoma AG. ArmeoPower is
newer and motorized. It aids in conditions such as stroke,
TBI, and other neurologic disorders (23).

InMotion Robots (Interactive Motion Technolo-
gies Inc., Cambridge, MA) are a suite of table-mounted
robotic systems that provide therapy for the shoulder,
elbow, wrist, hand, and overground ankle training. The
robots are combined with a video screen to provide a fun
and therapeutic environment for exercise. These robots
can be programmed to vary the relative effort between
the user and the robot. If, for instance, the user is very
weak the robot can do most of the work. As the patient
gains strength, the robot effort can be decreased appro-
priately. The InMotion system has been developed over
the past 20 years and its strength is that it offers a very
low impedance system, so the effect of the robot can be
imperceptible to the user. It is used for stroke and other
neurologic disorders.
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ADAPTIVE SPORTS AND RECREATION

Adapted sports for the disabled (DA) were introduced
in the mid-20th century as a tool for the rehabilitation of
injured war veterans. They have developed to encompass
all ages, abilities, and nearly all sport and recreational
activities, from backyards to school grounds to national,
international, and Paralympic competitions. The trend in
recent years has led sports away from its medical and reha-
bilitation roots to school- and community-based programs
focused on wellness and fitness, rather than on illness and
impairment. However, rehabilitation professionals remain
connected in a number of important ways. Sports and recre-
ation remain vital components of a rehabilitation program
for individuals with new-onset disability. Furthermore,
rehabilitation professionals may be resources for informa-
tion and referral to community programs. They may be
involved in the provision of medical care for participants
or act as advisors for classification. As always, research
to provide scientific inquiry in biomechanics, physiology,
psychology, sociology, technology, sports medicine, and
many related issues is a necessary component.

HISTORY

Sports and exercise have been practiced for millennia.
Organized activities for adults with disabilities have
more recent roots, going back to the 1888 founding of
the first Sport Club for the Deaf in Berlin, Germany. The
International Silent Games, held in 1924, was the first
international competition for DA athletes. Deaf sports
were soon followed by the establishment of the British
Society of One-Armed Golfers in 1932. Wheelchair sports
are younger still, having parallel births in Britain and the
United States in the mid-1940s. Sir Ludwig Guttman at
the Stoke Mandeville Hospital in Aylesbury, England,
invented polo as the first organized wheelchair team
sport. “It was the consideration of the over-all training
effect of sport on the neuro-muscular system and because
it seemed the most natural form of recreation to prevent
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boredom in hospital . . .” (1). Within a year, basketball
replaced polo as the principle wheelchair team sport. In
1948, the first Stoke Mandeville Games for the Paralyzed
was held, with 16 athletes competing in wheelchair bas-
ketball, archery, and table tennis. This landmark event
represented the birth of international sports competition
for athletes with a variety of disabilities. The games have
grown steadily, now comprising more than two dozen
different wheelchair sports. The competitions are held
annually in non-Olympic years, under the oversight of
the International Stoke Mandeville Wheelchair Sport
Federation (ISMWSF).

While Guttman was organizing wheelchair sports
in Britain, war veterans in California played basketball
in the earliest recorded U.S. wheelchair athletic event.
The popularity flourished, and, a decade later, the first
national wheelchair games were held. These games also
included individual and relay track events. With the suc-
cess of these games, the National Wheelchair Athletic
Association (NWAA) was formed. Its role was to foster
the guidance and growth of wheelchair sports. It contin-
ues in this role today under its new name, Wheelchair
Sports USA.

The US. teams made their international debut
in 1960 at the first Paralympics in Rome. The term
“Paralympic” actually means “next to” or “parallel” to the
Olympics. In the 54 years since, the number and scope of
sport and recreational opportunities has blossomed. The
National Handicapped Sports and Recreation Associa-
tion (NHSRA) was formed in 1967 to address the needs of
winter athletes. It has more recently been reorganized as
Disabled Sports USA (DS/USA). The 1970s saw the devel-
opment of the United States Cerebral Palsy Athletic Asso-
ciation (USCPAA) and United States Association for Blind
Athletes (USABA). In 1978, Public Law 95-606, the Ama-
teur Sports Act, was passed. It recognized athletes with
disabilities as part of the Olympic movement and paved
the way for elite athletic achievement and recognition.

In the 1980s, a virtual population explosion of sport
and recreation organizations occurred. Examples of these
organizations include the United States Amputee Athletic
Association (USAAA), Dwarf Athletic Association of
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America (DAAA), and the United States Les Autres Sports
Association (USLASA; an association for those with
impairments not grouped with any other sports organi-
zations), the American Wheelchair Bowling Association
(AWBA), National Amputee Golf Association (NAGA),
United States Quad Rugby Association (USQRA), and the
Handicapped Scuba Association (HSA). Internationally,
the International Paralympic Committee (IPC) was cre-
ated in 1989 as a nonprofit organization, headquartered
in Bonn, Germany, to organize the summer and win-
ter Paralympic games, promote the Paralympic values,
and encourage participation in disabled sports from the
beginner to the elite level. It also acts as the international
federation for nine sports and oversees worldwide cham-
pionships in these sports. It recognizes four additional
International Organizations of Sports for the Disabled
(IOSDs) including the Cerebral Palsy International Sports
and Recreation Association (CPISRA), the International
Blind Sports Federation (IBSA), the International Sports
Federation for Persons with an Intellectual Disability
(INAS), and the International Wheelchair and Amputee
Sports Federation (IWAS). The awareness of and appre-
ciation for disabled athletes was especially evident in the
2012 Paralympic Games held in London. There were 4,237
athletes present from 164 countries who participated
in a total of 503 events in 20 sports. During this event,
251 world records and 314 Paralympic records were set.
There was a record 2.7 million spectators and millions
more who watched the televised events or accessed the
events through the Internet. Surveys of the British noted
a significant positive change in attitude toward athletes
with disabilities and disabled sports.

While the history of sports for the DA can be traced
back a century, the development of junior-level activities
and competition can be measured only in a few short
decades. The NWAA created a junior division in the
early 1980s that encompassed children and adolescents
from 6 to 18 years of age. It has since established the
annual Junior Wheelchair Nationals. Junior-level partic-
ipation and programming have been adopted by many
other organizations, including the National Wheelchair
Basketball Association (NWBA), DS/USA, and Ameri-
can Athletic Association of the Deaf (AAAD). Sports for
youth with disabilities are increasingly available in many
communities through Adapted Physical Education (APE)
programs in schools, inclusion programs in Scouting,
Little League baseball, and others.

EXERCISE IN PEDIATRICS:
PHYSIOLOGIC IMPACT

It is widely accepted that exercise and physical activity
(PA) have many physical and psychological benefits.
Much research has been done to support this in adults.
More recently, data has been presented to describe the

benefits of exercise in both healthy children and those
with chronic disease.

Exercise programs in healthy children have resulted
in quantifiable improvements in aerobic endurance, static
strength, flexibility, and equilibrium (2). Regular PA in
adolescence is associated with lower mean adult diastolic
blood pressures (3). However, a survey of middle school
children showed that the majority are not involved in
regular PA or physical education (PE) classes in school
(4). Despite this, school days are associated with a greater
level of PA in children at all grade levels than free days
(5). Requiring PE classes in school improves the level of
PA in children, but does not lower the risk for develop-
ment of overweight or obesity (6) without dietary educa-
tion and modification (7). Children attending after-school
programs participate in greater amounts of moderate and
vigorous PA than their peers (8).

Obesity is increasing in epidemic proportions among
children in developed countries. It has been linked to
development of the metabolic syndrome (defined as hav-
ing three or more of the following conditions: waist cir-
cumference = 90th percentile for age/sex, hyperglycemia,
elevated triglycerides, low- and high-density lipoprotein
[HDL] cholesterol, and hypertension) (9); both obesity
and metabolic syndrome are more common in adoles-
cents with lower levels of PA (10). Insulin resistance is
reduced in youth who are physically active, reducing the
risk of developing type 2 diabetes (11). Exercise in obese
children can improve oxygen consumption and may
improve cardiopulmonary decrements, including rest-
ing heart rate (12). An 8-week cycling program has been
shown to improve HDL levels and endothelial function
(13), though in the absence of weight loss, had little effect
on adipokine levels (14).

Exercise has positive effects on bone mineralization
and formation. Jumping programs in healthy prepubes-
cent children can increase bone area in the tibia (15) and
femoral neck, and bone mineralization in the lumbar
spine (16). The effects of exercise and weight-bearing may
be further enhanced by calcium supplementation (17).
The effects on postpubertal teens are less clear.

In children with chronic physical disease and dis-
ability, the beneficial effects of exercise are beginning to be
studied more systematically. Historically, it was believed
that children with cerebral palsy (CP) could be nega-
tively impacted by strengthening exercises, which would
exacerbate weakness and spasticity. Recent studies show
this to be untrue. Ambulatory children with CP who par-
ticipate in circuit training show improved aerobic and
anaerobic capacity, muscle strength, and health-related
quality-of-life scores (18). In ambulatory adolescents with
CP, circuit training can reduce the degree of crouched gait
and improve perception of body image (19). Perform-
ing loaded sit-to-stand exercises results in improved leg
strength and walking efficiency (20,21).

Percentage body fat is greater, and aerobic capac-
ity (VO,/kg) is lower in adolescents with spinal cord
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dysfunction than healthy peers. Their levels mirror those
in overweight peers. They also reach physical exhaustion
at lower workloads than unaffected controls (22). Partici-
pation in programs such as BENEfit, a 16-week program
consisting of behavioral intervention, exercise, and nutri-
tion education, can produce improvements in lean body
mass, strength, maximum power output, and resting
oxygen uptake (23).

Supervised physical training can safely improve
aerobic capacity and muscle force in children with osteo-
genesis imperfecta (24). Patients with cystic fibrosis who
participate in stationary cycling for aerobic conditioning
dislike the tedium of the exercise, but improve their mus-
cle strength, oxygen consumption, and perceived appear-
ance and self-worth (25). Pediatric severe-burn survivors
have lower lean body mass and muscle strength com-
pared with nonburned peers; however, both are signifi-
cantly improved following exercise training (26).

Children with polyarticular juvenile idiopathic
arthritis have safely participated in aerobic condition-
ing programs, with improvements noted in strength and
conditioning. Those with hip pain may be negatively
impacted, having increased pain and disability (27). The
exercise prescription in children experiencing hip pain
should be modified to reduce joint forces and torques.

Joint hypermobility and hypomobility syndromes
commonly result in pain. These patients demonstrate
lower levels of physical fitness and higher body mass
indexes, likely secondary to deconditioning (28). These
and other children with pain syndromes benefit from
increased exercise and PA.

EXERCISE IN PEDIATRICS: PSYCHOSOCIAL
IMPACT

The U.S. Department of Health and Human Services
published in 2010 that 31% of children (ages 4-11) were
reported to be sad, unhappy, or depressed compared
with 17% of children without disabilities (29). Regular PA
in early childhood through adolescence fosters not only
improvements in physical health, but also psychosocial
health and development (30,31). The amount and qual-
ity of PA have significantly declined over the past several
decades and even able-bodied (AB) children are no longer
meeting the recommended guideline of 1 hour or more of
moderate-intensity PA on 5 or more days a week (32). In
disabled children, the amount of PA is even more restricted
due to a variety of factors, including the underlying dis-
ability, physical barriers, and availability of resources (33).
Sit et al. noted that the amount of time spent by children
in moderate PA at school during PE and recess was lowest
for children with a physical disability, at 8.9%, and highest
for children with a hearing loss, at 16.6% of recommended
weekly minutes (34). Studies involving AB children
have demonstrated that providing game equipment and

encouragement from teachers can significantly increase
moderate activity levels during recess (35). Deviterne et al.
reported that providing participant-specific written and
illustrated instruction concerning sporting activities such
as archery to adolescents with motor handicaps improves
their skill performance to a level similar to an AB ado-
lescent at the end of the learning session that can foster
increased self-esteem (36).

Many studies have demonstrated increased social
isolation with fewer friendships among disabled children
and adolescents. The Ontario Child Health Study revealed
that children with a chronic disability had 5.4 times greater
risk of being socially isolated and 3.4 times greater risk of
psychiatric problems (37). Mainstreaming seems to have
a positive impact, although concerns regarding AB peer
rejection are still pervasive (38). Children in integrated PE
programs were more likely to view their disabled peers
as “fun” and “interesting” compared to children who
were not integrated (39). One study of teacher expecta-
tions in mainstreamed PE classes revealed significantly
lower expectations for the disabled student’s social rela-
tions with peers (40). The attitude toward mainstreamed
PE among high school students was significantly more
positive in the AB group as opposed to the disabled pop-
ulation (41). Disabled children often view their lack of
physical competence and, second, the status among their
peers as the major barriers in social competence (42).

In addition to regular PA, play is a major component
of childhood and important in psychosocial development
of children. In preschool children with developmental
delay or mental retardation, they were more likely to
play on their own or not participate in play compared to
the typically developing peers. Placing them in an inte-
grated playgroup increased peer interactions compared
to a nonintegrated playgroup, but did not correct the dis-
crepancy in sociometric measures (43). There have also
been discrepancies noted in the type of play for children
with developmental delays. These children are less likely
to participate in imaginative or constructive play (ie,
creating something using play materials) and more likely
to participate in functional (ie, simple repetitive tasks)
and exploratory play (44). It has been suggested that
play should be taught, and one study by DiCarlo demon-
strated that a program that taught pretend play increased
independent pretend toy play in 2-year-old children with
disabilities (45).

Play for children with physical disabilities is also
impaired. Children rely on technical aids such as brac-
ing, walkers, wheelchairs, or adult assistants to access
play areas and play equipment. Studies have shown that
they are seldom invited to spontaneous playgroups and
rarely take part in sporting activities unless the activity is
geared toward children with disabilities (46). In a study
by Tamm and Prellwitz, preschool and school children in
Sweden were surveyed about how they viewed children
in a wheelchair. They were willing to include disabled
children in their games, but saw barriers to participation
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in outdoor activities due to the inaccessibility of play-
grounds and the effect of weather. They did not feel
children with disabilities would be able to participate in
activities like ice hockey, but could play dice games. They
felt sedentary and indoor activities were more accessible.
The children also felt that disabled peers would have high
self-esteem, although most literature has documented
that disabled children have low self-esteem (47).

In another study, children with motor disabilities
were surveyed regarding how they perceived their techni-
cal aids in play situations. Younger children viewed their
braces, crutches, walkers, or wheelchairs as an extension
of themselves and helpful in play situations. Older chil-
dren also saw the equipment as helpful, but a hindrance
in their social life, as it made them different from their
peers. Both older and younger children saw the environ-
ment as a significant barrier to play. Playgrounds often
had fencing surrounding the area, sand, and equipment
such as swings or slides that were not accessible without
the assistance of an adult. The weather impacted acces-
sibility due to difficulty maneuvering on ice or through
snow. Children often took on an observational role on the
playground or stayed inside. It was noted that the lack of
accessibility sent the message that children with DA were
not welcome and further isolated the DA group. As far as
adult assistance, the younger children often incorporated
the adult as a playmate. As children became older, they
viewed their adult assistants as intrusive and a hindrance
in social situations. Older children often chose to stay at
home and be alone rather than going somewhere with an
adult (46).

The research has highlighted many areas for
improvement in accessibility for play and social interac-
tion. Several articles detail ways to create accessible play-
grounds, and these playgrounds are now becoming more
prevalent in the community (Figure 9.1). Playground sur-
faces can be covered with rubber, and ramps can be incor-
porated throughout the play structure to allow access by
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wheelchairs, walkers, and other assistive devices. Play-
ground equipment can include wheelchair swings and
seesaws that allow a wheelchair placement (48).

ADAPTED SPORTS AND RECREATION
PROFESSIONALS

A variety of fields provide training and expertise in
adapted sports, recreation, and leisure. They include APE
teachers, child life specialists, and therapeutic recreation
(TR) specialists. Physical and occupational therapists
often incorporate sports and recreation into their treat-
ment plans as well. However, their involvement remains
primarily within a medical framework and will not be
discussed here.

APE developed in response to the Individuals with
Disabilities Education Act (IDEA), which states that chil-
dren with disabling conditions have the right to free,
appropriate public education in the least restrictive envi-
ronment. Included in the law is “instruction in physical
education,” which must be adapted and provided in
accordance with the Individualized Education Program
(IEP). APE teachers receive training in identification of
children with special needs, assessment of needs, cur-
riculum theory and development, instructional design,
and planning, as well as direct teaching (49,50). The APE
National Standards (51) were developed to outline and
certify minimum competency for the field in response to
only 14 states developing standards for APE following
the passage of the IDEA. APE teachers provide some of
the earliest exposure to sports and recreation for children
with special needs, and introduce the skills and equip-
ment needed for future participation.

TR has its roots in recreation and leisure. It provides
recreation services to people with illness or disabling con-
ditions. Stated in the American Therapeutic Recreation

FIGURE 9.1
walker access.

Playground equipment can be adapted to include children of all abilities, including pathways for wheelchair and
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Association Code of Ethics, the primary purposes of treat-
ment services are “to improve functioning and indepen-
dence as well as reduce or eliminate the effects of illness
or disability” (52). Clinical interventions used by TR spe-
cialists run the gamut, from art, music, dance, and aquatic
therapies to animal, poetry, humor, and play therapy.
They may include yoga, tai chi chuan, aerobic activity,
and adventure training in their interventions. While some
training in pediatrics is standard in a TR training program,
those who have minored in child life or who have done
internships in pediatric settings are best suited for com-
munity program development. TR specialists are often
involved in community-based sports for those with DA,
serving as referral sources, consultants, and support staff.

Child life is quite different from TR. Its roots are
in child development and in the study of the impact of
hospitalization on children. Its focus remains primarily
within the medical/hospital model, utilizing health care
play and teaching in the management of pain and anxi-
ety and in support. Leisure and recreation activities are
some of the tools utilized by child life specialists. Unlike
TR specialists, child life workers focus exclusively on
the needs and interventions of children and adolescents.
There is often overlap in the training programs of child
life and TR specialists. The role of the child life specialist
does not typically extend to community sports and recre-
ation programs.

PARTICIPATION IN PHYSICAL ACTIVITY

A number of scales have been developed to measure par-
ticipation in activities. One example is the World Health
Organization Health Behavior in School-Aged Children
(WHO HBSC) survey. It is a self-reported measure of
participation in vigorous activity that correlates well
with aerobic fitness and has been shown to be reliable
and valid (53). The Previous Day PA Recall (PDPAR) sur-
vey has been shown to correlate well with footsteps and
heart rate monitoring, and may be useful in assessing
moderate-to-vigorous activity of a short time span (54).

The PA Scale for Individuals with Physical Disabil-
ities (PASIPD) records the number of days a week and
hours daily of participation in recreational, household,
and occupational activities over the past 7 days. Total
scores can be calculated as the average hours daily times a
metabolic equivalent value and summed over items (55).

The Craig Hospital Inventory of Environmental Fac-
tors (CHIEF) is a 25-item survey that identifies presence,
severity, and frequency of barriers to participation, and is
applicable to respondents of all ages and abilities. A 12-item
short form, CHIEF-SF is also available. When applied to a
population with diverse disabilities, the CHIEF measure
revealed the most commonly identified barriers to partici-
pation are weather and family support (56).

Pediatric measures include CAPE, which stands for
Children’s Assessment of Participation and Enjoyment.
This tool has been validated in AB and DA children aged
6 to 21 years. It is used in combination with the PAC,
the Preferences for Activities of Children. Together, they
measure six dimensions of participation (ie, diversity,
intensity, where, with whom, enjoyment, and prefer-
ence) in formal and informal activities and five types
of activities (recreational, active physical, social, skill-
based, and self-improvement) without regard to the
level of assistance needed. The scales can be used to
identify areas of interest and help develop collaborative
goal setting between children and caregivers. Identifica-
tion of interests and barriers can facilitate problem solv-
ing and substitution of activities fulfilling a similar need
(57). The European Child Environment Questionnaire
(ECEQ) has been used to show that intrinsic and extrin-
sic barriers are equally important in limiting PA among
DA youth (58).

Using these and other measures, one finds that par-
ticipation in PA varies widely, even among nondisabled
populations. The Third National Health and Nutrition
Examination survey found that the prevalence of little to
no leisure-time PA in adults was between 24% and 30%
(59). The groups with higher levels of inactivity included
women, older persons, Mexican Americans, and non-
Hispanic Blacks. A number of factors have been positively
associated with participation in healthy adults, includ-
ing availability and accessibility of facilities, availability
of culture-specific programs, cost factors, and education
regarding the importance of PA. Likewise, in healthy ado-
lescents, PA is less prevalent among certain minorities,
especially Mexican Americans and non-Hispanic Blacks.
Participation in school-based PE or community recreation
centers is positively correlated with PA, as are parental
education level and family income (60). Paternal PA, time
spent outdoors, and attendance at nonvocational schools
are more common among children with higher levels of
PA (61). Access to parks increases participation, especially
in boys. Lower levels of moderate or vigorous PA are seen
in those who reside in high-crime areas (62).

When followed over time, adolescents tend to
decrease their participation in PA from elementary to high
school. Boys who are active have a tendency to pursue
more team sports, whereas girls are more likely to partic-
ipate in individual pursuits (63). Coaching problems, lack
of time, lack of interest, and limited awareness have been
cited as other barriers to PA (64). Overall, however, infor-
mal activities account for more participation in children
and teens than formalized activities (65).

Ready access to technology is associated with a
decline in healthy children’s participation in PA. Tele-
vision viewing is inversely related to activity levels and
positively correlates with obesity, particularly in girls
(66). Increased computer time is also related to obesity
in teenage girls (67). Interestingly, playing digital games
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has not been linked with obesity, and active video games
have, in fact, increased levels of PA among children and
adolescents (68-70).

It is not surprising to learn that many of the barriers
to PA identified by AB are the same as those experienced
by children with DA. The most commonly cited are lack
of local facilities, limited physical access, transportation
problems, attitudinal barriers by public and staff, and
financial concerns. Lack of sufficiently trained person-
nel and of appropriate equipment have also been identi-
fied (33,71,72). Among those children with severe motor
impairments, the presence of single-parent household,
lower family income, and lower parent education are
significant barriers (65). Pain is more frequently reported
in children with CP and interferes with participation in
both activities of daily living (ADLs) and PA (73). The
presence of seizures, intellectual impairment, impaired
walking ability, and communication difficulties predicts
lower levels of PA among children with CP (74). Many
children are involved in formal physical and occupa-
tional therapy.

Therapists as a whole have been limited in their pro-
motion of recreation and leisure pursuits for their pedi-
atric clientele (75). Therapy sessions and school-based
programs provide excellent opportunities for increasing
awareness of the need and resources available for PA.
Policy and law changes related to the Americans with
Disabilities Act are resulting in improved access to pub-
lic facilities and transportation. Many localities are pro-
viding adapted programs and facilities that are funded
through local taxation (Figure 9.2). Impairment-specific
sports have grown from grassroots efforts, often with the
assistance or guidance of rehabilitation professionals.
Organizations such as BlazeSports (www.blazesports
.org) have developed programs throughout the United
States. The bedrock of BlazeSports America is made up
of the community-based, year-round programs deliv-
ered through local recreation providers. It is open to
youth with all types of physical disabilities. Winners
on Wheels “empowers kids in wheelchairs by encour-
aging personal achievement through creative learning
and expanded life experiences that lead to independent
living skills.” Chapters exist in many cities across the
United States and incorporate PA into many of the activ-
ities they sponsor.

The American Association of Adapted Sports Pro-
grams (AAASP) employs athletics through a system
called the adaptedSPORTS model. “This award-winning
model is an interscholastic structure of multiple sports
seasons that parallels the traditional interscholastic ath-
letic system and supports the concept that school-based
sports are a vital part of the education process and the
educational goals of students” (www.adaptedsports.
org). The sports featured in the adaptedSPORTS model
have their origin in Paralympic and adult disability
sports. The program provides standardized rules for
competition, facilitating widespread implementation.

FIGURE 9.2 Many public facilities have wheelchairs available
for rent or use that are designed for use on the beach.

Application in the primary and high school levels can
help students develop skills that can lead to collegiate-,
community-, and elite-level competition.

In some communities, AB teams or athletes have
partnered with groups to develop activity-specific oppor-
tunities. Fore Hope is a nationally recognized, nonprofit
organization that uses golf as an instrument to help in the
rehabilitation of persons with disabilities or an inactive
lifestyle. The program is facilitated by certified recre-
ational therapists and golf professionals (www.forehope.
org). A similar program known as KidSwing is avail-
able to DA children in Europe and South Africa (www
.kidswing-international.com). Several National Football
League (NFL) players have sponsored programs target-
ing disabled and disadvantaged youth. European soccer
team players have paired with local organizations to pro-
mote the sport to DA children.

Financial resources are also becoming more avail-
able. The Challenged Athletes Foundation (CAF) sup-
ports athletic endeavors by providing grants for training,
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competition, and equipment needs for people with
physical challenges. Athletes Helping Athletes (www
.athleteshelpingathletesinc.com) is a nonprofit group that
provides handcycles to children with disabilities at no
cost. The Golden Opportunities fund (www.dsusa.org)
provides support and encouragement to DA youth in ski-
ing. More resources can be found at the Disaboom web-
site (vcelkaj.wix.com/disaboom).

INJURIES IN DISABLED ATHLETES

With more DA athletes come more sports injuries. The field
of sports medicine for the disabled athlete is growing to
keep pace with the increase in participation. Among elite
athletes in the 2002 Winter Paralympics, 9% sustained
sports-related injuries. Sprains and fractures accounted
for more than half of the injuries, with strains and lacer-
ations making up another 28% (75). Summer Paralympi-
ans sustained sprains, strains, contusions, and abrasions
rather than fractures or dislocations (76). Retrospective
studies have shown a 32% incidence of sports injuries
limiting participation for at least a day. Special Olympics
participants encounter far fewer medical problems than
their elite counterparts. Of those seeking medical atten-
tion during competition, overall incidence is under 5%,
with nearly half related to illness rather than injury. Knee
injuries are the most frequently reported musculoskele-
tal injury. Concerns regarding atlantooccipital instability
and cardiac defects must be addressed in the participant
with Down syndrome.

Among elite wheelchair athletes, upper limb inju-
ries and overuse syndromes are common; ambulatory
athletes report substantially more lower limb injuries.
Spine and thorax injuries are seen in both groups (77).
Wheelchair racers, in particular, report a high incidence of
arm and shoulder injuries. The injuries do not appear to
be related to distance, amount of speed training, number
of weight-training sessions, or duration of participation
in racing (78). A survey of pediatric wheelchair athletes
reveals that nearly all children participating in track
events report injuries of varying degrees. Blisters and
wheel burns are most frequent, followed by overheating,
abrasions, and bruising. Shoulder injuries account for
the majority of joint and soft tissue complaints. Injuries
among field competitors are less frequent, with blisters
and shoulder and wrist problems reported most often.
Swimmers report foot scrapes and abrasions from trans-
fers, suggesting opportunity for improved education
regarding skin protection (79).

An important factor in injury prevention for the
wheelchair athlete is analysis of and instruction in ergo-
nomic wheelchair propulsion (80). Proper stroke mechan-
ics positively affect pushing efficiency. Push frequency
also affects energy consumption and can be adjusted
to improve athletic performance (81). Motion analysis
laboratories and Smartwheel technology can be utilized

to objectively analyze and help improve pushing tech-
nique, thus reducing injury (82).

While some injuries are sport-specific, others may
be more common among participants with similar diag-
noses. Spinal-cord-injured individuals are at risk for der-
mal pressure ulcer development, thermal instability, and
autonomic dysreflexia. In fact, some paralyzed athletes
will induce episodes of dysreflexia, known as “boosting,”
in order to increase catecholamine release and enhance
performance (83). Education regarding the risks of boost-
ing is essential, as are proper equipment and positioning
to protect insensate skin.

Athletes with limb deficiencies may develop painful
residual limbs or proximal joints from repetitive move-
ments or ill-fitting prostheses. The sound limb may also
be prone to injury through overuse and asymmetric
forces (84). Participants with vision impairments sustain
more lower limb injuries than upper limb injuries, while
those with CP may sustain either. Spasticity and foot and
ankle deformities in children with CP may further predis-
pose them to lower limb injury. As with all athletes, loss
of range of motion, inflexibility, and asymmetric strength
further predispose the DA participant to injury. Instruc-
tion in stretching, strengthening, and cross-training may
reduce the incidence and severity of injury.

"EVENING THE ODDS": CLASSIFICATION SYSTEMS

Sport classification systems have been developed in an
attempt to remove bias based on innate level of function.
In theory, this would allow fair competition among indi-
viduals with a variety of disabilities. Early classifications
were based on medical diagnostic groupings: one for
athletes with spinal cord lesion, spina bifida, and polio
(ISMWSEF); one for ambulatory amputee athletes and a
separate one for amputee athletes using wheelchairs;
one for athletes with CP; one for les autres (International
Organizations of Sports for the Disabled [IOSD]), and so
forth. These early attempts reflected the birth of sports as a
rehabilitative tool. This form of classification continues to
be used in some disability-specific sports, such as goalball
for blind athletes and sit volleyball for amputee athletes.
Other older systems took into account degree of function.
This system unfairly penalized athletes who were more
physically fit, younger, more motivated, and so forth.

The most recent IPC regulations recognize ten spe-
cific impairment types as eligible for participation. They
are as follows:

¢ Impaired muscle power: Impairments in this category
have in common that there is reduced force gener-
ated by the contraction of a muscle or muscle groups
(eg, muscles of one limb, one side of the body, the lower
half of the body). Examples of conditions included in
this category are para- and quadriplegia, muscular dys-
trophy, postpoliomyelitis, and spina bifida.
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http://vcelkaj.wix.com/disaboom
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¢ Impaired passive range of movement: Range of move-
ment in one or more joints is reduced in a systematical
manner. Note that hypermobility of joints, joint insta-
bility (eg, shoulder dislocation), and acute conditions
of reduced range of movement (eg, arthritis types of
impairment) typically will be excluded as “eligible
impairment.”

e Limb deficiency: There is a total or partial absence
of the bones or joints as a consequence of trauma
(eg, traumatic amputation), illness (eg, bone cancer), or
congenital limb deficiency (eg, dysmelia).

¢ Leg length difference: Due to congenital deficiency or
trauma, bone shortening occurs in one leg.

o Short stature: Standing height is reduced due to aber-
rant dimensions of bones of upper and lower limbs or
trunk (eg, achondroplasia).

o Hypertonia: A condition marked by an abnormal
increase in muscle tension and a reduced ability of a
muscle to stretch. Hypertonia may result from injury,
disease, or conditions that involve damage to the cen-
tral nervous system. When the injury occurs in children
under the age of 2, the term cerebral palsy is often used,
but it also can be due to brain injury (eg, stroke, trauma)
or multiple sclerosis.

o Ataxia: Ataxia is a neurologic sign and symptom that
consists of a lack of coordination of muscle movements.
When the injury occurs in children under the age of 2,
the term cerebral palsy is often used, but it also can be
due to brain injury (eg, stroke, trauma) or multiple scle-
rosis.

o Athetosis: Athetosis can vary from mild to severe
motor dysfunction. It is generally characterized by
unbalanced, involuntary movements of muscle tone
and a difficulty maintaining a symmetrical posture.
When the injury occurs in children under the age of 2,
the term cerebral palsy is often used, but it also can be
due to brain injury (eg, stroke, trauma).

¢ Vision impairment: Vision is impacted by either an
impairment of the eye structure, optical nerves or opti-
cal pathways, or visual cortex of the central brain.

¢ Intellectual impairment: The IPC further recognizes
the necessity of sport-specific classification systems.
To ensure competition is fair and equal, all Paralympic
sports have a system in place, which ensures that win-
ning is determined by skill, fitness, power, endurance,
tactical ability, and mental focus, the same factors that
account for success in sport for AB athletes.

The purpose of classification is to minimize the
impact of impairments on the activity (sport discipline).
Thus having the impairment is not sufficient. The impact
on the sport must be proved, and in each Paralympic
sport, the criteria of grouping athletes by the degree of
activity limitation resulting from the impairment are
named “Sport Classes.” Through classification, it is deter-
mined which athletes are eligible to compete in a sport
and how athletes are grouped together for competition.

This, to a certain extent, is similar to grouping athletes
by age, gender, or weight. Classification is sport-specific
because an impairment affects the ability to perform in
different sports to a different extent. As a consequence,
an athlete may meet the criteria in one sport, but may not
meet the criteria in another sport (IPC, 2007).

ADAPTING RECREATION OPPORTUNITIES

Camping

Camping, mountaineering, and hiking are among the
many outdoor adventure activities available to children
with disabilities. The National Park Service maintains
information on park accessibility and amenities across
the United States. The America the Beautiful—National
Parks and Federal Recreation Lands Pass is available to
any blind or permanently disabled U.S. citizen/perma-
nent resident, and allows free lifetime admission to all
national parks for the individual and up to three accom-
panying adults. Accompanying children under the age
of 16 are admitted free of charge. It is obtained at any
federal fee area or online at http://store.usgs.gov/pass
and allows a 50% reduction in fees for recreation sites,
facilities, equipment, or services at any federal outdoor
recreation area.

Boy and Girl Scouts of America each run inclusion
programs for children with disabilities. Opportunities also
exist in dozens of adventure and specialty camps across
the United States. Some are geared to the disabled and
their families, allowing parallel or integrated camping
experiences for disabled children. Participation requires
few adaptations, and the Americans with Disability Act
has been instrumental in improving awareness in barrier-
free design for trails, campsites, and restrooms. Parents
should evaluate the camps in regard to the ages of the
participants, medical support, and cost. Often, camps are
free or offer scholarships and may provide transportation.
Some camps will have diagnosis-specific weeks, such as
CP, spina bifida, muscular dystrophy, and so on. A nice
summer camp resource is www.mysummercamps.com.

There are accessible recreational vehicles (RVs)
available for rent as well as purchase. Many manufac-
turers will customize their RVs during the production
process. A number of travel clubs exist across the United
States and have websites giving information on accessible
campsites with an RV in mind. In addition, many have
annual gatherings of their members at a chosen campsite.
One good website is www.handicappedtravelclub.com.

Fishing

Fishing can be enjoyed by virtually anyone, regardless of
ability. One-handed reels, electric reels, and even sip-and-
puff controls allow independent participation. A variety


http://store.usgs.gov/pass
http://www.mysummercamps.com
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of options exist for grasping and holding rods as well.
These range from simple gloves that wrap the fingers
and secure with Velcro or buckles to clamps that attach
directly to the rod, allowing a hand or wrist to be slipped
in. Harnesses can attach the rod to the body or to a wheel-
chair, assisting those with upper limb impairments. There
are devices that assist with casting as well for individuals
with limited upper body strength or control. Depending
on the level of expertise and participation of the fisher,
simple or highly sophisticated tackle can also be had
(85,86).

Both land and sea fishing opportunities are acces-
sible to the disabled. Piers are usually ramped and may
have lowered or removable rails for shorter or seated
individuals. Boats with barrier-free designs offer fishing
and sightseeing tours at many larger docks. These offer
variable access to one or all decks, toilet facilities, and
shade (85).

Hunting

Adaptations to crossbows and rifles have made hunting
accessible for many. The crossbow handle and trigger can
be modified for those with poor hand function. Stands for
rifles and crossbows are also available for support. Many
hunting ranges have incorporated wheelchair-accessible
blinds.

Dance

Dancing has become more popular in the AB and dis-
abled populations over the past 15 years. The wheel-
chair is considered an artistic extension of the body, and
many dances have been adapted for the movement of
the wheels to follow the foot patterns of classical ball-
room dancing. Wheelchair dancing was first begun in
1972 and pairs DA and AB individuals in a variety of
dances. Recreational opportunities and competition are
available in many states, with classes including duo
dance featuring two wheelchair dancers together, group
dancing of AB and wheelchair competitors in a synchro-
nized routine, and solo performances. Wheelchair dance
sport has been a recognized sport within the Paralym-
pics since 1998, although it is not currently included in
the program. International competition in wheelchair
dance has been around since 1977. In addition, ballet,
jazz, and modern dance companies offer inclusion for
children with disabilities.

Martial Arts

Martial arts classes include children with a variety of
disabilities. The classes can be modified to allow skills
at the wheelchair level in forms, fighting, weapons, and
breaking. Children are taught self-respect, control, and

can advance through the belt system. They are also taught
basic self-defense in some settings. There are many differ-
ent styles of martial arts, and parents should check within
their communities for available resources. Equipment
adaptations are not needed for this activity.

Scuba and Snorkeling

Freedom from gravity makes underwater adventure
appealing to individuals with mobility impairments.
Little adaptation to equipment is needed to allow older
children and adolescents with disabilities to experience
the underwater world. Lower-limb-deficient children
may dive with specially designed prostheses or with
adapted fins, or may choose to wear nothing on the resid-
ual limb. Similar to those with lower limb weakness or
paralysis, they may use paddles or mitts on the hands to
enhance efficiency of the arm stroke. Of particular impor-
tance is the maintenance of body temperature, especially
in individuals with neurologic disability, such as spinal
cord injury or CP. Wet or dry suits provide insulation for
cool or cold water immersion. They also provide protec-
tion for insensate skin, which can be easily injured on
nonslip pool surfaces, coral, and water entry surfaces.

It is crucial that individuals receive proper instruc-
tion by certified dive instructors. Most reputable dive
shops can provide information and referral. The HSA
(www.hsascuba.com) is an excellent reference as well.
Disabled divers are categorized based on the level of abil-
ity. They may be allowed to dive with a single buddy (as
with AB divers), two buddies, or two buddies of whom
one is trained in emergency rescue techniques. Although
there is no particular exclusion from diving based solely
on disability, a number of medical considerations may
preclude scuba diving, including certain cardiac and
pulmonary conditions, poorly controlled seizures, and
use of some medications. Discussion with the primary
care physician and with dive instructors should precede
enrollment or financial investment. Scuba diving has also
been used as adjunctive therapy in acute rehabilitation
programs (87).

Music

Music has been used both as a therapeutic tool and as
a means of artistic expression. Attentive behavior was
increased in children with visual impairments who
participated in a music program (88). There are many
options for children who want to play music. Adapta-
tions may be as simple as a universal cuff with a holder
for drumsticks or as sophisticated as a computer pro-
gram to put sounds together to form a musical piece.
Two such computer programs are Fractunes and Switch
Ensemble. Adaptive use musical instruments (AUMI)
software allows the user to compose music with ges-
tures and movements. Drumsticks can have built-up
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FIGURE 9.3 Musical instruments and their video game
likenesses may be adapted for use by those with limited
strength.

rubberized grips. Straps or a clamp may be used to
hold a smaller drum onto a wheelchair for a marching
band. Woodwind and brass instruments can be fitted
with stands and finger pieces adapted for one-handed
playing. Mouthpieces may have different angulations
to allow easier access for those who have trouble hold-
ing the instrument. Some musical instrument makers,
including Flutelab (www.flutelab.com), have become
quite creative in how they can adapt their instruments.
Other individuals have learned to play instruments such
as the guitar with their feet (Figure 9.3).

Hippotherapy and Horseback Riding Therapy

Therapeutic horseback riding, or hippotherapy, has been
popular in Europe since the 1950s and spread to the United
States in the late 1960s. It uses the rhythmic motions and
warmth of the horse to work on the rider's tone, range of
motion, strength, coordination, and balance. The move-
ment of the horse produces a pattern of movements in the
rider that is similar to human ambulation (89). The rider
may sit or be placed in various positions on the horse’s
back or, alternatively, may perform active exercises while
on horseback.

There are two recognized treatment options:
instructor-directed, recreational horseback riding therapy
(HBRT) and licensed-therapist-directed hippotherapy.
HBRT is directed by nontherapist riding instructors and
assistants, and follows the North American Riding for
the Handicapped Association (NARHA) curriculum for
riding therapy. It encourages the development of senso-
rimotor and perceptual motor skills, utilizing the develop-
mental riding therapy methods described by Spink (90).
Children are challenged to maintain balance and posture

in all body positions as the horse 