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INTRODUCTION

HERE ARE those who say that there really is no such thing as ‘forensic science’; that instead, it is a

collection of scientific techniques and principles that are begged and borrowed from ‘real’ sciences such
as chemistry, biology, physics, medicine and mathematics. Others have suggested that the ‘sciences’ of
fingerprints, firearms and toolmarks and questioned documents are the only real forensic sciences, and all the
rest of it is on loan from the classical hard sciences. There is some truth to both of these definitions. Few would
doubt that much of the process of forensic DNA typing consists of classical laboratory methods of DNA
characterization, applied to real world evidentiary material, much of which has been degraded or
contaminated. Or that in the case of controlled substance analysis, the methods of analytical chemistry are
applied to the characterization and comparison of so-called ‘street’ drugs.

However, although many of the techniques used in modern forensic science have been borrowed from
other sciences, it is also true that in recent years, it has matured into a scientific discipline in its own right.
Many scientific techniques used in the analysis of physical evidence have been developed and perfected
principally for forensic purposes. Also, forensic science does not just involve analysis of chemical, physical and
biological materials. There are important considerations of collection and preservation of evidence,
interpretation of findings from analysis, and presentation of expert, scientific testimony in criminal and
civil courts. These processes are not isolated, but in fact must be carefully integrated, if forensic science is to
have any meaningful effect on the criminal and civil justice systems in the world. This is what makes forensic
science a unique and fascinating field of study and work.

The Encyclopedia of Forensic Sciences was conceived and developed with these principles in mind. It
brings together, for the first time in such breadth and depth, a collection of articles that cover the whole
panoply of activities which make up forensic science. Although the main focus of the Encyclopedia is the
analysis of evidence, considerable space is devoted to investigative aspects including collection and preser-
vation of evidence, and the interpretation of analytical findings and their presentation in court. The editors
want the reader to be mindful of the interconnections between the various disciplines and factors that comprise
the forensic science enterprise, all of which are necessary to make it work. We also want the reader to
appreciate that, although there are differences in how various agencies worldwide handle and analyze evidence
—and how expert testimony is offered in court, there is the same basic framework and interdependence at work
everywhere.

We hope and trust that the reader will see the Encyclopedia as a valuable resource in navigating the
interesting and ever-evolving world of forensic science.



ACCIDENT INVESTIGATION/Airbag Related Injuries and Deaths 1

ACCIDENT INVESTIGATION

Contents

Airbag Related Injuries and Deaths
Determination of Cause: Overview
Determination of Cause: Reconstruction

Driver Versus Passenger in Motor Vehicle Collisions

Motor Vehicle
Rail
Tachographs

Airbag Related Injuries and
Deaths

W S Smock, University of Louisville, Louisville, KY,
USA

Copyright © 2000 Academic Press

doi:10.1006/rwfs.2000.0748

Introduction

During the past decade the motoring public has been
shocked to learn that air bags, a life-saving device
promoted by the automotive industry, can also induce
severe and fatal injuries. Over the last 10 years in the
United States, nearly 200 men, women and children
have been fatally injured by deploying air bags.
Thousands more have sustained serious nonfatal
injuries, including cervical spine fractures, closed
head injuries, and multiple fractures and amputations
of digits and hands. Ironically, the vast majority of
these serious and fatal injuries were incurred in low
and moderate speed collisions in which little or no
injury would have been otherwise expected.

Historical Context

The first air bag patents were filed in 1952. Ford and
General Motors began experimenting with these early
prototypes in the late 1950s. Based on documents
from the automotive industry, it was apparent, even

as early as 1962, that deploying air bags had the
potential to induce serious and fatal injuries, particu-
larly to children. These early documents include ana-
lyses of tests conducted by Ford at their automotive
safety research office in the late 1960s. The tests
demonstrated that there was sufficient force asso-
ciated with air bag deployment to traumatically
eject a child from a vehicle. Ford also noted the ampu-
tation of a steel-hinged arm from a dummy secondary
to the explosive force of deployment. When testing
involved the use of animal models, the list of severe
and fatal injuries grew. Cardiac rupture, hepatic
rupture, splenic rupture, aortic and vena cava trans-
ection, atlanto-occipital dislocation, cervical spine
fractures, severe closed head injury and decapitation
were observed.

Testing in the 1980s by the automotive manufac-
turers continued to demonstrate the risk of injury
induction. One study conducted and reported by
General Motors indicated ‘many of the exposures
were at loading severities beyond the level represent-
ing an estimate of nearly 100% risk of severe injury’.
These laboratory tests were completed and the
knowledge available to the entire automotive indus-
try well before air bags were placed in American-
made vehicles.

With 40 years of research behind us and all of the
resultant data before us, it is apparent that steering
wheel and dash-mounted air bags, devices designed to
protect occupants in high-speed frontal collisions, can
also maim and kill.
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Automotive Industry

During the period of 1960 to 1990, the automobile
industry embraced an extensive research and develop-
ment program regarding air bags. This testing invol-
ved anthropomorphic dummies, anesthetized swine
and baboons, and even human volunteers. It was
recognized early on that occupants in the path of the
deploying air bag, or who were positioned close to the
air bag at the moment of deployment, were at a very
significant risk of receiving a severe or fatal injury. In
January 1970, at a meeting of engineers from General
Motors, Ford and Chrysler, this information was
discussed. As a result, a Chrysler engineer wrote:
“This is a very serious problem that must be resolved
for the inflatable restraint. Having a child directly in
front of the bag when it inflates could prove fatal.’

General Motors tested air bags on baboons at
Wayne State University during the early 1970s. The
research indicated that ‘if the head is in the path of the
deploying air bag, it is concluded that injury is likely
to occur in the form of brain or neck injury to a child’.

Testing by Ford in the 1970s revealed that indivi-
duals involved in collisions at less than 32 k.p.h.
(20m.p.h.) experienced more severe injuries and
loading forces in vehicles equipped with an air bag
than those without one. Ford also noted that there
was ‘overwhelming evidence that air bags may be
dangerous for small children’. In 1972, a Ford engi-
neer wrote the following warning, which was never
placed in a vehicle: “The right front seat should be
used only by persons who are more than five feet
[1.52 m] tall and are in sound health. Smaller persons
and those who are aged or infirm, should be seated
and belted in the rear seat.’

In a series of tests conducted by General Motors in
the 1980s, anesthetized swine were placed with their
chests in close proximity to the air bag module. The
tests revealed that when the swine’s thorax was
impacted by the force of the deploying air bag and
the air bag module, significant thoracic and abdom-
inal injuries were sustained. These injuries in one case
included: 17 rib fractures; two cardiac perforations; a
splenic laceration; a liver hematoma and death within
30 min. The proximity of the occupant to the deploy-
ing bag and module cover were the pivotal contribu-
tory factors.

Human Injuries

The serious and life-threatening injuries that were
originally observed in the industry’s laboratories
using animal models began to be observed in humans
on US roadways in the 1990s. The first six driver air
bag-related deaths which were investigated by the

government and the automotive industry revealed
that the majority of these victims were women of
short stature. It was also noted that the fatal injuries
could be incurred even if the occupant was restrained
by a lap and chest belt. The injuries initially seen
included massive head injuries with diffuse axonal
injury, subdural hematomas and skull fractures.
Additional injuries evaluated included cervical spine
fracture, cardiac perforation, pulmonary contusions
and multiple rib fractures.

Sodium azide is the explosive propellant used to
initiate the deployment cycle in most air bag designs
in use today (Fig. 1). When sodium azide is ignited,
the deploying air bag explodes toward the occupant
at speeds of up to 336 k.p.h. (210 m.p.h.). An air bag
system has two components, either one of which may
induce injuries: the canvas-covered air bag itself and
the air bag module cover (Fig. 2). Injuries incurred
during deployment are relevant to the component
inflicting them.

Obviously, the types of injuries which result from
impact with the canvas air bag are different from

CARTRIDGES,
POWER DEVICE

UN 0323

Figure 1 The air bag is transported as an explosive material.
Sodium azide is the explosive propellant used in the majority of
air bag modules.

Figure 2 The injury-producing components of the air bag
system are the air bag and the module cover which overlies it.
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those which result from impact with its module cover.
There are three phases to air bag deployment: ‘punch
out’, ‘catapult’ and ‘bag slap’. Injuries can be inflicted
at any point during the deployment process:

o Punch out This is the initial stage of deployment. If
the bag makes contact at this stage, the following
injuries can result: atlanto-occipital dislocation,
cervical spine fracture with brainstem transection,
cardiac, liver and splenic lacerations, diffuse axo-
nal injuries, subdural and epidural hematomas, and
decapitation.

e Catapult This is the midstage of deployment when
rapidly inflating bag ‘catapults’ or drives the head
and neck rearward. This occurs with sufficient
energy to rupture blood vessels, ligaments and
fracture cervical vertebrae. The neck injuries
occur as the result of cervical spine hyperextension.

e Bag slap This is the final stage of deployment
which occurs at the bag’s peak excursion. Appro-
priately named, this happens when the canvas bag’s
fabric may ‘slap’ the occupant’s face, resulting in
injuries to the eye and epithelium.

The air bag module covers are located in the steering
wheel on the driver’s side and in the dashboard panel
on the passenger side. As the bag deploys, the module
cover is also propelled outward at speeds of up to
336 k.p.h. (210 m.p.h.). Most steering wheel designs
house the horn within the air bag module compart-
ment. Hand and arm injuries observed in individuals
whose extremities were in contact with the module at
the moment of its rupture include: degloving, fracture
dislocation, fracture dislocation and amputations
(partial and complete of digits and forearms). If the
module cover makes contact with an occupant’s face,
head or neck, skull fractures and severe or fatal head
injuries, and decapitations have also been observed.
The driver’s side cover is generally made with a
rubberized plastic type of material, while the passen-
ger side may have a metal housing. Contact with
either type can prove fatal.

Specific Injury Patterns

Ocular

The eye is extremely vulnerable to air bag-induced
injury. These injuries range from corneal abrasions
from contact with the air bag, chemical burns from
contact with unburned sodium azide, to retinal
detachment and globe rupture from the blunt force
trauma of the expanding bag (Fig. 3). The wearing of
eyeglasses in some cases has proven to be of benefit,
as it offers a degree of barrier protection between the
eye and the deploying bag.

Figure 3 (see color plate 1) This patient sustained a severe
corneal abrasion secondary to the membrane forces associated
with air bag deployment.

Face and head

The most common injury associated with air bag
deployment is that of facial abrasion. The abrasions
result from a sliding contact between the bag and the
face (Fig. 4). The injuries are not chemical ‘burns’ but
deep abrasions.

Figure 4 Abrasions to the cheeks, forehead and nose are the
most common injury associated with air bag deployment.
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Cranial and intracranial

When acceleration forces are applied to the cranial
vault, a variety of traumatic injuries to the brain and
surrounding structures will result. These include sub-
dural hematomas, cortical contusions, atlanto-occi-
pital dislocations, skull fractures and brainstem
transections. Cranial injuries may result from contact
with either the deploying of bag or module cover
(Fig. 5).

Cervical spine

The blow from an air bag or module cover which
produces a rapid and violent hyperextension of the
cervical spine of the driver or passenger will have
significant consequences for the cervical vertebrae.
Injuries commonly seen as a result of hyperextension
include atlanto-occipital dislocation, comminuted
fractures of one or more upper cervical vertebrae,
rupture of the anterior and posterior longitudinal
spinal ligaments, and cervical spine disarticulation
with transection of the cervical cord. The majority
of these injuries are associated with the upper cervical

vertebrae, although lower cervical vertebrae injuries
have been observed.

Extremities

The upper extremities are very vulnerable to trau-
matic injury from the deploying bag and its module
cover. When an individual’s hand or forearm is on or
near the module cover at the moment of deployment,
the occupant can expect to sustain multiple fractures,
and/or tissue degloving or amputation of fingers,
hand or forearm (Fig. 6). The horn-button-within-
the-module cover design significantly increases the
risk of injury to the occupant’s upper extremities at
the moment of deployment. Many of these upper
extremity injuries are associated with an occupant’s
attempt to blow the horn, the button of which is
located within the module cover. Forces from air bag
deployment may be transmitted to the hand, wrist or
forearm and may even involve the humerus. It is not
unusual to see significantly comminuted fractures
involving the wrist, forearm, elbow and distal
humerus (Figs 7 and 8). The vehicles whose module

Figure 5 Cranial or facial contact with the deploying bag or

Figure 6 When the forearm is located in a horizontal fashion

e ————

A

B

Figure 7 When the hand, wrist or forearm is on or near the module cover at the moment of deployment, for example when
blowing the horn, significant fractures, degloving injuries and amputations will result. (A) This open-comminuted bending fracture of
the radius and ulna was the result of contact with the module cover. (B) This patient sustained a comminuted fracture of the
proximal and midshaft ulna as well as a radial head dislocation from impact with the module cover.
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A

B

Figure 8(A) and (B) These severely comminuted fractures resulted when this individual was blowing her horn. She sustained a
frontal impact of approximately 15k.p.h., which resulted in air bag activation. The horn activation button was located within the
module cover, which explains why the patient had her forearms over the module cover at the moment of deployment.

covers are of a higher mass have the propensity to
inflict more severe injuries. Some of the worst offen-
ders are module covers located on the passenger side,
which may have a soft coating of plastic on the
exterior but have an underlying piece of rigid metal
(Fig. 9B). The placement of hands on the passenger-
side dashboard, in a bracing maneuver, has resulted

in the traumatic amputation of hands and forearms
(Fig. 9A).

Respiratory

The byproducts of combustion as well as other inert
materials within the air bag may produce a white
cloud within the vehicle. Many occupants have
thought that this indicated a vehicle fire. This whitish
material is principally cornstarch, talc and the bypro-
ducts of sodium azide combustion. There may be a
small percentage of unburned sodium azide present
within this powder as well. Inhalation of these mate-
rials can result in a chemical pneumonitis and the
induction of asthma-type symptoms. These bypro-

ducts may also cause a chemical irritation of open
wounds and a basic (high pH) burn to the eyes.

Sample Cases

Case 1

A 35-year-old female, 1.57m (5’ 2”) and 50kg
(1101b.), was the restrained driver in a 1991 Ford
Taurus (Fig. 10). The vehicle’s front bumper grazed a
guard rail, which resulted in deployment of the dri-
ver’s air bag. The patient sustained an immediate
respiratory arrest, with subsequent declaration of
brain death 12 h later.

A postmortem examination was conducted and
revealed the following injuries: significant midface
trauma with bilateral epistaxis; corneal abrasions;
contusions of the chest; left subdural hematoma
(overlying the frontal and parietal regions); subarach-
noid hemorrhage and severe cerebral edema.

Examination of the exterior of the vehicle revealed
very minor damage which was limited to the front

A

Figure 9 (A) This partially-amputated wrist was the result of placement of the front seat passenger’s hand on the dashboard at the
moment of deployment. (B) The underlying structure of the module cover was metal.
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SRR

Figure 10(A) and (B) A 1991 Ford Taurus was involved in a very minor glancing collision between the front bumper and a
guardrail. There was no underlying frame, fender or structural damage.

bumper. The examination of the interior revealed a
tear on the left lower portion of the module cover
(Fig. 11). This tear was the result of contact between
the left side of the victim’s face and the deploying
module (Figs 5 and 11).

Case 2

A 4-year-old male was the lap belt-restrained occu-
pant of the front right seat of a 1995 GEO Metro
(Fig. 12). The shoulder portion of the harness was
placed underneath the right arm. The patient was
catapulted from the front passenger seat to the rear of
the vehicle. The patient was found pulseless and
apneic on arrival of emergency medical services.

A postmortem examination was conducted and
revealed the following injuries: an atlanto-occipital
dislocation with brainstem transection; large sub-
dural hemorrhages; multiple rib fractures with under-
lying pulmonary contusions; liver and splenic
lacerations; clavicular fracture and significant facial
abrasions underlying the mandible bilaterally and on
the right cheek (Fig. 13A). Examination of the abdo-

A :
Figure 11 (A) The left lower corner of the module cover exhibited tearing from contact with the left side of the driver’s face.
(B) Close-up of the module cover reveals the presence of a torn area. There is also an area which indicates this piece was removed
by a sharp implement.

men also revealed a lap belt contusion below the
umbilicus (Fig. 13B).

Examination of the vehicle revealed front end
damage consistent with a change of velocity of less
than 15 k.p.h. (9 m.p.h.). There was no damage to the
driver or passenger compartments. Examination of
the passenger bag revealed the presence of blood and
tissue transfer. The patient’s injuries resulted from
blunt force trauma to the chest and abdomen as well
as a hyperextension injury of the neck with a rapid
rearward acceleration.

Case 3

A 35-year-old female was the front seat passenger in
a 1995 Nissan Altima. The patient was in a lap-
shoulder belt, with the passenger seat in the most
rearward position. The vehicle was stopped in a line
of traffic, waiting for a traffic signal to turn, when it
was hit from behind by a vehicle travelling at the
speed of approximately Sk.p.h. (3m.p.h.). The rear
impact pushed the Nissan forward into the trailer
hitch of the truck in front. This resulted in air bag
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Figure 12 (A) and (B) A 1995 GEO Metro with minor front-end damage consistent with an impact speed of less than 15k.p.h.

Om.p.h.).

Figure 13 (A) This fatally injured 4-year-old male exhibits sig-
nificant facial abrasion, overlying the mandible as well as abra-
sion on the left cheek. This was the result from contacts with
the upwardly-deploying air bag. (B) Examination of the patient’s
abdomen reveals a horizontally-oriented contusion consistent
with a lap belt.

deployment. The air bag impacted the patient’s left
eye. Examination of the face revealed significant
periorbital trauma. There were abrasions on the fore-
head as well as on the cheek and chin. Examination of
the eye revealed the presence of chemosis, a hyphema
and a retinal detachment (Fig. 14).

Examination of the vehicle revealed a § x 5 cm dent
in the right front bumper (Fig. 15). There was no

Figure 14 This 1.72m (5’ 8") restrained patient suffered per-
manent retinal detachment secondary to air bag contact.
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Figure 15(A) and (B) A 1995 Nissan Altima. The only damage to the vehicle is a 5 x 5cm indentation in the front bumper from

impact with the ball of a trailer hitch.

significant rear end damage. Examination of the bag
revealed transfer of make-up and blood to the bag.

Forensics of Air Bag Injuries

Locard’s principle regarding the transfer of physical
evidence between two impacting objects is dramati-
cally evidenced in the case of air bags and air bag-
induced injuries. The transfer of evidence to the air
bag itself may take various forms. Blood and epithe-
lial tissue transfer is, of course, common but transfer
of make-up, including lipstick, rouge and mascara, to
the air bag is also seen (Fig. 16). Analysis of the blood
spatter pattern on the bag may assist the investigator
in determining the position of the occupant and the
configuration of the steering wheel at the moment of
air bag deployment.

Examination of the air bag module cover may
reveal the presence of trace evidence. Depending on
the design of the module cover, there may actually be
tearing or bending of the module cover, indicative of

Figure 16 Close examination of an air bag may reveal a multi-
tude of transferred evidence. This evidence will include: hair,
blood, epithelial tissue and facial makeup.

contact with an occupant’s more rigid (bony) surface:
face or forearm. Scuff-type marks on the module
cover indicate contact with an object, frequently the
forearm (Fig. 17). Fabric imprints may also be seen on
close inspection (Table 1).

Summary

In the United States the deploying air bag has been
responsible for nearly 200 deaths and thousands of

Figure 17 Close inspection of a module cover may reveal the
presence of scuffing, and fabric imprints.

Table 1 Trace evidence.

Air bag
Blood
Make-up
Hair
Tissue

Module cover

Tearing of cover material
Scuff marking

Fabric imprint

Tissue

Hair
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severe injuries. It is clear that the forces of deploy-
ment are not insignificant and must be respected by
the vehicle occupant. A review of the literature indi-
cates that the serious and fatal injuries, which were
once produced in the laboratory setting, are now
being observed in ‘real-world’ collisions. Many clin-
icians may not be aware of the injury-producing
power of the deploying air bag and must be informed
of the patterns associated with air bag-induced inju-
ries. The motoring public must also be informed and
warned of the dangers of air bag deployment, just as
the automotive industry was over 30 years ago.

See also: Accident Investigation: Motor Vehicle.
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Introduction

The purpose of all accident investigation is to estab-
lish the ‘cause’ of the incident. This information will
be sought for a number of reasons which may over-
lap. Thus the victims or their family will want to
know why they were injured or killed, regulatory
authorities may wish to establish responsibility and
take appropriate action as a result and safety autho-
rities will want to see what can be done to prevent a
re-occurrence.

What do we mean by the cause of an accident and if
it was caused by the actions or omissions of someone
is it really an accident at all? The term ‘dangerous
occurrence’ used in Health and Safety Regulations is
in many ways more appropriate but the neutral term
‘incident’ will be used here. There can be several
causes for one of these dangerous occurrences and
the causes are often multilayered; the investigator
needs to keep this firmly in mind when analyzing
the data and reaching a conclusion. As always the
investigator needs to have a clear understanding of
the available evidence and what it means. An example
from some years ago illustrates both of these points.

In 1975 a train on the London Underground ran
into the blank wall at the end of the line at Moorgate
Station. The immediate cause of the incident was the
failure of the train to stop at the final station which
was brought about because the driver did not obey
the signals which controlled the speed of approach of
the train. But why did the driver ignore these signals?
There was alcohol in both the driver’s blood and the
drink that he had with him when they were analyzed
post mortem. An explanation for his actions perhaps?
The driver, however, was an abstemious man and the
incident happened early in the morning rush hour so,
although not impossible, alcohol seemed an implau-
sible explanation. Also as the incident occurred
underground, the driver’s body was not recovered
for several days and the temperature in the tunnel was
elevated, the conclusion that postmortem putrefac-
tion rather than antemortem drinking was the expla-
nation for the presence of alcohol becomes more
likely. This incident illustrates that sometimes the
ultimate cause of a dangerous occurrence is never
known.
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Sources of information

Establishing the sequence of events which led up to an
incident is usually an essential prerequisite for estab-
lishing why the incident happened. To do so success-
fully the investigator needs information and usually
the more information the better. Although this can
lead to problems of assimilation, arbitrarily excluding
some sources or types of information runs the risk of
excluding the vital fact which enables an investigator
to unravel the puzzle. Information can be obtained
from many sources each with its own advantages and
disadvantages all of which need to play a part in the
interpretation of events.

Eye witnesses

The evidence of witnesses needs to be treated with
great care. People can genuinely believe they saw
something which was impossible but this should not
cause the investigator to dismiss them out of hand.
Some of their observations may be crucial. An eye
witness can provide information that is available
from no other source. For example:

e Did the pedestrian walk quickly or slowly?
e Did they cross the road in a straight line?
e What color were the traffic signals?

Questions that the investigator should be asking
about this evidence should include:

e Where was the witness and what could he or she
see from there?

e Is their evidence supported by another witness or
other information?

e Are the stories of two witnesses too similar, sug-
gesting that they have colluded, albeit innocently?

Finally it should be remembered that some research
suggests that certainty is no guarantee of accuracy of
recall.

Tire and other marks in the road

One of the most common sources of information in the
investigation of road traffic incidents are tire marks,
scrapes and gouges left by the vehicles in the road
before, during and after the impact. These marks can
provide both qualitative and quantitative information
about the incident. The position and orientation of tire
marks indicate the path of the vehicles before and after
the incident and changes in the direction of tire marks,
gouges and scrapes in the road surface can indicate the
position of the vehicle at impact (Fig. 1). The nature
and dimensions of the tire marks may enable the
investigator to calculate the speed of one or more of
the vehicles which is usually an essential component of
any analysis of the cause of the incident.

Figure 1 Tire marks scrapes and gouges can be seen in the
roadway following this incident involving two goods vehicles.
© Metropolitan Police Service.

The investigator needs to understand how the
marks were made and as a consequence what that
tells them about the incident. Speed estimates are an
important component in any analysis of road traffic
incidents but care needs to be used in interpreting
them. The accident investigator needs to consider
how precise is the estimate and at what point in the
developing situation was the vehicle traveling at that
speed.

Vehicle damage

The damage sustained by the vehicles also provides
both qualitative and quantitative information. The
nature and position of the damage will indicate the
direction of the applied force from which the relative
movements of the vehicle or vehicles can be deduced
(Fig. 2). If one of the vehicles is stationary the problem
is simplified considerably. The extent of the damage
can be used to calculate the velocity change caused by
the impact. Damage alone does not enable the impact
speed to be calculated without some additional infor-
mation. Again impact with a stationary object is the
simplest case to deal with but in other circumstances
the post impact movements of the vehicles need to be
considered.

It is very easy to misinterpret vehicle damage and
the investigator needs to understand the limitations of
the model that is being used. The angle of impact can
have a significant effect on the answer and care needs
to be taken in assessing this. The location and direc-
tion of the applied force both affect the precision of
the calculation and the investigator needs to under-
stand these effects and interpret the results accord-
ingly. Although reasonably reliable results can be
obtained for a collision involving two cars, big differ-
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Figure 2 The relative position of this car and the one that
struck it can be deduced from the damage to the front.
© Metropolitan Police Service.

ences in the weights of the vehicles can cause unac-
ceptably large errors particularly for the lighter one.
This error is proportional to the mass ratio of the
vehicles and if this exceeds 2:1 calculated values
should be treated with circumspection.

Pedestrian impacts

Interpreting the results of impacts between pedes-
trians and cars is particularly difficult and precise
estimates of impact speed cannot be made. A variety
of techniques are available which provide some guide
to the speed of a car which strikes a pedestrian. When
the pedestrian is struck by the front of the vehicle
empirical relationships between the distance the
pedestrian was thrown and the impact speed have
been deduced (Fig. 3). Secondly, there is also a statis-
tical correlation between impact speed and the sever-
ity of the pedestrian’s injuries. Although this cannot
provide unequivocal information about the speed of
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Figure 3 Pedestrian throw distance.

the vehicle it provides a means of assessing the
reliability of other estimates. Finally the nature and
location of the damage to the vehicle also provides an
indication of the impact speed. None of these meth-
ods on their own provide the level of certainty that
can be obtained from impacts between two vehicles
but in combination they can give a clear indication of
likely speed and provide a useful check on other data
sources.

Vehicle condition

Although a very high proportion of road traffic
incidents are caused by road users, defective vehicles
do contribute to these incidents. The defects can be
caused by poor maintenance, prior damage or mod-
ifications which are ill conceived and/or poorly exe-
cuted. An important part of any investigation is the
elimination of potential causes and a careful exam-
ination of the vehicles involved for defects which
might have contributed to the incident should always
form a part of the inquiry. This examination is
complicated by vehicle damage which coincides
with the apparently defective component. This is
not always a coincidence as more often than not the
failure of the component is a consequence and not a
cause of the incident.

Photographs and plans

Photographs and plans are an invaluable source for
the investigator and one is not a substitute for the
other. If the investigator did not visit the scene,
photographs provide a source of information which
supplements and amplifies that obtained from wit-
nesses and provide an indispensable aide memoire in
other cases. It is not unknown for tire marks which
could not be seen clearly at the scene to show up in
photographs. However, photographs can distort as
well as enhance perceptions. Camera angle and the
lens used may distort perspective and liberal use of a
flash gun will make the scene appear brighter than it
really was.

Plans are only as good as the survey from which
they were drawn. However, they should show the
relationship between the vehicles, victims, marks and
ephemeral evidence and the important features of the
scene accurately. They can be used to derive measure-
ments which were not taken at the scene although all
important measurements should have been recorded
directly at the scene. The relationship between the
scale of the plan and the error in such derived values
needs to be borne in mind. Rectification programs are
now available which allow information to be
extracted from photographs and complete plans con-
structed or missing detail added to existing plans.
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Accurate plans are an essential starting point for any
simulation program.

Accurate records that can be understood by a lay-
man will be important in any subsequent court pro-
ceedings. Accuracy will help to insure that records
made by other personnel correspond with the plans.

Speed

Why calculate speed

Why does estimating vehicle speed figure so predo-
minantly in road traffic incident investigation? There
are two primary reasons for this. First, speed itself can
cause the crash. A good example of this is loss of
control when cornering. Such accidents are usually
caused by traveling too fast for one or all of these
reasons:

e the ability of the driver;
e the performance of the vehicle;
e the condition of the road.

This is most clearly seen and most easily dealt with
when the car leaves the curved striated tire scuff
marks characteristic of a vehicle cornering at the
limits of adhesion.

The other principal reason for wanting an estimate
of speed is to use it as a factor in the analysis of the
incident. In any collision involving two moving
objects the analysis needs to consider their relative
movements and intervisibility which requires some
knowledge of their velocity.

Vehicle speed

There are many ways in which the speed of a vehicle
can be estimated. These include:

e the length of skidmarks;
e the radius of curved scuffmarks;
e vehicle damage.

Skidmarks Skidmarks are left by wheels which are
no longer rotating. The marks are characteristic in
appearance (Fig. 4) and caused as the wheels slide
across the surface of the road. If all the wheels of the
vehicle have locked then it is only friction between the
tires and the road surface that is slowing the vehicle
down. Although a great variety of tires are available
those designed for road-going cars are all subject to
the same design constraints. As a consequence, the
major variables which determine the distance a car
takes to skid to a halt are speed and the nature of the
road surface. Thus if the coefficient of friction (p)
between tires and the road surface can be measured

Figure 4 This car left two clearly defined skid marks which
deviate sharply to the left part way along. This indicates the
point of impact with the victim. © Metropolitan Police Service

then a reliable estimate of the speed (v) can be
calculated from the length of the tire marks (s).

If a car is skidded to a halt from a known speed
then:

= v"/2gs

where g is the acceleration due to gravity and then the
speed of the car leaving the skidmarks is given by:

v=1/(2pes)

Curved scuffmarks The cornering force required to
enable a car to follow a curved path is generated by
friction between the tires and the road surface. Con-
sequently tire/road friction sets an upper limit on the
cornering force which can be generated and hence the
speed at which any particular curved path can be
followed. If this maximum speed is exceeded then the
car side slips and leaves characteristic tire marks.
These marks are curved and have a pattern of diag-
onal striations across them (Fig. 5). The rear wheel on
the outside of the curve also tracks outside the front
wheel. Once a car starts to leave these scuffmarks the
driver has lost control.

Experimental evidence shows that once this point is
reached the difference in handling between different
vehicles has no effect on the radius of the first part of
the scuffmarks which are left. These differences may,
however, affect the driver’s ability to regain control
of his or her vehicle. The significant variables are the
coefficient of friction and the radius of the tire marks.
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Figure 5 A vehicle cornering at the limits of adhesion leaves characteristic striated scuff marks which show clearly on the white

line in this photograph. © Metropolitan Police Service.

If these are known, the speed of the car can be
estimated with a precision of about +10%. The
radius (r) of the initial section of the scuffmark can
be obtained by simple geometric methods and then:

v=1/(ugr)

Vehicle damage At a very simple level there is no
surprise in the observation that the faster a car is
traveling when it hits something the greater the
damage. The observation that the extent of the
damage to vehicles of similar size in similar impacts
is comparable is perhaps rather more unexpected.
The explanation is relatively simple, the manufac-
turers all have to face the same design constraints and
type approval testing. This provides another useful
tool for determining the speed of vehicles in road
traffic incidents. Vehicle damage alone will not
enable the impact speed of a car to be calculated as
the extent of the damage depends on the change in
speed (Av) brought about by the collision. Thus a car
brought to a halt by colliding with a wall at 30 mph
will receive the same damage as a car colliding with
another, stationary, car of similar mass at 60 mph
where the post impact speed of both vehicles will be
30 mph. In all three cases Av is 30 mph.

Although it is possible to calculate Av by hand most
of this work is done using computer programs. The
data supplied to the program must be accurate and
like all computer models the user must understand the
limitations. In knowledgeable hands these programs
can give accurate and reliable estimates of Av which,
coupled with knowledge of the post impact behavior
of the car(s), can provide an estimated impact speed.

Pedestrian speed

If the conflict which led to the incident being inves-
tigated involved a pedestrian some estimate of the

pedestrian’s speed of movement will be required. This
can be arrived at in a number of ways. An upper limit
on how fast a pedestrian could possibly be moving
can be deduced from the world record for the 100 m
race. As this is just under 10 s no ordinary pedestrian
is likely to run at more than 10m s~ '. Of more direct
relevance the rule of thumb (Naismith’s Rule) used by
hill walkers to calculate point to point times is based
on a walking speed of 3 miles or Skmh™! — equiva-
lent to 1.4ms ™' — on the level. This is probably a
good starting point for any calculations based on a
pedestrian’s walking speed.

An alternative approach is to look up previously
recorded figures for pedestrian speed. These may
provide information about the affects of age, injury
and disability on walking speed but some effort will
be required to interpret the information given.

Finally the speed at which people similar to the
victim move can be measured. This can be tackled in a
number of ways. For example covert observation of
the pedestrian crossing where the incident occurred
will enable an investigator to measure the time taken
by people similar to the victim to cross the road. An
alternative, particularly where a child running was
involved, is to get a number of children of the same
age and stature as the victim to run over the same
distance and to time them. This should be treated as a
game if possible and is best done in consultation with
the adult responsible for the children. Although ask-
ing the victim to repeat his or her movements has
obvious appeal it should be remembered that the
victim is not an independent observer of events.

Time and Distance

In many cases the reason for determining the speed
of both vehicles and pedestrians is to analyze the
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movements of the two objects which collided. Such
analysis will show where the car might have been
when the pedestrian stepped from the kerb or where
the vehicle in the main road was when the other
vehicle pulled out from the side turning. Comparison
of the impact speed of an emerging vehicle with the
distance traveled from a stop line to impact may
enable the investigator to draw conclusions as to
whether or not this vehicle complied with the stop
sign. Two other factors, visibility and reaction time,
play an important part in assessing the relative move-
ments of vehicles and pedestrians. Without some
knowledge of these it is impossible to draw conclu-
sions from the relative movements of the parties to
the incident.

Visibility

Before a driver or pedestrian can react to the presence
of someone else they have to be able to see them.
Although measuring visibility is not difficult it needs
to be done with some thought. For example the
visibility for one party may not be the same as that
for the other. Take the example of a car waiting to
emerge from a side turning where visibility is re-
stricted by a fence. If the car has a long bonnet the
driver will be some distance behind the give-way or
stop line and thus the driver of the oncoming vehicle
will be able to see the waiting car before the waiting
driver can see the approaching vehicle (Fig. 6).

The height of the vehicle and the driving position
and even the height of the pedestrian can have a
significant effect on visibility. Thus when measuring
visibility the observer should have his or her eyes at
the same height as the witness and should be in the
same lateral position in the road. As far as possible

Figure 6 Visibility may not be the same for both vehicles
involved in an incident. Top: car A is able to see car B from
some distance before it reaches the ‘Give Way’ sign. Bottom:
Even at the stop line car B cannot see car A until it is much
closer.

the target should be as similar as possible to the actual
target in the incident.

Reaction time

A ball rolls into the road with a child in hot pursuit.
This is a clearly identifiable hazard but there is an
appreciable delay before the approaching car begins
to brake. Why was there a delay between the hazard
appearing and the driver’s response? Human beings
cannot react instantly because a number of cognitive
processes have to take place first.

e Perception of the child approaching or entering the
carriageway;

e Recognition that a hazard has appeared;

e Decision as to whether to brake or steer;

e Action to apply the brakes.

For most drivers the time taken to complete the last
two stages will be very short. In the context of the
investigation of dangerous occurrences on the road,
however, it is the delay in seeing and recognizing the
hazard which gives rise to arguments. This delay
between the hazard appearing and action commen-
cing is called reaction or perception—response time.

Although defining reaction time is a necessary
preliminary to measuring it, actual measurement is
difficult. Most systems designed to measure reaction
time modify the value being measured by warning the
driver to expect something and telling him or her
what action to take. Many tests bear little resem-
blance to real driving conditions. The most widely
known estimate of reaction time in the UK is that
used to derive the thinking distance component of
stopping distance in the UK’s Highway Code. The
origin of this figure, 0.68 s, is lost in the mists of time
but it is probably significant that it amounts to 1 foot
of thinking distance for every mile per hour of speed.
It is unrealistically short for normal drivers in real
driving conditions.

It is difficult to set up an experiment which mea-
sures driver reaction time without having to tell the
driver what is happening. One attempt to do so used a
driving simulator for what were ostensibly tests quite
unconnected to reaction time. Eleven drivers were
tested who fell into two groups with mean reaction
times of 0.83s and 1.13s. The slowest driver took
1.43 s. Alcohol and some other drugs tend to extend a
driver’s reaction time, often quite significantly. Per-
ception-response time is discussed at some length in
the literature.

Although driver reaction time is a complex pro-
blem in cognitive psychology, investigation of road
traffic incidents requires an understanding of the
concept and the range of values which the normally
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alert driver might achieve. The effect of expectation
on response should not be overlooked. Drivers do not
expect pedestrians to be crossing multi-lane dual
carriageways and thus react slowly when they do.

Interpretation

General considerations

The critical part of any investigation is the collation
and interpretation of the information obtained. This
should be tackled in a logical and methodical manner
and will be an iterative process which should have
started as the information is collected. A growing
understanding of the incident will have directed the
investigator’s inquiry to insure that the right informa-
tion is obtained and nothing is overlooked. Care must
be taken not to exclude alternative plausible explana-
tions until sufficient information has been collected to
justify ignoring them.

All evidence particularly that of eye witnesses
should be considered critically.

Could the witness see?

What attracted the witness’s attention?

Are the plans accurate?

Do the photographs give the correct impression
with no distortion of perspective.

Is what the witness saw possible?

e What is the precision of the calculations and how in
consequence should they be interpreted?

Analysis of the information will go through a number
of overlapping stages. Information obtained from one
stage may well modify that obtained from an earlier
stage which will need to be re-assessed. By the end of
this iterative process the investigator will have firm
factual and logical foundation for his or her conclu-
sions.

Analytical process

There is no one correct way of analyzing an incident
but all of the following steps should be included.

Plans, photographs and observations Good plans
and photographs enable the investigator to get a
clear picture of the scene, an essential first step in
the analysis of the incident. Plans and photographs:

e provide a vital aid to understanding what the wit-
nesses are saying;

e show the relationship between marks, participants
and the environment;

e allow the investigator to develop his her own inter-
pretation of events;

e may be used as a source of data.

The eye witnesses The evidence of eye witnesses
needs to reviewed carefully. However, with care
they can provide reliable evidence which can be
obtained in no other way. The investigator needs to
consider the following.

e What do they say and are they consistent?

o If, as is normal, they disagree are there any areas of
agreement?

e Are there obvious explanations for disagreements
(e.g. their viewpoint)?

e Is there information which will be required for
subsequent analysis? e.g. the state of traffic signals;
the direction of travel and speed of pedestrians and
vehicles.

Skidmarks and scuffmarks Ephemeral evidence left
at the scene is one of the basic building blocks of a
successful reconstruction of a road traffic incident.

e What marks have been left on the road surface?

e What can be deduced about the movements of
vehicles and pedestrians from them?

e Can they be used to estimate speed?

The vehicle(s) The condition of the vehicle(s)
involved in the incident is important for two reasons.

e Is the vehicle itself a cause of the incident?
e Can anything be deduced about impact speed?

Calculations Calculations based on observations
and measurements are inevitably multistage processes
which may involve re-evaluation of the other infor-
mation between stages:

e Estimate of vehicle speed from tire marks, damage
etc.
e Estimate time taken for:

o the pedestrian to cross the road;
e another vehicle to emerge from a side road;
e a vehicle to skid to impact.

e Investigate questions of intervisibility or reaction
time.

With all calculations the investigator needs to be
aware of:

e the accuracy and precision of the result;
o the sensitivity of the result to changes in input
information.

At each stage other information should be re-
evaluated and the direction of the investigation
reviewed. What should be done and in what order
will depend on the circumstances, but at the end of
one or more iterations the investigator should have
a clear understanding of the incident and how it
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developed and be in a position to explain it in clear,
simple language.

Conclusion

Throughout any analysis of an incident the investi-
gator should always search for ways of corroborating
one source of information with another. At the end of
the process the explanation of the sequence of events
leading up to and through the incident should be
internally consistent and include all the known data.
If some data have been excluded the investigator
should provide reasons — no data should just be
ignored. Finally, the investigator must report his or
her findings clearly and simply setting out the infor-
mation available, logical process gone through, and
the conclusions reached. Just as photographs, plans
and other illustrations can assist the investigator to
understand what happened they can be used to sup-
port and amplify the report. The old adage that a
picture is worth a thousand words remains true.

The primary reason for investigating road traffic
incidents is to learn what lessons they teach and
thereby improve road safety. The investigator endea-
vors to establish what happened, why it happened
and how repetition can be avoided. By learning from
experience the UK has reduced annual road traffic
fatalities from around 5600 to around 3600 in 13
years. Further significant reduction in this figure must
be achieved and thorough, knowledgeable investiga-
tion of all incidents and application of the lessons
learnt will continue to play a significant part in
achieving this goal.

See also: Accident Investigation: Motor Vehicle; Rail;
Determination of Cause: Reconstruction; Tachographs;
Driver Versus Passenger in Motor Vehicle Collisions.
Pattern Evidence: Vehicle Tire Marks and Tire Track
Measurement.
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Introduction

Car traffic has increased dramatically. Although
additional traffic regulations, such as speed limits,
and other restrictions were imposed to reduce acci-
dents, crashes can be seen every day. Many result in
vehicle damage or injuries to occupants or others.
Claims resulting from these accidents often have to be
settled in court.

In most countries special ‘accident experts’ assist
judges in reconstructing accident situations, based, for
example, on information from eyewitnesses, car
deformations or tire marks. In many countries these
experts are either specially trained police officers or
members of the road authorities. In others, reconstruc-
tions are performed by independent specialists. These
accident analyses, which form the basis for court
decisions, were the start of specific accident research.

Accidents are also reconstructed for many other
reasons. Car manufacturers perform in-depth studies
of real accidents to learn more about accident
mechanisms and to study the potential and the effec-
tiveness of new safety devices in cars. Accidents are
also often reconstructed and analyzed to help improve
road planning.

There are several questions that must be answered
when reconstructing a car accident. Today’s accident
reconstruction tries to provide full information about
the movement of all involved vehicles, persons or
objects from the point of first visual contact to their
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rest positions. Time history of velocities, positions and
crash-related data, such as velocity changes, deforma-
tion energies and passenger loads, must be analyzed.
In addition, prevention analyses are often included.
These analyses allow determination of the conditions
necessary to prevent repetition of the accident.

There is one general rule in any accident recon-
struction: a detailed collection of scene data forms the
basis for a good reconstruction. Some of the most
important scene data are:

vehicle or human rest positions;
road marks;

vehicle damages and marks;
personal injuries.

Owing to the increased number of cars with ABS,
fewer tire marks, which formed the most objective
basis, can be seen and thus one major contribution to
the reconstruction is lost. On the other hand, the
increased performance of personal computers has
made it possible to use highly sophisticated recon-
struction or simulation algorithms to study accidents.

In recent years several software products have been
developed for the reconstruction of vehicle accidents.
Some of them are designed just to calculate vehicle
velocities from the kinematics of specific accident
types. Others, with full vehicle simulators, allow the
simulation of car motion during the accident, starting
from the point of reaction to the end position for any
kind of accident. It is now even possible to visualize
the car motion on the screen during the calculation in
real time. Three-dimensional geometric information
regarding road marks can be imported from CAD
systems or from photographs as scanned bitmaps,
and all important road, car and tire characteristics
can be taken into account, as well as the reactions of
the driver.

Targets

It is important, when formulating the physical and
mathematical model of a car, to take into account the
fact that many parameters are not well known when
reconstructing the accident. In particular, the condi-
tion of the tires, such as their age or air pressure, the
dampers or the steering system are often not well
documented. The resistance of the chassis is only
known for well-defined crash conditions and not for
the specific accident situation. Therefore it is impor-
tant to find a compromise between accuracy and the
amount of input data necessary to perform the calcu-
lation. On the other hand, the user should be able to
take into account all parameters which are documen-
ted and known to influence driving and crash beha-
vior. Based on this knowledge, simplified models

have to be used, which guarantee that the basic
driving behavior is predicted correctly. All necessary
input parameters must be defined on the basis of
physical parameters and a simple means of varying
the parameters guarantees that the expert can cross-
check their influence on the simulation result.

The automotive industry uses several simulation
models to learn about the driving behavior of vehicles.
These industrial vehicle dynamics simulation pro-
grams are optimized to predict driving behavior
under well-defined initial and boundary conditions.
As a result these models require many input para-
meters. For the reconstruction of a vehicle accident,
such detailed knowledge, especially regarding the sus-
pension, the tires and the road conditions, is normally
not available. In addition, the steering and degree of
braking are often not known. It is thus difficult to use
these simulation models for the reconstruction of
vehicle accidents.

A similar problem exists regarding collision mod-
els. Several programs (mainly finite element (FE)-
based) exist that allow the calculation of the deforma-
tions for well-defined collision conditions. To achieve
good agreement with real impacts, they require a very
detailed knowledge of the vehicle structure and a very
powerful computer. Some 100000 degrees of free-
dom are required to model one vehicle properly. In
addition, every simulation has to be calibrated with
similar crash tests. This is the major reason why FE
programs are only used for accident reconstruction in
a few specific cases.

Several computer programs have been developed
especially for the reconstruction of vehicle accidents.
They allow the calculation of vehicle motion and
collisions based on various physical models. PC-
CRASH is one of these programs with a worldwide
distribution. It uses a kinetic time forward simulation
of vehicle dynamics and combines it with a momen-
tum-based collision model; accidents can be recon-
structed, starting from the point of reaction to the end
position, for all involved cars simultaneously. The
reconstruction is performed in an interactive graphi-
cal environment, which allows a sketch or photograph
of the accident scene to underlay the reconstruction.
For an effective presentation of the results, 3D ani-
mations can be created directly from the calculated
results.

Accident Analysis

Postcrash movement

In a conventional accident analysis the reconstruction
is normally started from the rest positions of the
involved vehicles and calculated backwards to the
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collision position. To determine the postcrash velo-
city of the vehicles, an average deceleration has to be
estimated. In many cases, where no tire marks are
available, straight-line movement of the vehicle is
assumed for determining the distance of postcrash
travel. Depending on the road situation and involved
vehicle, an average deceleration level is assumed,
typically in the range of 0.1-10 ms ~2. The postcrash
velocity can than be calculated according to the

formula:
v=4/2as+ 1/3

where v represents the postcrash velocity (ms ™), a
the average deceleration (ms~2) and s the postcrash
travel of the vehicle’s center of gravity (m).

The major problem with this method is estimating
the vehicle’s average deceleration during a compli-
cated postcrash movement. In this phase the vehicle
may have been rolling or sliding and this has a huge
influence on the amount of energy dissipated. To
overcome this problem, vehicle simulators are often
used to compare the vehicle’s movement with marks
found on the road or on the vehicle. Thus the post-
crash velocity can be determined more accurately.

(Equation 1)

Collision model

During the collision the contact forces between the
two involved vehicles vary over time. These forces
depend on the vehicle structure, the deformation
velocity, the contact situation and several other para-
meters. As these dependencies are highly nonlinear
and very difficult to formulate, the treatment of the
parameters through their integral values has proven
to be more efficient. Modern FE programs allow
investigation of the time variation of the contact
forces. But these programs require enormous calcula-
tion times and a huge amount of modeling. Simplified
models like the CRASH algorithm have produced
large errors under several conditions. In many cases,
insufficient knowledge regarding the structural defor-
mation behavior is available to estimate the proper
parameters.

Crash hypotheses that only compare the velocity
conditions of both vehicles before and after the
impact have therefore been used with great success
for the reconstruction of accidents.

Material properties in the contact area During the
contact phase large forces may occur, which cause
deformations to one or both collision partners. These
deformations may remain fully or partially after the
impact (plastic deformations) or they may fully
recover (elastic deformations). Through the defini-

tion of the parameter k the amount of elasticity for a
crash can be defined. This parameter k is only valid
for a whole crash situation and not for one of the
partners. Therefore one crash partner may exhibit a
high degree of elasticity when impacting with partner
A and a high degree of plasticity when impacting with
partner B.

Using an example of a straight central impact
(Fig. 1), the parameter k can be easily explained. To
insure that the two partners collide, the velocity of
partner 1 must be higher than the velocity of partner
2. In phase 1 contact forces act, which reduce the
velocity of mass 1 and increase that of mass 2. They
are equivalent in size, but with opposite direction.
The relation between acceleration and contact force is
calculated from:

ma =F (Equation 2)

where m defines the mass, a the acceleration and F the
contact force. The end of phase 1 is defined when
both partners have equal velocities. It is called the
‘compression’ phase. In phase 2 the forces reduce
again until the two masses separate. This phase 2 is
called ‘restitution’.

In this case the coefficient of restitution is defined
as

/ /
v —n
kzi

(Equation 3)
V) — 1

0 <k <1 where k=0 represents a fully plastic and k=1
a fully elastic impact.

Eccentric impacts Figure 2 shows an example of a
measurement of the two acceleration components for
an eccentric impact. The compression moment S, and
restitution momentum Sy are now defined as

tm
Sc = / Fdt

to
1]
Fdt
tm

(Equation 4)

Sk = (Equation 5)
where £ is the time of first contact, ¢,,, defines the time
of identical velocity for both vehicles at the point of
impact and #; describes the time of separation.

m m2 m m2 m ma
Vi> Ve

Vim= Vam Vi< ve

Figure 1 Central impact. See text for explanation.



ACCIDENT INVESTIGATION/Determination of Cause: Reconstruction 19

30.0

29.8

30—
F 20—

2] 107

c

2 -0

g

o —-20—

8 30|

< _40-

-50

284 286 288 29.0 292 294 296

Time (s)
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In the case of a generic eccentric impact, the
‘coefficient of restitution’ is now defined as a ratio
between restitution momentum and compression
momentum

€= Sk (Equation 6)
Sc

The total exchanged momentum is calculated from
S=Sc+Sr=Sc(1+¢)

In a full impact the velocities of both vehicles at the
impulse point must be identical at the end of the
compression phase (Fig. 3). For simplicity, the impact
model is only derived here in 2D. In some programs
like PC-CRASH the models are also extended to 3D.
They are identical except that all velocities, the mo-
mentum and angular momentum are defined in 3D
coordinates and all three components of the velocity
and rotational velocity are taken into account.

As can be seen in Fig. 3 a local coordinate system is
defined, which originates at the ‘impulse point’. The
components of the relative velocity for both vehicles
at the impulse point can be calculated from:

Vir = v +wiam (Equation 8)

Vin = Vsin + wizt1 (Equation 9)

Figure 3

Impact configuration.

where V), defines the velocity component of the im-
pulse point for vehicle 1 in direction ¢ and Vj, in
direction 7. So the components of the relative velocity
for both vehicles at the impulse point can be calcu-
lated from

Vi=Vi—Vy
Vn = Vln - VZn

(Equation 10)
(Equation 11)

In addition, the balance of momentum can be for-
mulated for both vehicles

my(Vy, —var) =T (Equation 12)
my (U, — Vsin) = N (Equation 13)
my (v, —ve) = =T (Equation 14)
my (U, — Van) = =N (Equation 15)

The balance of angular momentum can be formulated

L1z(w), — wiz) = Ty — Nty (Equation 16)
L. (W), —wy;) = =Tny + Nt;  (Equation 17)

When combining these equations, the change of the
relative velocity for both vehicles at the impulse point
can be calculated from

V=V, +aT—c;N
V; =V,—c3T+ N

(Equation 18)
(Equation 19)

with
1 1 2 2
=g (Equation 20)
my my Iy I
1 1 7 8
o=—+—+-L14+2 (Equation 21)
my my Iy I
t t
3= 1, 2m (Equation 22)
Ilz I,

To be able to solve these equations and to calculate
the postimpact velocities and rotations two addi-
tional assumptions have to be made (see below).

The full impact In case of a full impact two addi-
tional assumptions are made:

1. No relative movement between both vehicles can
be found in the impulse point at the end of the
compression phase.

Vo V, .
T, = M (Equation 23)
3 —C1c
% V
N, = M (Equation 24)
g —cao

2. The average between compression and restitution
momentum is defined by the coefficient of resti-
tution, which is defined according to Equation 6.
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So the components of the total momentum can be
calculated from

T=T.(1+e)
N =N.(1+¢)

(Equation 25)
(Equation 26)

These equations are sufficient to calculate all post-
impact velocity conditions for both involved vehicles
in the case of a full impact.

The sliding impact In certain collisions the two
vehicles will never reach identical velocities at the
impulse point during the impact. In such cases a
contact plane has to be defined, along which the
two vehicles slide. The impulse point must coincide
with this plane. For such a situation the following two
assumptions are made:

1. No relative movement between both vehicles can
be found at the impulse point at the end of the
compression phase in a direction normal to the
contact plane. So N, can be calculated from Equa-
tion 24.

2. The direction of the momentum is limited by a
friction (p). This value defines the friction between
the two impacting vehicles.

T =uN (Equation 27)

3. The average between compression and restitution
momentum is again defined by the coefficient of
restitution according to Equation 6, and T and N
can again be calculated from Equations 25 and 26.

The coefficient of restitution, which can be handled
as an input or output parameter, is easy to define. It
always lies in the range 0.1-0.3. The higher the de-
formations of the vehicles, the lower is the coefficient

of restitution. Only for very small deformations are
values higher than 0.3 possible.

Using these equations, the relation between post-
crash and precrash velocities can be determined.
These equations are used in many different forms to
calculate the precrash velocities from the postcrash
velocities, mainly for the conventional reconstruction
of car accidents, where the reconstruction is started
from the rest position. Several simulation models use
the same equations to determine the postcrash velo-
cities from the precrash values.

Energy equivalent speed As modern cars are mostly
designed to absorb energy during a collision, the
amount of damage found on the vehicles can also
be used to determine the precrash velocity. For most
vehicles crash tests are performed and the results
published. They show the vehicles’ deformation
after an impact with a well-defined barrier. Figure 4
shows the deformations of a certain car type in the
frontal area when impacting a rigid barrier with
speeds of 15 and 48kmh~'. Significant differences
can be found in the amount of damage sustained by
the vehicle. This knowledge can also be used for
accident reconstruction.

When comparing the deformations found on the
vehicle to those of the reference tests, the amount of
energy absorbed by the vehicle due to the impact can
be estimated. As deformation energies are not very
convenient quantities, they are recalculated into velo-
cities and called energy equivalent speed (EES). EES is
defined thus:

EES:,/@
m

(Equation 28)

: Ford Escort - EES [km/h] 15.0
Bild Beabeiten

e SR o)

i Ford Escort - EES [km/h] 48.0
Bild Beabeten

| & & 2P|

Figure 4 Vehicle damage after frontal impact at (A) 15kmh~", and (B) 48kmh~".
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Where Ep.s defines the vehicle’s deformation energy
and m the vehicle’s mass.

Thus the conservation of energy can be used in
addition:

Exint’ + Exin2’ = Egint + Egina — Epeft — Epef2
(Equation 29)

where E,,; represents the kinetic energy of vehicle i
before and Ey;,;’ after the impact.

Precrash movement

As in many cases the impact speed is not the relevant
speed, precrash analyses are also of great importance.
They allow determination of the drivers’ or other
involved persons’ reactions. The velocities, relative
positions and visibilities at the reaction point can then
be investigated and the cause of the accident and the
failures of the involved persons or vehicles can be
identified. There are several types of failures or com-
binations of failures, that cause accidents: the vehicle
velocity not being adapted to traffic conditions and
insufficient driver attention are only just two exam-
ples. Whenever accidents are investigated, the situa-
tion has to be analyzed from the reaction point. Only
thus can real cause be found.

The Driver’s Reaction

The point of reaction can be determined by various
methods, depending on the accident situation. In
principle, the time from the reaction to the collision
position normally consist of three major phases:

e reaction time;
o lag;
e action time.

Reaction time

The reaction time defines the necessary time to iden-
tify the situation, decide the kind of reaction and start
the action through activation of certain muscles. It
depends on many factors, like age and tiredness, and
also on some which are difficult to estimate; for
example, an eye blink may increase the reaction
time by approximately 0.2s. One aspect, which is
also of great importance, is the visibility of the object.
In cases of low contrast or small light differences,
reaction time may increase dramatically. This is why
so many pedestrian accidents occur at night. In addi-
tion, there is a significant difference if the resulting
action has to be performed by the arms or by the legs.
The greater distance between brain and leg means
that an action being performed with the leg will
require a significantly longer reaction time.

Typical reaction times are between 0.5 and 1.5s.

Racing drivers are known to react during a race
within a time of 0.3s.

Lag

The lag is defined by the amount of time required by
the technical system to act. There is no lag for the
steering system but a lag of 0.1-0.3s for the brake
system. This lag is mainly caused by the amount of
time necessary to push the brake pedal to such a level
that the full brake force is applied to the wheels. One
technical solution to reducing this time is the so-called
‘brake assistant’, which automatically applies the full
brake force when the brake pedal is pushed very fast.

Action time

The action time defines the time when the action
(mainly braking or steering) is active.

Prevention analysis

When the point of reaction has been found, so called
prevention analysis must be performed. These calcu-
lations are used to determine a fictitious scenario
where the accident would not have occurred. In this
case, parameters like initial velocity, shorter reaction
time, better visibility or higher friction on the road are
varied. These analyses are used both to determine the
influence of the driver’s failure and often to change
the road design to prevent similar accidents.

Sample Case

The following sample case demonstrates the analysis
of a vehicle—vehicle accident caused mainly by one
driver overrunning a ‘stop’ sign.

The first step when simulating a new accident is the
identification of all involved vehicles. Modern simu-
lation programs to allow access various databases
containing all necessary geometric and mass data.

In a second step the involved cars can be moved to
the ‘average’ collision position. Here their correct
overlap must be taken into account.

To define the friction conditions and drivers’
actions, so-called ‘sequences’ can be given (Fig. 5).
They can be defined in a very simple and flexible way.
The different steering, brake and acceleration actions
can be defined by listing the actions. The values for
the individual actions can then be given. The validity
of one sequence can be limited by definition of a time
interval or a travel distance of the vehicle’s center of
gravity. The brake or acceleration forces can be given
for every wheel independently. This is important to
simulate wheels locked during the accident. Changes
in the friction due to oil or wet areas can be defined by
identifying individual areas. The corresponding
friction coefficient must then be specified.
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Figure 5 Definition of driver actions.

After these definitions have been given, the
impact can be calculated and the postcrash move-
ment will be simulated automatically (Fig. 6). As a
result the movement of the involved vehicles, in-
cluding their wheel traces, can be seen on the
screen and can then be compared to a previously
created DXF drawing of the scenario. As an alter-
native a scanned bitmap can be underlayed. So the
preimpact velocities can be varied, as well as all

other impact parameters. PC-CRASH, as one of the
major software tools, also provides an optimization
tool that allows automatic variation of specific
parameters. Through the definition of target func-
tions, the most plausible solution will be found
immediately.

Figure 7 shows the movement of two vehicles after
a 90° impact in steps of 200 ms. A dry asphalt sur-
faced road was assumed.
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Figure 6 Definition of impact values including results.
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A Collision B- B 200 ms after collision

C 400 ms after collision 600 ms after collision

E 800 ms after collision B 1000 ms after collision

1500 ms after collision o Final Position

Figure 7 Vehicle movement after impact: (A) collision, (B) 200 ms, (C) 400 ms, (D) 600 ms, (E) 800 ms, (F) 1000 ms, and (G) 1500 ms
after collision, (H) final position.
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Results

The major fault in this case was that the driver of the
private car should have stopped before the crossing.
From brake traces drawn from the truck before the
impact, which had a length of 7 m, the initial speed of
the truck was calculated to be 60 kmh~"'. The truck
driver reacted 1.7 s before the collision. Driving at a
speed of 48kmh ™" or less, the accident would have
been prevented, as the truck would have stopped
before the impact. For these calculations a reaction
time of 1 s and a brake lag of 0.2 s was assumed. If the
driver of the truck had been driving at a speed of
50kmh ', the truck would have reached the collision
position 2.4s after he had reacted. This means the
private car would have continued for 0.7 s and thus
have passed an additional distance of approximately
2.3 m, insufficient to prevent the accident. So the
accident would have also occurred at an initial speed
of 50 km h ! which was the speed limit at the reaction
point but the impact speed would have been reduced
from 44 kmh ™! to approximately 15 kmh~".

See also: Accident Investigation: Motor Vehicle; Deter-
mination of Cause: Overview; Tachographs; Driver Versus
Passenger in Motor Vehicle Collisions. Pattern Evidence:
Vehicle Tire Marks and Tire Track Measurement. Photo-
graphy and Digital Imaging: Digital Imaging Enhance-
ment.
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Introduction

The determination of a motor vehicle occupant’s role
in a vehicular collision is always an important med-
icolegal question. If the occupants of the vehicle have
been ejected or relocated within the vehicle as a result
of the vehicular dynamics of the collision, determin-
ing the occupants’ role at the time of the collision may
be difficult. The investigation that coordinates an
examination of injury mechanisms, occupant kine-
matics, vehicle dynamics and the evaluation of trace
evidence will facilitate the determination of an occu-
pant’s role. Such a determination is critical when
criminal charges are considered. It is imperative
that, when charging an individual, the investigating
agency performs a thorough investigation in order to
protect the innocent passenger from being falsely
prosecuted as the driver.

Variables that Confound Occupant
Role Determination

‘T wasn’t the driver’ is a statement often made by
occupants of an automobile which has been involved
in a serious or fatal collision. It is also a statement that
may or may not be true. When a surviving occupant
presents to an emergency department, it is imperative
that care be taken to ensure that any short-lived
evidence found on the individual is recognized and
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collected. It is also imperative that all of a patient’s
injuries be documented before their appearance is
altered in the delivery of patient care. By preserving
evidence and painstakingly documenting injuries, the
investigating agency insures a high standard of inves-
tigation. Statements obtained in the emergency
department from the patients should be made part
of the permanent record, within quotation marks, by
those witnessing their utterances.

Allegations of criminal and/or civil liability should
be based on the tangible evidence collected from the
vehicles, their occupants and the crash scene. Com-
mon problems which hinder the investigative process
itself often complicate the differentiation of driver
from passenger. These impediments may also be used
in court as an effective defense against the charges.
The following are examples of potential problems:

e Occupants are removed from vehicles by well-
meaning bystanders whose statements and observa-
tions are not recorded by the investigating agencies.

e Physical evidence of occupant movement within
the vehicle and trace evidence of occupant and
vehicle contact are not recognized, collected and
documented.

e The surviving occupant’s injuries, including pat-
tern injuries, are not photographically documented
while the person is in the emergency department.

e Evidence standards (clothing, shoes) and biological
standards (hair and blood) are not collected from
all occupants.

e An autopsy is not conducted on the deceased
occupant(s).

e Substandard analysis of the crash scene prohibits
accurate reconstruction of the vehicle dynamics.

e Vehicle components found at the crash scene are
haphazardly thrown back into the vehicles, re-
sulting in the possibility or supposition of cross-
contamination.

e Inadequate resources are committed to the evalua-
tion of the incident.

e Assumption is made that the owner of vehicle is the
driver.

e The vehicle is not preserved or is left exposed to the
elements, which may lead to destruction or loss of
trace evidence.

Vehicle Dynamics

How the vehicle interacts with the environment will
dictate what forces are applied to the vehicle’s occu-
pants. The forces applied to the occupants will dictate
how the occupants move within the vehicle. When,
for example, a vehicle hits a tree head-on, the occu-
pants of the vehicle will move forward, toward the

point of impact. This determination is best made by
an accident reconstruction expert.

Occupant Kinematics

In the event of a rapid deceleration of the kind that
occurs instantly in crash circumstances, vehicle occu-
pants, restrained or unrestrained, will experience a
force which causes them to move initially toward the
primary area of impact. This occupant movement or
occupant kinematics has been conceptualized as a
motion parallel to and opposite from the direction
of the force which is developed by the impacting
object (Fig. 1). This movement of the occupant, and
subsequent contact with the vehicle’s components, is
dictated by the forces applied to the vehicle through
its interaction with the environment. The application
of the principles of occupant kinematics will predict
in what direction a particular occupant will move,
and, therefore, which component within the vehicle
they will strike. Occupant kinematics is best deter-
mined by a physician/nurse with forensic training in
concert with the accident reconstructionist.

Injury Mechanisms

The correlation and matching of pattern injuries
from surfaces and components within a vehicle will
reveal an occupant’s position during a portion of the
vehicle’s collision sequence. The most commonly
observed pattern injuries are: seat belt contusions
(Fig. 2); air bag injuries — facial abrasions, face and
arm lacerations and fractures, and extremity ampu-
tations (Figs 3-6); steering wheel contusions; contu-
sions, abrasions and lacerations from impact with
window cranks, radio knobs, door latches and dash-
board components. Different types of pattern lacera-
tions will also result from contact with the different
kinds of automobile glass used in front and side
windows (Figs 7-9). Analysis of the occupant’s in-
juries should be undertaken by a physician/nurse
trained in forensic medicine.

Figure 1 Occupant kinematics is defined as the movement of
an occupant within a vehicle. An occupant will experience
movement towards the point of impact. This movement is
parallel and opposite from the principal direction of force.
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Figure 2 A seatbelt contusion may provide valuable evidence Figure 5 Contact with the deploying air bag module cover can
as to the position of an occupant. This patient’s contusion give rise to pattern fractures of the upper extremities. This open
extends from the left lateral neck across the right breast and comminuted fracture of the forearm indicates a bending type of
was the result of contact with the driver’s side seatbelt. fracture from contact with the air bag module cover.

Figure 3 (see color plate 2) Contact with deploying air bags Figure 6 (see color plate 3) A degloving injury with underlying
will result in injuries to the occupants, including abrasions. This  fracture. This patient sustained an open fracture, with degloving
patient sustained superficial abrasions overlying the abdomen, of the forearm, secondary to contact with the deploying air bag.
secondary to air bag deployment. Such injuries can be matched Matching this injury and the blood transferred to the air bag
to the vehicle’s air bag. would assist in identifying the role of this patient.

Figure 4 A diagrammatic representation of a forearm injury
from contact with the deploying air bag module cover. This will  Figure 7 Contact with the tempered glass found in side and
give rise to the fracture pattern seen in Fig. 5. rear windows will impart a ‘dicing’ laceration to the skin.
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Figure 8 Sliding contact with tempered glass during occupant
ejection will impart a characteristic superficial laceration to the
skin. This is characterized by two parallel superficial lacerations
3-8 mm apart.

Trace Evidence

One of the most critical elements in the determination
of the occupants’ role in a motor vehicle collision is
the collection of trace evidence from the victims and
the vehicle. Special efforts must be made to collect
clothing and biological standards from all vehicle
occupants. The preservation of clothing, shoes and
biological standards (including hair and blood) will
be invaluable in determining an occupant’s role.
Examination of the soles of leather shoes may reveal
the imprint of the accelerator or brake pedal, or the
imprint of the leather floormat (Figs 10 and 11). The
preservation of clothing will permit a forensic exam-
iner to compare clothing fibers to those fibers trans-
ferred to vehicle components during the collision
(Fig. 12). Fabric imprints may also be transferred to
components within the vehicle (Fig. 13). Contact with
the front windshield will frequently result in the

Figure 9 Contact with the laminated glass found in wind-
shields will result in linear lacerations. These lacerations tend to
be deeper than the dicing lacerations induced by tempered
glass.

cotransference of hair and tissue to the glass and of
glass to the tissue (Fig. 14). Collection of this glass
from a patient’s wound can be matched with a parti-
cular window within the vehicle if a glass standard is
collected from the vehicle involved.

Two types of glass are used in automobiles: lami-
nated, used in windshields; and tempered, used in the
side and rear windows. Each of these types of glass
will produce a pattern laceration unique to it. The
windshield is composed of two layers of glass, lami-
nated together, with a thin layer of clear plastic sand-
wiched between. This laminated glass will break into
shards upon impact; wounds resulting from impact
with laminated glass will be linear and incised (Fig. 9).
The tempered or ‘safety glass’ is a single layer of glass
that breaks into small cubes when fractured. Wounds
resulting from impact with tempered glass will appear
‘diced’, punctate and rectangular in configuration
(Figs 7 and 8).

Al

Figure 10 (A) Examination of leather-soled shoes may reveal the presence of a pedal imprint. (B) The shoe reflects an
imprint from the vehicle’s brake pedal and indicates that the wearer of the shoe was, in fact, the driver.
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Figure 11 Examination of the dirt present on the sole of a boot (A) indicated the imprint of the brake pedal (B).

The steering wheel may be damaged as the result of
driver contact. The steering wheel in Fig. 15A displays
rim damage from impact with the driver’s mouth
(Fig. 15B).

Close examination of both driver and passenger air

bags will often reveal transference of trace evidence,
including hair, tissue, make-up and blood to the bag’s
surface (Fig. 16). Occupant contact with the deploying
air bags will also result in pattern injuries appearing
on the patient (Figs 3-6). The air bag module cover
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Figure 12 Fabric may be transferred from an occupant’s
clothing to components within the vehicle. Fabric from the
passenger was transferred to the tempered glass in this rear
window during her ejection.

Figure 13 Forceful contact of clothing to vehicle components
may impart a fabric transfer. A fabric imprint is noted on the
steering wheel. Comparison of the weave pattern on the
patient’s pants to the pattern on the steering wheel confirmed
the patient’s role as the driver.

Figure 14 Occupant contact with the front windshield may
reveal the transfer of hair, blood and tissue. This evidence can
be matched to the standards obtained from the occupants.

may also yield valuable forensic evidence. Examina-
tion of the module cover may yield transferred tissue
or an imprinted fabric pattern. Removal of all air bags
from the vehicle should be done routinely in cases
where occupant roles are in question, as they will yield
a tremendous amount of forensic information.
Examination of the seat belt webbing and hard-
ware may reveal the presence of loading marks if the
occupant experienced a deceleration of the order of
25kmh~! or greater (Fig. 17). These marks will
confirm restraint usage and this evidence can be
correlated with seat belt contusions on the occupants.

Sample Cases

Case 1

A 1956 Ford Thunderbird convertible was involved
in a collision that resulted in the ejection of both front
seat occupants (Fig. 18). One occupant sustained fatal
injuries and the other sustained severe, closed head
injuries. The surviving occupant had no recollection
of the collision and was charged with vehicular
homicide as he was the owner of the vehicle.
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Figure 15 The presence of blood on the steering wheel in
proximity to a divot of the steering wheel rim (A) from contact
with the driver’s teeth (B) confirmed the role of the occupant.

The investigating agency failed to collect hair or
blood standards from the deceased occupant, and
only collected standards from the surviving occupant
a year after the collision. The vehicle itself was not
processed for trace evidence and the vehicle’s interior
was contaminated with vehicle components and scene
evidence tape (Fig. 19). The vehicle was then left out,
exposed to the elements, for over a year, without any
concern for preservation of the vehicle’s integrity.

Figure 16 Examination of the air bag may also reveal the pre-
sence of transferred blood tissue, hair and makeup. Collection
and preservation of a vehicle’s air bag is obligatory if there is a
question as to the role of the vehicle’s occupants.
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Figure 17 (see color plate 4) Examination of the seatbelt
webbing and other hardware will be present if the belt sustained
sufficient loading. Webbing and hardware should be inspected
for evidence of transferred material or imprints from the
webbing to the hardware.

Despite these confounding variables and the fact that
there was no witness to the collision, the vehicle
owner was inappropriately convicted of vehicular
homicide, as he was the registered owner of the
vehicle.
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Figure 18 A 1957 Ford Thunderbird convertible. Both front seat
occupants were ejected, with one sustaining fatal injury. There
were no witnesses to the collision and no evidence was col-
lected from the vehicle by the investigating agencies. Despite
the lack of investigative effort and the absence of physical evi-
dence, the vehicle’s owner was charged with vehicular homicide.

Figure 19 The interior of the vehicle (Fig. 18) was contami-
nated with vehicle components and scene evidence tape. The
investigating agency took no steps to preserve or protect the
integrity of trace evidence within the interior of the vehicle.

Case 2

A 1984 international semitrailer with two occupants
rolled one-quarter turn to the right (towards the
passenger door on to a guardrail), when exiting an
interstate highway (Fig. 20). The surviving, bearded
occupant, a 25-year-old man, was found partially
ejected from the front windshield on the passenger
side. The deceased, a 24-year-old bearded man, had
been completely ejected and was found approxi-
mately 9m behind the cab. The surviving occupant
claimed that the deceased was the vehicle’s operator.
This contradicted the statement of a driver in a
vehicle that had been passed moments before by
that tractor trailer, who said the deceased was seen
in the passenger seat.

Examination of the truck’s interior revealed hair
and tissue on the left side of a fan, situated on the
ceiling in the middle of the cab (Fig. 21). Close

Deceased
occupant

X

n
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Figure 20 A semi-tractor trailer rotated 90° to the right, which
resulted in the ejection of one front seat occupant. The surviving
occupant stated that the deceased was the driver. Based on the
statement of a passing witness, the surviving occupant was
charged with being the driver.

Figure 21 (A) There is a fan on the roof of the trailer cab (Fig. 20). (B) Close examination of the left side of the fan revealed the
presence of trace evidence, including blood and tissue. Based upon a 90° rotation to the right, the occupant kinematics of the
collision would dictate that the driver could impact the fan and it would be impossible for the passenger to make contact with the
left side of the fan.
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examination of the deceased’s right forearm revealed
a pattern abrasion on the extensor surface. The per-
iodicity of the pattern abrasions matched the periodi-
city of the fan (Fig. 22). The conclusion rendered in
this case supported the statement of the surviving
occupant and contradicted the statement of the wit-
ness. This witness later stated that he may have been
mistaken because both occupants of the truck were

bearded.

Discussion

The ability to determine an occupant’s role in a motor
vehicle collision will depend upon the thoroughness
of the examination performed at the incident scene, in
the autopsy suite and at the hospital. It will also
depend upon evidence recognition, collection and
documentation. The following procedural recom-
mendations are offered as a guide:

e Photographically document and determine,
through interviews with witnesses and on-scene
emergency medical personnel, the final resting
places of vehicles and their occupants.

e Document and collect physical evidence of occu-
pant contact and movement within the vehicle,
including transferred hair, blood, tissue and fabric
within the vehicle.

e Forensic autopsies must be performed on all
deceased occupants of the vehicle.

e Clinical forensic examinations must be performed
on all living occupants of the vehicle, including the
photographic documentation and precise measure-
ment of all pattern injuries.

e Atrauamatic areas of the body must also be docu-
mented.

7
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Figure 22 At postmortem examination, a pattern abrasion was
noted over the extensor surface of the right forearm. The
periodicity of these abrasions matched the periodicity of the
grill of the fan. Based on physical evidence and not eye-witness
testimony, it was apparent that the deceased occupant was in
fact the driver.

e Hair, blood and fabric standards must be collected
from all occupants involved.

e Trace evidence found on the living and deceased,
including glass, pieces of vehicle components and
foreign bodies within wounds must be collected in
the mortuary and in the emergency department. If
surviving occupants are reluctant to provide hair,
blood and fabric standards, a search warrant and
court order must be obtained.

e Provide sufficient resources to the investigating
agency to document and reconstruct the crash
scenario and the vehicle dynamics adequately.

e Utilize a ‘team’ approach to these detailed and
difficult investigations.

Table 1 lists resources used by some jurisdictions
to successfully investigate and present cases of this
nature.

Conclusions

The determination of an occupant’s role in a motor
vehicle crash may be a benign process if the occupant
is trapped behind the wheel, or extremely complex if
the occupants are ejected. It is critical that investigat-
ing agencies allocate adequate resources to these
incidents, to insure that the correct role is assigned

Table 1 Investigation team
Players Role
Accident Determines vehicle dynamics,

reconstructionist which is necessary to
determine the occupant
kinematics

Processes vehicles for forensic
evidence, collects evidence
from deceased occupants at
autopsy and collects evidence
from living occupants in
emergency department

Evaluates occupants’ kinematics
and pattern injuries and trace
evidence to determine role of
each occupant. Performs
autopsies on deceased
occupants and clinical forensic
examinations on living
occupants

Comes to scene and hospital to
assist investigators in drawing
up court orders and search
warrants for collection of
evidence. Ensures evidence is
collected in proper fashion

Evidence technician

Forensic physician/
nurse?

Prosecutor

2 In some jurisdictions, clinical forensic examinations are performed by
specialty-trained forensic physicians or nurse examiners.
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to each occupant if criminal or civil charges are being
considered. Developing and implementing a metho-
dological procedure for the investigation and recon-
struction of multioccupant fatal incidents is essential
to the proper determination of the vehicle occupants’
roles in the collision and their relative culpability.

See also: Accident Investigation: Motor Vehicle; Deter-
mination of Cause: Overview; Airbag Related Injuries and
Deaths.
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Introduction

The purpose of this article is to provide an introduc-
tion to the fields of automobile accident reconstruc-
tion and biomechanics of injury. Automobile accident
reconstruction is only a small subset of the general
field of forensic engineering, which is defined as

applying engineering principles towards the purposes
of the law. Of necessity, the article will be limited in
scope, as it cannot consider the contributions of all
engineering disciplines to the field of forensic engi-
neering. The reconstruction of an accident depends on
physics and mathematics and falls naturally within
the domain of the engineer. Engineering methodology
can also be applied to the analysis of the mechanics of
injury, some aspects of which are deeply rooted in
medicine and biology. In this regard the last quarter of
the twentieth century has seen enormous growth of
the field of bioengineering with more than 60 under-
graduate and graduate degree granting programs in
the United States alone. Bioengineering, often referred
to as biomedical engineering, combines and applies
all the complexities of traditional engineering fields to
the analysis of biological systems. Hence, only limited
aspects of the application of engineering to injury
investigation and analysis is considered here.
Attention in this article is focused on the recon-
struction of automobile accidents, including the
movement of occupants relative to a crashing vehicle
(occupant kinematics), and some aspects of biome-
chanics and the mechanics of injury. The general
underlying principles and methodology are discussed
and a detailed illustrative example reconstructing an
intersection collision is provided. A comprehensive
bibliography provides more detailed information in
accident reconstruction and biomechanics, as well as
forensic engineering applications to other areas such
as products liability. In products liability cases engi-
neers are retained to analyze allegations of whether or
not products are defective (either by design, manu-
facture or failure to warn/instruct) and if the defects
are casually related to any injuries which may have
been sustained. In automobile products liability cases,
accident reconstructions and associated biomechanics
analyses are often essential in determining if automo-
biles, and/or their components, are defective.
Accident reconstruction is not limited to automo-
bile accidents and the methodology herein can be, and
has been, applied to pedestrian accidents, industrial
accidents, and aircraft accidents, to name a few. For
example, the role of engineers in analyzing and recon-
structing the terrorist bombing of PanAm 103 on 21
December 1988 over Lockerbie, Scotland is well-
known and is an outstanding example of the role of
forensic engineering in injury and death investigation.

Accident Reconstruction

General remarks

Accident reconstructions are a posteriori investiga-
tions of accidents or events with the purpose of trying



34 ACCIDENT INVESTIGATION/Motor Vehicle

to determine how and what occurred during the
event, consistent with the available data. In this
sense, accident reconstructions are similar to human
postmortem examinations or autopsies. Accident re-
construction is defined as the scientific process of
analyzing an accident utilizing the available data
and the appropriate natural or physical laws. The
availability of data in combination with the knowl-
edge of the reconstructionist are critical factors in
determining the quality, accuracy and reliability of
the reconstruction.

The general philosophy of accident reconstruction
is one in which the reconstructionist generally works
backwards in time and space. The starting point for
the reconstruction is the final position of the vehicle(s)
and/or accident aftermath proceeding backwards in
time and space to the point(s) of impact and, if
information is available, prior to the impact(s). The
natural laws utilized in the reconstruction will be
Newton’s laws of motion. In addition, the reconstruc-
tionist must use the facts of the accident left at the
scene and the physical data regarding the automobiles
and the scene geometry. Typical information utilized
in a reconstruction may include vehicle weights
(masses) including those of passengers and cargo,
point(s) of impact(s) on the roadway and on the
vehicle(s), distances and trajectories moved post-
impact, tire marks, gouge and scratch marks on the
roadway, vehicle crush damage and damage loca-
tions, paint transfer, debris locations, body contact
marks, location of blood and other body tissue, etc.
The evidence left at the scene, or within a vehicle, or
on a vehicle, or on a body are sometimes referred to as
witness marks.

It is always best if the scene and vehicles are
inspected as soon as possible after an accident. Not
only do witness marks tend to disappear with time,
but vehicles can be repaired or disposed of and the
scene may change. Obviously, the quantity and qual-
ity of the available data will affect the accuracy and
reliability of the reconstruction. Often the reconstruc-
tionist becomes involved in an investigation long
after the accident occurred and may not have the
opportunity to examine the scene and vehicles. Reli-
ance will then have to be placed on investigation
reports (police and others) and photographs. High
quality photographs contain a large amount of useful
information, some of which can be quantitatively
extracted using principles of photogrammetry, the
science of making measurements from photographs.
In addition to dimensional information being ob-
tained from photographs, the photographs can be
digitally enhanced — not merely enlarged — to reveal
significant details. Examples of information obtain-
able from photographs include scene dimensions,

skid mark lengths, pot hole depths and vehicle
crush patterns. Enhanced photographs have been
used to show sharp edges of pot holes, tire defects,
paint transfer marks, tire tracks, etc. Although phy-
sical inspections are always best, good quality photo-
graphs may also play a key role in understanding how
an accident occurred and arriving at reliable and
supportable scientific opinions.

Newton’s laws of motion and related concepts

In 1687, Sir Isaac Newton stated the three natural
laws of classical mechanics. These laws govern the
motion of all bodies in the universe omitting relati-
vistic effects, i.e. they are the operative laws for all
problems when speeds do not approach the speed of
light (more than 299 million ms ™' or about 186 000
miles s~'). These laws, which apply to accident
reconstruction, may be stated as follows.

First Law: every material body continues in its state of
rest, or of constant velocity motion in a straight line,
unless acted upon by external forces which cause it to
change its state of rest or motion.

Second Law: the time rate of change of linear momen-
tum of a particle (product of mass times velocity) is
proportional to the external force acting on it and
occurs in the direction of the force. An alternate form
of this law, and the one that is most familiar, is that
the resultant force (F) acting on the particle is equal to
the product of its mass () times the acceleration (a)
of the particle, or F = ma (where vectors are indicated
in boldface and a bar above the symbol).

Third Law To every action there is an equal and
opposite reaction; or the mutual forces of two bodies
acting upon each other are equal in magnitude and
opposite in direction.

It is important to realize that there is a considerable
amount of sophisticated philosophy embodied in
Newton’s laws which must be understood by the
accident reconstructionist and which is critical to
mention here. We note the following.

First, the laws are not scalar statements (which
consider magnitude only) but are vector statements.
This means that both the magnitude and direction
of forces, velocities and accelerations must be con-
sidered. For example, speed and velocity are not
interchangeable and constant speed is not the same
as constant velocity. A vehicle traveling at constant
speed in a circular path has a different velocity at each
instant of time since the direction of the vehicle is
constantly changing. In fact, the vehicle is indeed
accelerating inward towards the center of curvature.
However, a vehicle traveling in a straight line at a
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constant speed is also traveling at a constant velocity
and is not accelerating.

Second, ‘motion’ or ‘rest’ are relative terms when
compared to a frame of reference. For accident recon-
structions, the earth is a suitable ‘fixed’ frame of
reference. However, for other applications such as
rocket launchings, space flights and general astro-
nomical considerations the earth would not be a
suitable fixed reference frame and distant stars
would then be used.

Third, Newton’s laws mention forces without ever
defining them. Force is an abstract concept and
nobody has ever seen a force, i.e. we only feel the
effects of forces. Forces may be defined as the actions
of one body on another, and are classified as either
contact forces (surface forces) or force at a distance,
such as those due to gravity (weight) or magnetic
effects. Again, we note that force is a vector quantity
which has both magnitude and direction. It is further
worth noting that in automobile accidents, apart from
gravitational forces, forces on occupants only arise
when the occupant contacts or is restrained by an-
other surface such as a door or other vehicle structure,
seat, seat belt, airbag, another person, etc. When this
occurs the occupant is accelerated (decelerated) and
Newton’s second law must then be used to determine
the forces acting on the occupant.

Fourth, Newton’s laws are stated only for a parti-
cle, which is a mathematical idealization of a point
with constant mass. It requires further rigorous treat-
ment to extend Newton’s laws to the motion of rigid
or deformable bodies of finite dimensions as well as
to the motion of the mass center of a body. Accident
reconstructionists who lack an adequate educational
background, or who are not engineers, may not
appreciate this subtlety.

Fifth, the concept of units is embedded in Newton’s
second law. In the International System (SI) mass is
given in kilograms (kg), acceleration in meters per
second squared (ms~?) and force is the derived unit
and given in Newtons (N). One Newton is the force
required to impart an acceleration of 1m s~ 2 to a
mass of 1 kg and has the units of kg-m s ~2. In the US-
British system of units, force is given in pounds (Ib),
acceleration in feet per second squared (ft s~2) and
mass is the derived unit given in slugs. One slug is
equal to 11b-s*ft !

It is also worth noting that the second law intro-
duces the concept of acceleration. Mathematically,
acceleration of a particle a is the time rate of change
of its velocity v, or in the language of calculus, the
first derivative of velocity with respect to time. For
the purposes herein it is noted that acceleration can be
considered the change in velocity divided by the short
time interval of a crash over which the change in

velocity occurs. This change in velocity, or Av, is
discussed further in the following sections.

Accident reconstruction calculations

The purposes of an accident reconstruction are to
answer questions on the circumstances and contribut-
ing factors to how an accident occurred. A central
feature of an engineering accident reconstruction is to
obtain quantitative answers and this requires making
calculations based on Newton’s laws and the avail-
able data. Calculations can be performed by hand, or
by computer, or both. Numerous computer programs
for accident reconstruction are commercially avail-
able and it is not the primary purpose of this article to
discuss these programs. Suffice it to say that computer
programs are based on Newton’s laws, as they must
be, and many also contain special algorithms and
techniques particular to automobile accident recon-
struction. Some of the programs are so user friendly
that often unqualified people, who do not understand
the limitations of the programs or who do not have an
adequate educational background, use the programs
to obtain solutions that may not be valid for a
particular accident. In addition, simulation programs
are available which are not reconstruction programs.
These programs, which contain many assumptions
and limitations, proceed forward in time and space
starting prior to impact, proceed to the vehicles
impacting and then proceed to the post-impact rest
positions of the vehicles. Answers obtained from
these programs are not unique, i.e. several answers
can be obtained for the same problem, and are very
sensitive to the initial conditions and assumptions
made by the reconstructionist.

Often, Newton’s laws are cast in other forms for
ease in performing calculations and solving a pro-
blem. Alternate forms of Newton’s laws are the work-
energy principle and the impulse-momentum princi-
ple. We emphasize that these principles are not sepa-
rate laws of physics but are derived from Newton’s
second law and are mathematically integrated state-
ments of the second law. The impulse-momentum
principle is very useful in collision problems since the
total external force acting on the system of colliding
vehicles is zero at impact. This is equivalent to stating
that the linear momentum of the vehicle system
immediately before the impact is conserved and
leads to the principle of conservation of linear
momentum. We emphasize that conservation of lin-
ear momentum is also a vector principle where direc-
tions must be properly accounted for. It is also worth
noting that although linear momentum is conserved
at impact, the kinetic energy of the system of vehicles
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is not, i.e. energy is dissipated in crushing the vehicles.
However, as will be seen in the illustration, if suffi-
cient information is available it is not necessary to use
energy methods to solve a problem.

As an illustration of the concepts and calculation
procedure discussed herein the common situation of
right angle (90°) intersection collision of two vehicles
is considered (Fig. 1). As shown, vehicle 1 proceeds
through an intersection from left to right (in the
positive x-direction) while vehicle 2 proceeds through
the intersection (in the positive y-direction). Sub-
scripts 1 and 2 are used to denote quantities for
vehicles 1 and 2, respectively. A collision occurred
and the vehicles came to rest in the positions shown.
In this illustration each vehicle skidded prior to
impact (shown by the lines behind the vehicles with
lengths dy and d,). Skidding means that the wheels
locked up due to driver braking and the vehicles then
slid, not rolled, to the point of impact. Investigation
at the scene determined the point of impact (POI) to
be as shown. This conclusion as to the location of the
POI came from either an abrupt change in the direc-
tion of the skid marks, and/or gouges in the roadway
surface and/or collision scrub marks from the tires.
The location of vehicle debris on the roadway is in
general not a good indicator of the POI since debris
travels when it is dislodged from the vehicle and does
not fall straight down to the roadway surface and
stop. Impact speeds are designated with the super-
script i, and post-impact speeds leaving the POI are
designated by #; and u,. The centers of gravity (or

d2

o

Figure 1 Intersection collision.

center of mass) of the vehicles moved the distances s;
and s; to their rest positions as shown, while angles
measured from the centers of gravity are also shown
in the figure. The data shown in Fig. 1 are very
complete and representative of an excellent on-
scene investigation. In this case, the goal of the
reconstruction will be to determine the speeds of
the vehicles at impact (v{’ and v,’) and at the begin-
ning of pre-impact skidding (v; and v,). Although
this example is relatively simple, it does illustrate
many of the principles used in accident reconstruc-
tion.

The basic equations used to solve this problem are
all derived from Newton’s second law. Since the
philosophy is to work backwards from the points of
rest to the POI, we first determine the post-impact
speeds u1, u, of the centers of gravity of the vehicles
immediately after impact, i.e. at the point of vehicle
separation. The reasonable assumption is made that
the vehicles did not simply roll to their rest positions,
but that the vehicles were displaced laterally and may
have also rotated. This means that the tires were also
moving laterally and essentially sliding over the road
surface. For simplicity, the rotation of the vehicles to
their rest positions is not considered in this example.

Noting that the centers of gravity of the vehicles
moved distances s; and s, to rest, using Newton’s
second law it can be shown that the post-impact
speeds are then given by

Uy = \/2ugs1
uy = \/24gs)

where p is the coefficient of friction between the tires
and the roadway surface and g is the acceleration due
to gravity. At the earth’s surface, g is approximately
equal to 9.8 ms~ 2 (32.2 fts~2). The coefficient of
friction p is a nondimensional parameter which is a
measure of the relative slip resistance of two surfaces
in contact. It can be measured at the scene on the day
of the accident, which is preferred, or ranges of
coefficients can be obtained from published refer-
ences for tires on various roadway surfaces under a
variety of conditions if it was not measured. In this
case the coefficient of friction was measured and
determined to be 0.65, which represents a typical
road surface in average condition.
Conservation of linear momentum then states

miVi +myVy' = mly + mou,

where m; and m, are the respective vehicle masses
and bars over the velocities are used to denote vec-
tors.

By taking the components of linear momentum in
the x and y directions we then obtain
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x: myvi = mquq cos by + mouy cos b,

or

; )
v1' = uq cosfy +—uy cos b,
mq

y:  mpvy’ = myug sin 6y + mou; sin 6,

or

i iy

sin 01 + u sin 0,
my

Note that in this example application of conservation
of linear momentum in the x and y directions imme-
diately gave rise to the impact speeds, without the
necessity of solving two simultaneous equations,
since the collision occurred at a right angle.

Since the vehicles skidded to impact, again using
Newton’s second law, it can be shown that the vehicle
speeds at the commencement of skidding are given by

vy = \/2ugdy + (v17)?
vy = \/2ugds + (121)*

To obtain numerical values, the following data are
used. Vehicle 1: 721 = 1750 kg (weight = 38601b), s1 =
6.0m (19.7ft), d; =26.0 m (85.3 ft), 01 = 48°; Vehicle
2: my = 2100kg (weight = 4630 1b), s, = 4.6m
(15.1ft), d» = 7.6 m (24.9ft), 0, = 36°. Substituting
into the above equations then yields

uy =8.7m s '(31.3 km h™)(19.5 mph)
uy =7.6ms ' (27.4 km h™")(17.0 mph)
v\ =132 m s (47.5 km h™)(29.5 mph)
vh =99 ms '(35.6 km h™")(22.1 mph)
v1 =225 m s 1(81.0 km h™')(50.3 mph)
vy =14.0 m s 1(50.4 km h™")(31.3 mph)

where the answers were first calculated in ms~' and
then converted to kmh ™" and mph.

Hypothetically, the results of the above analysis
can be used as follows. Suppose driver 2 claimed that
he stopped at the stop sign, located 10.0m (32.8 ft)
from the POI in the negative-y direction, as shown in
Fig. 1, and further claimed that the reason for the
accident is that driver 1, who had the right of way,
was speeding through the intersection. The speed
limit was posted at 80km h™! (50 mph). Examina-
tion of the numbers obtained from this analysis
indicates that vehicle 1 was sensibly traveling at the

speed limit when the brakes were locked up. Further-
more, vehicle 2 could not have obtained a speed of
50.4kmh ™! at the start of skidding if that driver had
started from rest at the stop sign. In fact, for a two-
wheel drive vehicle, driver 2 likely could not have
reached a speed of 35.6kmh~"' at impact starting
from the stop sign even if no pre-impact skidding
occurred. We note this for two reasons. First, driver 2
may claim that the skid marks were not from his
vehicle. Second, often there are no pre-impact skid
marks in an accident and the momentum analysis
would then be able to reliably determine impact
speeds only. We also note that for cars equipped
with antilock braking systems (ABS) pre-impact skid-
ding will typically not occur. Based on the results of
the analysis an accident reconstructionist would then
opine to a reasonable degree of engineering and
scientific certainty that vehicle 2 did not stop at the
stop sign prior to proceeding into the intersection.

Another quantifiable parameter used in accident
reconstruction is that of determining the change in
velocity, not merely the change in speed, of a vehicle
due to an impact. The change in velocity, which is
referred to as Av, is defined as the change in velocity
of the vehicle from its immediate pre-impact velocity
to its immediate postimpact velocity and is one mea-
sure of the crash severity. Av is a quantity which is
often correlated with the injury-producing potential
of an accident. As acceleration is the time rate of
change of velocity, Av is strongly related to, and is a
measure of, the resultant vehicle acceleration in an
impact. This is significant in determining occupant
motion.

It is illustrative to use the numbers obtained from
the aforementioned intersection collision example to
demonstrate the calculation of Av. Since Av is also a
vector, it is generally incorrect to merely subtract the
speeds (magnitude of the velocity) before and after
impact to obtain Av. Hence, it is incorrect to calculate
Av of vehicle 1 as 31.3 — 47.5 = —16.2km h™'
(—10.1 mph) decrease. The correct calculation
requires using the components of the velocity vector
in the x and y directions as follows.

Avy = uj costy — vy’ = 31.3cos48° — 47.5
= —26.6 km h™'(—16.5 mph) decrease
(points in negative x-direction)

Avy, = uysinf; — 0 = 31.3sin48°
=23.3 km h™'(14.5 mph) increase

(points in positive y-direction)

Hence, the magnitude of Av for vehicle 1 is:



38 ACCIDENT INVESTIGATION/Motor Vehicle

Av; = \/(Avy)” + (Avy)?

— /(=26.6) +(233)
=354 km h™' (22.0 mph)

Similarly, for vehicle 2 it would be incorrect
to calculate Av as 27.4 — 35.6 = —8.2km/h™!
(—S.1mph) decrease. The proper calculation for
vehicle 2 follows using the velocity components.

Av, =uycosby — 0=27.4cos36°
22.2 km h™'(13.8 mph)

increase

(points in positive x-direction)

Avy = uysinf — v, = 27.4sin36° — 35.6
=—19.5 km h™'(—12.1 mph)
decrease

(points in negative y-direction)

with the magnitude of Av for vehicle 2

Avy = \/(222) + (~19.5)
=29.5 km h™'(18.4 mph)

Note that the incorrect calculations seriously under-
estimate the magnitude of Av and say nothing about
its direction. It is emphasized again that Av is a vector
with x and y components given above and is shown in
Fig. 2 for each vehicle. As shown, the Av values are
those for the centers of gravity of the vehicles which
are not the same as those of the occupants when
vehicle rotation is considered. Furthermore, by
Newton’s third law the impact forces on the vehicles
have to be equal and opposite and it is these impact
forces which determine the vehicle accelerations by

y

Avy = 35.4 km h™!

Aviy=+23.3km h™

Aoy = +22.2 km h™

41.2°
Awe = 29.5 km h'

AVay=—-19.5km h-" |

Figure 2 Av

Newton’s second law. Hence, the vehicle Avs have to
be oppositely directed, as shown, although their mag-
nitudes will generally be unequal since the vehicles
have different masses.

Before closing this calculation section it is impor-
tant to mention another concept which often enters
into accident reconstruction analyses. This is the
concept of obtaining speeds from vehicle crush
damage. It is noted immediately that only estimates
to the change in velocity (Av) can be obtained from an
idealized crush analysis and not individual vehicle
speeds, in general. Although there are special cases
where vehicle speeds can be obtained, such as a
collinear collision with one vehicle known to be
stopped, an investigator cannot usually determine
vehicle impact speeds from crush damage considera-
tions alone. In fact, it cannot even be determined if
the vehicle(s) were moving or stationary at impact.
For example, a vehicle can be at rest (zero velocity)
when it is impacted by another vehicle and obviously
sustain crush damage.

Crush damage calculations are based on an idea-
lized energy dissipation algorithm which is utilized in
many computer programs. This algorithm contains
assumptions on vehicle structural behavior, is based
on an idealized crush pattern and also depends on
certain measured properties of the vehicles known as
stiffness coefficients, which are obtained from crash
testing of vehicles. However, the damage algorithm is
not a law of physics and its limitations and assump-
tions must be understood by accident reconstruction-
ists prior to making damage-based calculations and
drawing conclusions from them.

It is well-known that significant discrepancies can
arise when the results of actual crash tests of vehicles
are compared to the idealized energy dissipation
crush analyses. If the data permits, a momentum
calculation, which does not require any assumptions
on vehicle damage or crush, is preferable to a damage
only calculation. Note that in the example previously
given, it was not necessary to use any aspect of vehicle
crush or energy considerations in order to reconstruct
the vehicle speeds. However, this should not be inter-
preted to mean that crush calculations are unimpor-
tant and should never be made. Sometimes the
available data are insufficient to perform a momen-
tum analysis to determine speeds. In this situation a
crush analysis based on actual field measurements or
on photogrammetric determinations of crush can
provide useful information. In addition, a skilled
and knowledgeable reconstructionist can often obtain
bounds on the Aws which may be significant in
reconstructing an accident. Care and caution must
always be used when interpreting the results of crush
calculations.
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Occupant kinematics and related concepts

The previous section dealt only with the reconstruc-
tion of vehicle speeds and no attention was paid to the
occupants. Occupant kinematics is the term used to
describe the motion of occupants relative to the
vehicle in which they are riding, not the absolute
motion of the occupant with respect to a fixed
frame of reference. An occupant kinematics analysis
may be a significant part of an accident reconstruc-
tion if an injury analysis is necessary. The complete
determination of an occupant’s motion in a crashing
vehicle can be the most difficult part of an accident
reconstruction and analysis.

The design purpose of vehicle seat belts is to
restrain occupant motion in order to minimize or
prevent occupant contact with interior vehicle struc-
ture. However, depending on both the magnitude and
direction of Av, i.e. the crash severity, occupants can
still impact vehicle structures which will affect their
occupant kinematics. In addition, it is the contact
between the occupant and the vehicle structure, the
so-called ‘second collision’, that can cause serious
injury or death in an accident. The second collision
causes an occupant to rapidly decelerate, and by
Newton’s second law, thus have high forces imposed
on his/her body. Even properly worn and designed
seat belts cannot prevent an occupant from impacting
interior structure in all types of crashes. However,
there is a dramatic difference in the protection
afforded by different types of seat belt systems. For
example, combination lap—shoulder belts are superior
to lap only belts. Lap belts do not prevent upper torso
jackknifing which can lead to serious injuries, even
death, in relatively minor crashes. ‘Lap belt syn-
drome’ injuries, such as abdominal injuries and ten-
sion fractures (Chance fractures) of the lumbar spine
can occur in frontal crashes with lap-belted occu-
pants, typically seated in the rear of the vehicle. In a
given accident, these same injuries would likely not
have occurred if the vehicle manufacturer had pro-
vided lap—shoulder belts in the rear. Fortunately, rear
seat lap only belts are rapidly vanishing from properly
designed and manufactured vehicles, which is a trend
that will continue into the twenty first century.

It is also worthwhile reviewing a few occupant
kinematics scenarios for restrained and unrestrained
occupants. In general, an occupant will tend to initi-
ally move towards the impact, i.e. towards the direc-
tion which is opposite of the vehicle Av and the
resultant vehicle acceleration. This is why care and
caution was used in the illustrative example where Av
was properly calculated for both vehicles. Because of
the directions of the vehicle Avs (Fig. 2), occupants in
vehicle I will tend to move forward and to their right

whereas occupants in vehicle 2 will tend to move
forward and to their left. In a purely frontal vehicle
crash, occupants will tend to move forward relative to
the vehicle. If unrestrained, front seat occupants can
impact the steering wheel, dashboard and windshield
whereas rear seat occupants can impact the backs of
the front seats. After the initial motion into or towards
vehicle structure the occupants will rebound or be
deflected or impact each other and otherwise undergo
a complex motion. Seat belts can limit the occupant
excursions in the vehicle but, depending on the Av of
the vehicle, may not prevent interior vehicle contacts.
In a vehicle which is impacted in the rear, occu-
pants will first tend to move backwards into their
seats followed by a rebound phase towards forward
structure. Unrestrained occupants can move forward
into interior structure whereas restrained occupants
will not rebound as far. However, prior to rebound-
ing an occupant’s head and neck may extend or
hyperextend over the seat back and/or head restraint
leading to vertebral column injuries typically located
in the cervical or high thoracic spine. Occupant
anthropometry is significant and tall people, greater
than the 95th percentile in height, may be at high risk
in vehicles where the head restraint cannot be
adjusted high enough or may not even be adjustable.
Although it is not discussed in detail here, low Av rear
end accidents also have the potential for causing
cervical and lumbar spine injuries (such as bulging
or herniated intervertebral discs), but these typically
have a delayed onset. Another occurrence in rear
impacts is the failure of seat backs, even in relatively
minor crashes. When this occurs occupants can tum-
ble into the rear of a vehicle (back seat or cargo area)
where serious injuries can occur. It is not commonly
appreciated that the seat is a part of proper occupant
packaging and failure of the seat back, or the entire
seat not remaining in place, can lead to serious injury
or death for restrained and unrestrained occupants.
Lateral crashes can be particularly devastating
since the nearside occupant immediately adjacent to
the impact site on the vehicle may be at high risk of
serious or fatal injury independent of the design of the
vehicle. Initial occupant movement is towards the
impact and it is not uncommon for the nearside
occupant to have physical contact with the impacting
vehicle or roadside object, such as a pole or a tree.
Lap-shoulder belts would generally not be effective in
preventing lateral movement in this type of crash.
Padding may be effective in minimizing the effect of
interior vehicle contacts and lateral air bags, which
are now becoming available, will also offer some
protection. A restrained far side occupant in a lateral
crash will derive benefit from a lap—shoulder belt
which will limit occupant excursions towards the
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lateral impact site. However, an unrestrained far-side
occupant can move across the vehicle into interior
structures as well as into other occupants, which can
cause injuries or death.

Detailed descriptions of occupant kinematics gen-
erally require the use of very complex computer
programs. These programs are fundamentally based
on Newton’s laws but also require the human body to
be modeled as an engineering structure. In addition, a
large amount of vehicle information is required such
as physical properties of restraint systems and those
interior vehicle areas that can be contacted by occu-
pants. These include, but are not limited to, padding,
door structures, air bags, seat belts, dashboard, etc. It
is also generally necessary to specify a large amount of
input information in order to achieve an accurate
solution. Changes in the input data can result in
significant changes in the output and, hence, care
must be exercised when interpreting the results of a
complicated occupant kinematics computer-gener-
ated solution.

Biomechanics of Injuries

Biomechanics is a compound word which means the
application of Newtonian mechanics to biological
systems, including but not limited to the human
body. The field of biomechanics is vast with applica-
tions beyond those considered herein in an automo-
tive context. For example, to name a few areas,
biomechanicians are involved in the design of pros-
theses, artificial organs, anthropomorphic test de-
vices, bioinstrumentation as well as with the analysis
of biological systems on the macroscale and the micro-
scale, such as cellular mechanics. Biomechanics of
injuries has already been mentioned several times
herein. The remaining discussion provides a few addi-
tional concepts, but a complete discussion of injury
biomechanics is beyond the scope of this article.

Injuries are often correlated with the vehicle Av for
both restrained and unrestrained occupants. Apart
from what has already been mentioned, it should be
noted that for unrestrained occupants, Av physically
corresponds to the velocity of the occupant relative to
the vehicle. For example, if a vehicle is traveling at
50 km h ! and crashes into a brick wall, unrestrained
occupants will move forward at 50 km h ™" relative to
the vehicle as the vehicle is being brought to a stop by
the frontal crash.

Since Av is a vector, injury correlations appear in
the biomechanics literature as a function of Av, seat-
ing position and the type of crash (frontal, lateral,
rear, etc.). It must be emphasized that the injury
correlations are statistical in nature, not absolute,
and only attempt to quantify the probability of injury.

Sometimes people walk away from a high Av accident
without permanent injuries, whereas others are ser-
iously injured or killed in a low Av accident. Further-
more, the severity of the injury is usually given in
terms of the abbreviated injury scale (AIS) published
by the Association for the Advancement of Automo-
tive Medicine (AAAM). The AIS is based on anato-
mical injury at the time of the accident and does not
score impairments or disabilities that may result from
the injuries. Table 1 gives the injury severity code as
used in the AIS.

The concept of threshold injury criteria is also
important to the understanding of injury biomecha-
nics. Threshold injury criteria, along with human
tolerance conditions, refer to those combinations of
forces, moments, impact durations, stresses, strains,
etc., which will result in traumatic injury. Caution is
in order here since it is not reasonable to expect that a
given injury criterion, if it exists at all, will apply
across the entire spectrum of the human population.
This is because biomaterials (human tissues) have a
normal variability range in response to loading, and
all people are not equal in their biomechanical
response to impact. Human impact response can be,
and is, a function of many factors including but not
limited to age, gender, pre-existing conditions which
may or may not be symptomatic, anthropometry
(body size and measurements), etc.

Currently there are essentially three threshold
injury criteria in common use. These are written into
the Federal Motor Vehicle Safety Standards (FMVSS)
which vehicle manufacturers must comply with by
law. The FMVSS is an attempt to require a minimum
level of safety and crashworthiness for all automobiles
sold in the United States. The injury criteria refer to
the head, femur and chest and are as follows.

The first, known as the head injury criterion (HIC),
requires that a certain mathematical expression
which is an integral of the resultant acceleration at
the center of gravity of a test dummy’s head in a
frontal crash cannot exceed the numerical value of
1000 or else the standard has not been met and the
vehicle fails to comply. There are many limitations to

Table 1 Injury severity scale

AIS Injury severity

None

Minor

Moderate

Serious

Severe

Critical

Maximum (currently untreatable, fatal)

OOk WN 2O
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the HIC which are worth noting. The HIC does not
even define or discriminate between types of head
injuries which can range from subdural hematomas to
diffuse axonal injuries to skull fractures, etc. In addi-
tion the use of a test dummy may be open to question
when attempting to assess the effects of injury on live
human beings; a live person may survive a HIC
significantly greater than 1000 but may be killed in
a crash when the HIC is significantly less than 1000.

The second criterion refers to the force measure-
ment made in the femur of a test dummy during a
frontal crash. The compressive force in the femur
cannot exceed 10.0 kN (22501b) or else the standard
has not been met and the vehicle fails to comply. This
injury criterion, like all injury criteria, does not
account for the wide and normal range of biomaterial
variability. Compressive fracture loads can be con-
siderably less than 10.0 kN for a significant portion of
the population.

The third criterion refers to the resultant accelera-
tion measured at the center of gravity of the thorax
(chest) of a human surrogate test dummy. The criter-
ion requires that this acceleration cannot exceed 60
times the acceleration due to gravity (60g) for inter-
vals whose cumulative duration is not more than 3 ms
in a test crash. Depending on the test dummy used,
another chest injury criterion which relates to chest
deflection may also be required. As above, shortcom-
ings in these criteria are that they do not distinguish
between types of chest trauma (rib or sternum frac-
tures, transected aorta, etc.) and do not account for
normal population variability.

For completeness it is noted that other injury
criteria have also been proposed and/or are under-
going intense research investigation. Biomechanics
injury research is a vast and complex field which
requires the collaborative efforts of engineers, physi-
cians and other researchers in order to understand the
response of the human body to impact. The brief
discussion presented herein has only been intended as
an introductory exposure to the field. Major advances
in understanding the biomechanics of injury can be
expected in the twenty-first century with forensic
applications to automobile accident reconstruction.

See also: Accident Investigation: Rail; Airbag Related
Injuries and Deaths; Determination of Cause: Overview;
Tachographs; Driver Versus Passenger in Motor Vehicle
Collisions. Anthropology: Skeletal Trauma.
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Introduction

For a variety of reasons the investigation of a train
crash is one of the most complex of investigations. It
can involve tensions between senior staff of the dif-
ferent organizations as each would like to be in charge
of the scene and to lead the enquiry. Wreckage can
also be strewn across the entire railway possibly
closing a main intercity artery. This in turn can
place the investigators under some considerable pres-
sure to allow the re-opening of the line at the earliest
opportunity.

Any examiner called to the scene can be the world
expert but may be employed by one of the interested
organizations that may be at risk of being prosecuted
at the end of the enquiry. These all add an extra
dimension for the senior investigator in seeking an
impartial examination to ascertain the truth about
how the disaster was occasioned.

This type of enquiry is vastly different from that of a
murder investigation launched by the police following

a person being killed. For a murder inquiry an inde-
pendent element is provided in the investigation with
the police calling the national forensic scientists from
one of the independent laboratories. The difference in
arail crash is that those who have expert knowledge of
trains and railways are likely to be in current employ-
ment in the railways with one of the rail companies
involved.

Other complications can arise where a search and
rescue operation takes place with the Fire Service and
other personnel walking over the scene disturbing or
destroying evidence that may be later required by the
investigators.

This article attempts to provide an overview of a
rail crash investigation indicating which agencies may
be involved in different parts of the world. It also
stresses the importance of an impartial investigation
as well as providing best practice in order to over-
come potential difficulties.

Investigation of a Rail Crash

Train near-miss incidents and accidents occur daily
throughout the world. When there are passenger
trains involved and the crash results in a number of
deaths or injuries it becomes international news. As
soon as this happens the matter is raised to ministerial
level in that country ensuring the fullest attention is
paid to issues of safety and practice. The Minister
may institute a Public Inquiry in addition to the other
investigations into the disaster.

Criminal investigation

Whereas it is the duty of the Emergency Services to
facilitate the rescue of people, it is normally the police
who carry out an investigation to ascertain whether
there is any individual or corporate body liable under
the criminal code. The police usually notify the cor-
oner and normally carry out inquiries for the coroner
to enable legal identification of the deceased in order
to allow the coroner to find and record the cause of

death.

Safety investigation

In addition to any criminal inquiry safety factors must
be examined to ensure steps are taken to prevent a
recurrence. In the USA the National Transportation
Safety Board (N'TSB), an independent Federal agency,
stands charged with investigating significant acci-
dents on the railways.

In England and Wales the Health and Safety Execu-
tive (commonly called the Railway Inspectorate) will
launch an investigation, as the Railway Inspectorate
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will in Denmark. In India the Commission of Railway
Safety plays a vital part, and to maintain its indepen-
dence it reports to the Ministry of Civil Aviation, but
has an overall responsibility for the investigation.

In by-gone days these mishaps would have been
investigated by parties ranging from untrained per-
sons with limited resources to large investigative
teams of experts with almost unlimited resources.
Today this has improved considerably and there is
normally good cooperation between the investigating
agencies.

Nevertheless it is most likely that every serious rail
accident will be investigated by a number of different
agencies all with slightly different aims but all cen-
tered on establishing the cause of the crash.

The NTSB has authority and complete discretion to
designate other organizations as parties to the inves-
tigation, thereby allowing the involvement of those
who have the expertise required in the investigation.
Likewise in England and Wales the Railway Inspec-
torate can enlist the support of any other person. In
either case should there be a criminal investigation it
is carried out in the USA by the FBI and in England
and Wales by the police, normally the British Trans-
port Police.

The investigation principles

Two overriding principles should be uppermost in the
mind of every investigator into the cause of a train
crash. The first is remaining open minded and not
jumping to early conclusions. Despite there being
some evidence immediately available or an opinion
of an expert how the crash occurred the cause must
never be presumed until all of the related inquiries
and investigations have been fully completed. The
investigator must retain the view that anything could
have caused the accident until that option has been
eliminated.

The second principle is for the investigator to act
impartially and to take an objective view of the
investigation. This is a very important principle for
it is clearly in the public interest to have an impartial
investigation. Members of the public are entitled to
expect the investigator to be an individual of high
integrity who will act impartially, and if the occasion
demands independently of the other parties who have
a vested or pecuniary interest in the outcome. For the
conclusions of the investigator to carry the most
weight the investigation must be viewed as having
been conducted both impartially and objectively.

Public interest

With the privatized railway companies existing today
it is even more important in the public interest that an

independent investigation is conducted. Otherwise a
private railway company will be seen to investigate
itself using its own staff. If this occurs it will attract
cries of ‘whitewash’ for it contravenes the rule of law
that no person should be a judge in their own cause. It
is not to the benefit of the public who use the railways
to have the rail companies investigate themselves.

In England preprivatization then the British Rail-
ways Board (BRB) alone would have an interest in
any police or Railway Inspectorate investigation. This
was evidenced when, following the Clapham train
crash, the Board Chairman openly accepted respon-
sibility on behalf of the BRB. Nowadays the various
privatized businesses of the rail industry have an
individual interest. In a train crash this can include
those companies whose trains were in collision, the
company who owns the infrastructure, the business
responsible for signalling, a train lease company that
leases the rail stock, the track maintenance company
who maintain the track and others.

As other countries take the privatization road these
difficulties will arise and need to be addressed. For on
every occasion each separate company will want to
know the cause of the crash and carry out some form
of investigation if only to limit its potential pecuniary
liability.

Aim of the investigation

The overall aim of any investigation must be to
establish the truth and to conclude the real cause of
the accident. For the law-enforcement agencies, how-
ever, their additional aim is to seek evidence to help
determine any criminal liability of an individual or a
company.

Over time the apportionment of criminal liability
may well assist in the apportionment of civil liability
and identify management errors or omissions, but
safety alone is usually ancillary to the main thrust
of the investigation by the police. It is more pertinent
to the investigations by the Railway Inspectorate or
Safety Commission that have specific responsibility
for railway safety.

However, should the police identify matters that
affect safety they should be formally reported to the
appropriate Safety Agency.

Agencies involved

Most organizations have no responsibility for law
enforcement and accordingly their aims will be differ-
ent and numerous. They may wish to apportion
blame, to protect themselves or their companies, to
improve safety or to seek to identify funding difficul-
ties by the government of the day. These competing
demands can create tensions at the scene of the inci-
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dent. In order to combat this there must, in the very
early stages of the investigation process, be a hier-
archical structure understood by all the agencies
involved.

This is particularly relevant when the police and
the Railway Inspectorate or Safety Commission are
involved. There is a potential for one investigating
agency to act without reference to the other. Clearly
both agencies are likely to want access to the same
exhibits, will require certain testing of apparatus and
require an opportunity to enter the scene.

In England and Wales there is a protocol in exis-
tence agreed between the Crown Prosecuting Solicitor
(CPS), the Association of Chief Police Officers in
England and Wales (ACPO), and the Railway Inspec-
torate (HMRI). This allows for the Police Service to
take the lead in a criminal investigation particularly
when murder or manslaughter is suspected. Although
the investigation can be led by the local police it is
usually the Transport Police who investigate train
accidents as they have the responsibility for policing
the railways, as well as working closely on a daily
basis with the Railway Inspectorate.

In other countries the decision as to who should
lead the investigation has to be taken early. In the USA
the N'TSB will establish investigative groups unless a
criminal act is established when the FBI will become
the lead federal investigative agency with the NTSB
then providing any requested support.

Agencies involved in the investigation

In any crash which causes a number of deaths there is
every possibility that several agencies will launch
investigations simultaneously. Staff from each orga-
nization will require access to the scene and will all be
seeking the same evidence in order to establish the
cause. They may include: the Police; HM Coroner;
HM Railway Inspectorate (Safety Commission); Rail-
track (owner of infrastructure); any interested rail
business (i.e. the privatized train operating company);
Government deciding to hold a Public Enquiry.

Police and Railway Inspectorate
(or Safety Commission)

Police will seek evidence to show criminal culpability
as well as establish the cause of death for the Cor-
oner’s Inquiry. The Railway Inspectorate or relevant
safety commission will investigate to identify any
infraction of the Health and Safety Legislation either
by an individual or any company, as well as examine
safety-related issues. Once identified, the Safety

Agency has the authority to prosecute an individual
or a company, issue mandatory directives to the
company for immediate compliance or make recom-
mendations for early or future improvement.

As a result there is considerable benefit in having a
joint investigation involving the police and the Rail-
way Inspectorate or Safety Commission. It is not
desirable to carry out a joint investigation with the
separate rail companies being involved as both the
Police and Railway Inspectorate may be investigating
the conduct of some of the employees of those com-
panies. Such a multiagency investigation would be
seen as neither impartial nor wholly independent and
that would be against the public interest.

However, since privatization of the railways in
England and Wales, occasions have arisen where
there are several rail companies involved, making it
physically impossible to allow their representatives
to be at the scene together. Allowing only one or two
companies access while excluding others would
demonstrate unfairness and accordingly the compa-
nies are not normally allowed into the scene in the
early stages of the investigation. They will be given
access at an appropriate time with the consent of the
senior investigator.

Some of these issues are highlighted in the two case
studies that follow. The first one relates to one of the
most serious train accidents in recent times in Eng-
land: the Clapham Rail Crash of 12 December 1988.
The second illustration is the German express train
that crashed on 4 June 1998 at Eschede. This case is
still under investigation.

Clapham crash

On 12 December 1988 at about 0810h a collision
occurred between a London-bound passenger train
and a train of empty coaches. As a result 35 people
died and nearly 500 people were injured.

This incident necessitated a full-scale emergency
response to evacuate people trapped and injured. It
precipitated investigations by the Police, the Rail-
way Inspectorate, and British Rail and was followed
by a Public Inquiry announced by the Minister of
Transport.

The London Metropolitan Police and the British
Transport Police (BTP) were at the scene. It was
decided early on that the BTP would lead the inves-
tigation. They worked closely with the Railway
Inspectorate providing them with a report into the
crash. The Public Inquiry followed at a later stage
after the completion of the investigations.

Initially the scene had to be preserved by the police
to allow for experts in the railways to inspect the
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site, the train, the carriages, the track and signaling
systems in order to ascertain the cause.

The cause was an old wire that during re-wiring
had not been disconnected, cut back nor secured from
its old contact. This gave the driver of the passenger
train a signal to proceed when it should have been a
red signal.

This was a technological problem that required rail
experts to examine the signaling system. It is unlikely
that any one else would have found the problem.
Once found it was invaluable evidence that had to be
photographed in situ.

The investigations that ensued had to cover actions
of staff actions of management in addressing whether
there had been any act of omission or neglect on their
part. In the final assessment although no one person
was criminally convicted British Railways Board
were heavily fined as proceedings were brought by
the Railway Inspectorate for matters contravening
safety.

The Public Inquiry covered all aspects of the inci-
dent and the final report carried 93 recommendations.

The train crash at Eschede in Germany

In this crash an express train alleged to be travelling
in excess of 120mph broke loose from the track
which according to the news media resulted in an
estimated 200 persons being injured and 100 people
being killed.

In the early stages of the investigation similar deci-
sions had to be made as in the Clapham crash and a
Police Force was nominated to investigate. There was
a full-scale rescue operation mounted and the train,
signals and track had to be examined by rail experts.

As the crash happened near a road bridge much
speculation arose about the possible cause being a car
driven over the bridge or the bridge falling having
suddenly collapsed. Both of these were found to be
untrue, but it reinforces the importance of the inves-
tigator keeping an open mind until all investigations
are complete. The investigation is still active and
awaits a decision as to the cause, but the case illus-
trates many of the issues earlier mentioned.

Perhaps the most important aspect is all agencies
working in cooperation.

Cooperation

At the 1998 International Transportation Safety
Association meeting the Chairman of the Canada
TSB told the meeting that international cooperation
was absolutely essential. The sharing of best practice
and lessons learned is vital.

Best Practice
Early identification of the lead investigator

This must be agreed at the earliest stage possible to
ensure one focus.

Rail company tests

Where a rail company wish to carry out specific tests
immediately before any possible deterioration in
readings (temperatures or brake pressures) an early
direct approach should be made to the senior inves-
tigator. The investigator can:

1. Allow access but impose conditions;

2. Agree to have the test carried out allowing a rail
company representative to be present during the
test;

3. Agree to have the test carried out by the investi-
gating team and then provide the results to the rail
company and other interested parties.

The investigator must be seen to be fair and open-
handed to all parties. This includes rail companies,
the infrastructure owner, the train driver and other
staff or parties with a vested interest. The principle
should be that if one party is allowed access then all
should have access.

Preservation and collection of evidence at the scene

The scene of the accident is always likely to hold the
best evidence to establish the cause. The scene must
be preserved for the experts to examine. Despite any
on-going rescue by the Fire Brigade the train cab must
be fully preserved and protected by a physical pre-
sence.

There may be more than one scene, especially
following a derailment. Each one must be treated as
a separate scene, even to the extent of considering
different examiners attending to ensure no crosscon-
tamination.

Inspection of the driving cab

The positions of all levers and dials in the cab must be
noted and recorded by the forensic investigator. It is
essential to record both in note form and by video (or
photographically) the position of all appliances, par-
ticularly those relating to braking, acceleration, direc-
tion of travel, and any audible warning systems.

In the more modern trains there are likely to be one
or more data-recording devices. These should be
recovered for specialist forensic examination. The
data so recorded will cover train speed, the period
of time the brakes were applied and much other vital
information.
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Independent element

It is in the public interest to insure there is an inde-
pendent element present in the investigation. If the
Police and the Railway Inspectorate are involved then
the Inspectorate should agree the selection of every
forensic examiner. They should either oversee the
inspection making sure the examination is video

filmed.

Minimum necessary equipment to be
in possession of any forensic examiner

Each forensic examiner and evidence collector should
have access to the following minimum equipment:

Video or camera

Hand-held tape recorder and cassettes
Tape measure

Containers for sample collecting
Paper or report forms

Pen

Note: Written entries should not be written on scraps
of paper for this may be crucial evidence in any
ensuing judicial hearing.

Causal Areas to be Examined

There are a number of generic areas of cause that will
be addressed in this type of investigation. The ques-
tion to pose is: Was the train crash occasioned by:

1. Human factors;

2. Mechanical problems or failures;

3. Technological problems (including computers) or
failures.

The cause can fall into one of these areas or be a
combination of all.

Human factors

The senior investigator will at an early stage consider
whether there are any possible human factors
involved in the cause of the crash. Failure to address
this immediately may allow evidence to be lost for-
ever. The evidence of any mechanical or technological
failure will remain to be found at the scene but this is
not so for any human factor. Failure to interview the
train driver at the scene or at the hospital and request
a sample of breath for alcohol analysis can mean that
this evidence is never obtained.

Indeed one of the first questions to be asked, in
order that the issue can be eliminated is ‘Is there
reasonable cause to suspect that any person was
under the influence of alcohol or drugs?’

In England and Wales under the Transport and
Works Act it is an offence for any operator to be on

duty with more than the prescribed level of alcohol in
their blood. This does not apply in every country
throughout the world. In England and Wales many
train drivers and operators often request the police
officer at the scene to allow them to provide a sample
for examination in order to prove that they were not
under the influence of alcohol at the time of the
incident. Samples may also need to be taken to enable
an examination for drugs. Failure to consider this in
the very early stages of the incident or at the scene
may render it impossible at a later stage to show the
condition of the operator at the time of the crash.

This process not only relates to the driver of a train
but includes the train crew, staff in the signaling or
operations center and any person carrying out repairs
or maintenance on the railway line. In fact anyone
who was acting as an operator.

Actions of staff Another aspect to examine is
whether staff acted properly in accordance with com-
pany policy and standard operating procedures. Due
regard must be paid to whether any have been care-
less, negligent or omitted to fully carry out their
duties.

Actions of management The investigation should
examine whether the senior management or board
members of any company involved have fully met
their responsibilities in respect of safety. The question
to be addressed is whether they acted reasonably,
fully discharging their duty of care to the traveling
passengers and staff? If it can be shown that any death
was occasioned by gross negligence then an offense of
manslaughter or corporate manslaughter may result.

Trespass and vandalism The investigation must
always address whether the crash was caused by an
act of vandalism. Has there been an intentional act of
vandalism such as altering the signal aspect or placing
an obstruction on the railway line?

Obstruction of the railway line, trespass and vand-
alism is a very serious and prevalent problem for the
railways, and must always be considered a potential
cause of any rail crash. Table 1 reveals the seriousness
of the problem in England and Wales, with the

Table 1 Percentage of train accidents involving vandalism or
trespass
Period No. of No. of accidents %
accidents involving
malicious action
1991/2 960 163 17
1995/6 989 321 32
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increase in the percentage of train accidents that
involve trespass and vandalism.

A full and thorough inspection of the track is
essential to allow the investigator to reject this as a
possible cause. The investigators should aim to elim-
inate this cause within the first few hours of any crash.

The senior investigator will only be able to rule out
human factors as a cause once satisfied that

1. every person, in the widest sense, involved in the
operating and controlling of the train acted prop-
erly and in accordance with proper procedures;

2. no third party was involved in any trespass or
vandalism related aspect;

3. managers and directors met their responsibilities
on safety-related matters.

Mechanical and electrical systems

The various mechanical parts of all machinery must
be examined, and this includes a detailed examina-
tion of the train and carriages. The examiner must be
satisfied that all moving parts had been properly
maintained and were in good working order and
that all mechanical items were of an acceptable
standard. The following type of inspections need to
be carried out.

The tracing and testing of each electrical circuit

The tracing and testing of hydraulic or pneumatic
braking systems

Examination of all electrical wiring and circuitry
Examination for engine wear or component wear
Examination of lubricating oils to identify any con-
taminants

Examination of wheels and other moving parts for
metal fatigue

Examination of wheel bearings

The senior investigator often lacks this special knowl-
edge. For that reason it is beneficial to have a constant
liaison between the senior investigator and the foren-
sic examiners. The senior investigator may wish to
make parallel investigations into the maintenance
routine to ensure that proper and regular mainte-
nance systems were in place.

Where any metal fatigue, corrosion of metal or
rotting of wood is found further tests must be carried
out to establish whether this contributed to the cause
and whether steps should be taken immediately to
address these problems on similar trains currently in
use.

Some of these items may be tested to destruction
and although it is of benefit to the investigation to
have an independent examination it is good practice
to offer the other interested parties the opportunity of
sending their own examiner to observe the test. On

the other hand where the item will not be completely
destroyed in the examination the other examiners can
be allowed to examine it themselves.

An expert must examine the signaling system in
operation to insure the signaling system used and
where possible these tests should be video recorded.

Technological systems or failures

In the future, trains are all likely to be computer
driven, with the driver only present to override the
system for any emergency. The Docklands Light Rail-
way operating in London is a current example where
computer-driven trains operate without drivers.

Computers are used for the planning and routing of
trains and in the efficient signaling from the railway
signaling centers. Experts must be identified and sent
to the appropriate control center to take possession of
the computer tapes for examination.

These tapes will need to be examined and the data
interpreted for the investigator. There must be a
systems examination to ensure the computer was
operating properly and that data relevant to this
train crash were correctly stored in the system.

Witnesses and Injured

In any train crash there are likely to be witnesses to
the incident. These may be members of the train crew,
passengers, people who are injured, passers-by or
local residents who saw or heard the sound of the
crash. They must all be interviewed.

If the witness had been injured the full extent of the
injuries must be recorded for this can help to estimate
the speed of the train prior to impact. If any one is
killed in such a disaster a post-mortem examination
must be held and full records taken.

See also: Accident Investigation: Determination of
Cause: Overview. Crime-scene Investigation and Ex-
amination: Recovery of Human Remains; Major Incident
Scene Management. Health and Safety: Including Risk
Assessment.
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Introduction

The tachograph is a device fitted to motor vehicles
which makes a recording on a paper chart of the
speeds traveled and distances driven, together with
details of the driver’s periods of work and rest. It is
most widely used in the countries of the European
Union, where it is a requirement in most larger goods
and passenger-carrying vehicles.

This article lays particular emphasis on the instru-
ment as it is specified in EU Regulations, although the
principles of chart analysis and the use of tachograph
data described here are applicable to all types of
machine. In any case, the user of tachograph data
must be aware of the characteristics of the particular
make and model from which it comes in order to
appreciate the amount of information available and
its limitations. The present range of models is large
and new instruments appear from time to time; this
article cannot therefore cover every detail of every
instrument which will be encountered.

The Forensic Use of Tachograph Data
Tachograph data has two forensic applications:

1. in road accident investigation, to determine speeds
at and immediately before an incident, the rate of
braking, and the manner of driving;

2. in general criminal investigation, to find the route
traveled and the time that a vehicle was at a
particular location.

The Tachograph Chart

Figure 1A and 1B shows typical tachograph charts,
and illustrate the information provided by the instru-
ment. The shape and design are not specified by the
EU regulations, but the chart pattern shown here has
become the standard for the industry. Other designs
do exist, but the instruments which require them are
obsolescent.

The chart is a disc (123 mm in diameter) coated
with a material which blackens under pressure. In the
center is an area where the driver writes his name, the
starting and finishing places for his day’s driving, the
date, vehicle number and odometer readings.

Printed round the edge of the chart, and repeated
further in, is the time scale of 24 h. Between these is
the field where the speed is recorded, usually with a
maximum of 125kmh~'. Further in is the work
mode field, where the driver indicates whether he is
driving, engaged on other work, or resting. The
indication is made either by the track in which the
recording line runs (Fig. 1a) or by the thickness of the
line (Fig. 1b). It is sometimes possible to extract useful
information from the mode of work line when the
vehicle has been moving very slowly.

The innermost recording is of distance, shown by a
zig-zag line. One stroke of this line is made during
Skm of travel; a complete V indicates 10km of
movement, whereas other distances will create partial
strokes.

The Tachograph Instrument

All current models of tachograph combine their func-
tion with that of a speedometer, and are therefore
designed to be mounted in a vehicle’s dashboard.
Figures 2 and 3 show two modern instruments.
Externally they have the usual speedometer features
— a speed dial and an odometer display — together
with a clock and knobs with which the driver and a
colleague can indicate their modes of work. (Most
instruments hold two charts to cater for there being
two drivers crewing the vehicle.)

In the majority of instruments the chart lies behind
the face, which is hinged to open downward to allow
insertion and removal. Figure 4 shows an open instru-
ment with a chart in place. The spindle on which it is
mounted rotates once in 24 hours. When the instru-
ment is closed the chart bears against three styluses
which move up and down to make the recordings.
The spindle and the hole in the center of the chart are
oval to ensure the correct orientation of the chart
with respect to time.

With the instrument in Fig. 3 the charts are in-
serted through two slots in the base, from where they
are automatically positioned against the recording
styluses.

Tachographs may operate either mechanically or
electronically. Mechanical types, in which a rotating
cable from the vehicle gearbox drives a cup-and-
magnet system, are now obsolescent. Typical models
are the Kienzle 1311 and the Veeder Root 1111.
Electronic types receive a train of pulses from a
transducer at the gearbox, the frequency of which is
translated as speed. There are many models, for
example: Motometer EGK100, Jaeger G.50 and
G.51, Kienzle 1314, 1318 and 1319, Veeder Root
1400, 8300 and 8400.
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Figure 1 Tachograph chart showing recordings with (A) ‘manual’ time group recordings and (B) ‘automatic’ time group recordings.

(VDO Kienzle (UK) Ltd)

The Principles of Chart Analysis

Figure 5 shows a schematic tachograph trace and the
quantities to be measured in an analysis. The speed
trace is thought of as a series of points connected by
straight lines. The speed at each point (vq, v, v3) is
measured, as are the time intervals between them (24,
t2, t3). This provides a plot of speed against time,
which can then be integrated to yield a plot of speed
against distance. Figure 6 shows a real tachograph
trace, Table 1 the tabulated analysis, and Figure 7 the

resulting plot. (This trace and analysis is used for the
case example at the end of this article.)

There are various approaches to making these
measurements. Taking the speed from the chart is
relatively straightforward, and can be done from a
photographic enlargement or with a traveling micro-
scope. Allowance has to be made for the accuracy of
the speed recordings. Measurement of the time inter-
vals is, however, not at all easy. Because the chart
rotates just once in 24 hours, one minute occupies
only 0.25°, and in one second it turns through only 15
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Figure 2 (see color plate 5) The face of a Veeder Root model
8400 tachograph. (TVI Europe Ltd.)

Figure 3 The face of Kienzle model 1319 tachnograph. The
charts are inserted through the slots in the base. (VDO Kienzle
(UK) Ltd)

seconds of arc. It is usual to mount the chart beneath
a microscope on a rotating table which is turned by a
micrometer.

Figure 8 shows one such microscope, as produced
by VDO Kienzle. A glass plate etched with a vertical
cursor line, 3 um wide, lies over the chart, and this
combines with a horizontal line in one eyepiece to

Figure 4 An opened Kienzle model 1318 tachograph showing
the insertion of a chart. (VDO Kienzle (UK) Ltd)

Figure 5 Schematic speed trace showing time intervals and
speeds.

form a ‘crosswire’ in the field of view. Points for
measurement are brought successively under the
crosswire by rotating the chart table and moving it
backwards and forwards, and transducers are
attached to these two movements. Signals from the
transducers, which are interpreted as time and speed,
are fed to a microcomputer, where listings of these
quantities and graphs of speed versus time and dis-
tance are produced.

It is very important to recognize when measuring
time intervals that the line along which the recording
stylus moved was unlikely to have passed exactly
through either the center of rotation of the chart
when mounted on the microscope or when mounted
in the tachograph instrument, or through the geo-
metric center of the chart itself. This is illustrated in
exaggerated form in Fig. 9. If the vertical cursor is not
arranged such that it lies along the line on which the
stylus moved, any time intervals measured between
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Figure 6 A real tachograph speed trace with analysis points.

Table 1 Data from tachograph chart shown in Fig. 6: the
analysis points a ... i run backwards from the end of the driving
Point Speed Time Distance
(kmh~") © (m)

a - 0 0

b 81 0 0

c 61 32 630

d 38 67 1110

e 71 83 1355

f 71 87 1435

g 40 111 1805

h 39 116 1860

i 19 122 1905

points at different speeds will be in error. In the VDO
Kienzle microscope the glass plate carrying the cursor
line can be swivelled about a point at the outer edge of
the chart, and this adjustment is used to set the line in
what the analyst judges to be the correct position.

The Accuracy of the Speed Record

The EU regulations require that having been installed
and calibrated, the tachograph record may not have
an error in its speed figures greater than +6kmh ™",
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Figure 7 Plot of speed data from Fig. 6 against distance.

Figure 8
computer-linking modifications (VDO Kienzle (UK) Ltd).

(see color plate 6) The Kienzle microscope with

The analyst may be content to use this as a probable
error figure, but the author’s experience is that
although the error is generally not greater than
+3kmh ™!, there are occasional cases where it is
. -1 .

substantially more than +6kmh™". It is therefore
desirable that the calibration in each case be checked,
and various methods have been devised for this.

Calibration checks on the tachograph installation

The most straightforward method of checking the
accuracy of a tachograph system is to employ a ‘roll-
ing road’ of the sort used when tachographs are
installed in vehicles (Fig. 10). A chart is placed in the
instrument, and the vehicle is then effectively driven
through a range of known speeds. The chart will then
show how each speed is recorded, from which the
amount of error is found.

Some agencies find the rolling road method quite
inconvenient, and instead use a method which re-
quires no special facilities and which can be employed
in any open space. The procedure is in two stages: first
the signal sent from the vehicle’s gearbox is measured
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Figure 9 The need for an adjustable cursor when analyzing a
chart.

Figure 10 Calibration of a tachograph installation on a Har-
tridge Rolling Road. (VDO Kienzle (UK) Ltd)

(either as pulses per kilometer in electronic systems or
turns per kilometer in mechanical ones) in one of two
ways, and then the way the tachograph instrument
responds to a known set of input signals is found.
The first of the two ways of measuring the signal is
called the 20-meter track, and is one which may

actually be used by some installers. It is fully
described in manuals produced by tachograph man-
ufacturers for the guidance of their agents. It is
appropriate for vehicles which can be moved slowly
in a straight line; thus they need not be fully mobile,
and may have, for example, accident damage to the
steering gear or the engine coolant system. The test
can even be performed by towing the vehicle.

In this method, the drive to the tachograph is either
disconnected and a turn or pulse counter is attached to
it, or, with later electronic models, a pulse counter is
plugged into a socket in the head itself. The vehicle is
then driven slowly on a straight and level surface for
20 m, the distance being measured exactly. From the
number of pulses and the distance, the rate per meter
is calculated: this is usually referred to as the w figure.

The second way is called the static method, and is
appropriate for vehicles which cannot be moved,
either through accident damage or through restriction
of space. In this method a turn or pulse counter is
attached in the same way as in the 20-metre track
method. One of the driven wheels of the vehicle is then
lifted off the ground and its circumference is measured
with a tape; later the other driven wheels are also
measured. The raised wheel is then rotated manually
ten times and the resulting turn or pulse reading
noted. From these data the w figure can be calculated,
remembering to take account of the effect of the axle
differential, since in general ten turns of a single wheel
is equivalent to five turns of the whole axle.

If the accident damage is so great that neither of
these methods can be used, the investigator may have
to resort to examining gear trains and counting gear
teeth.

Having determined w, the response of the tacho-
graph instrument itself is found by driving it in steps
through its speed range with a sequence of signals
generated by a specially constructed test unit. These
units are produced by the tachograph manufacturers
for the use of their installation agents, and display
either the mechanical rotation rate or the electronic
pulse rate (in units of min~'). A new tachograph
chart is put in the instrument and a test chart similar
to that in Fig. 11 is produced.

The sequence of tests in Fig. 11 are as follows.

1. The instrument is taken up to its maximum speed
(140kmh~" in this example) and then very
quickly back to zero to check the straightness of
the recording stylus movement;

2. This is repeated three times;

3. Next the instrument is taken to an indicated speed
of 60kmh™!: at this speed the input figure (in
min~ ') is known as the characteristic coefficient
or k figure, and should be, in a correctly calibrated
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Figure 11 A typical head test chart.

system, approximately equal to the w figure of the
vehicle;

4. The speed is taken from zero up to the maximum
in 20km h~"' steps, holding each step for two
minutes, and then back down to zero at the same
speeds  between the steps (130kmh~*,
110kmh™" etc.);

5. Finally, the instrument is run at 60 km h~' for as
long as it takes 1km to be recorded on its
odometer, and the actual number of turns or
pulses delivered is noted: this should equal the k
figure; during the last test the activity mode switch
is also changed through its four settings.

The information from part (4) of the test can now be
used, together with the w figure, to construct a graph
of how the recording on the chart at any point relates
to the true speed. This can be done manually or by
using the software associated with the VDO Kienzle
computer-linked microscope.

The ‘route-trace’ method of calibration

An alternative to the direct methods of calibration is
the so-called route-trace method. This can only be

used when the route the vehicle has taken is known,
and is particularly appropriate when the vehicle is
unavailable for testing or has been so seriously
damaged as to make the other methods impossible.
The tachograph record can also be used to find the
route that a vehicle has taken (see below). The cali-
bration method is an inversion of this procedure, and
briefly involves attempting to match the recorded
pattern of driving to the known route. A system
which is in calibration will give an immediate match,
whereas one which is out of calibration will require an
adjustment of its speeds by some factor before the
match is found. Thus the calibration method is one of
finding what this adjustment factor is.

Problems of Interpretation

Once the cursor on the analyzing microscope has been
correctly aligned and the errors, if any, in the speed
record have been determined, the chart can be ana-
lyzed. However, the limitations of the recording and
the individual instruments must be recognized.

Time intervals

The clock in most tachograph instruments advances
the chart in one-second steps and it is, therefore, not
possible in principle to measure time intervals with a
precision greater than +2 s. In any case the edge of the
speed recording trace is insufficiently smooth for these
steps to be resolved. With a good trace, a confidence of
+2s can probably be assumed, but in some instru-
ments an unsteadiness will be evident which means
that wider uncertainty must be accepted. It is found
that although some manufacturers’ instruments yield
consistently good traces, other manufacturers pro-
duce tachographs which are invariably poor.

Figure 12 shows an example of a poor trace. The
drive train from the clock to the chart is somewhat
loose, and as well as allowing a generally unsteady
speed trace as the stylus moves up and down, it
permits the stylus, as it falls after rising to a max-
imum, to track back along the groove it has made on
the chart instead of drawing a new line. This effec-
tively drives the clock backwards for a few seconds
(20's being typical) until the slack is taken up, and
only then will the stylus start to follow a new track.

Impacts to the vehicle

A severe impact to the vehicle will generally produce
a disturbance of the tachograph recording traces
(Figs 6 and 13). When such a disturbance is apparent
on the speed trace, it is obviously an indication of the
speed of the vehicle at the moment of impact and is
an item of information easily read from the chart.
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Figure 12 An unsteady trace from a Jaeger instrument.

However, some caution is needed before interpreting
it. The disturbance is properly caused by a shock to
the tachograph itself, and its magnitude therefore
depends on the proximity of the impact to the
instrument. A collision with a pedestrian, where the

L‘ o '\‘\‘ ,\\\ . g 0 : : :
Figure 13 Chart showing lock-up and impact at zero speed.

pedestrian meets the vehicle very close to the instru-
ment panel, can cause a clear disturbance, whereas a
severe impact from another vehicle to the rear of an
articulated lorry may have little or no effect on the
recording.

If heavy braking is taking place at the time of the
impact, the speed at which the disturbance appears
may be affected by other factors.

Finally, a severe impact will often derange the
instrument for at least a few seconds, such that little
or no reliance can be placed on any features which
may immediately follow it.

Response of the instrument

The EU Regulations require tachograph instruments
to be able to follow ‘acceleration changes’ of 2m s ™2,
Since during braking the deceleration of a vehicle may
well be as much as 7m s~ 2, there is the possibility that
the speed-recording stylus may not be able to keep up
with the changing speed. This does not, in fact, appear
to be a problem in Kienzle, Motometer, Jaeger and
mechanical Veeder Root tachographs, but there is a
difficulty with electronic Veeder Root instruments.
Earlier Veeder Root 1200 and 1400 series tacho-
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graphs only just met the 2m s~ ? requirement; early
8300 series models had a response of 2.5m s~ 2,
whereas later 8300 series and all 8400 series models
have a response of 5.7m s~ 2. The consequence of a
response of 2 or 2.5m s~ 2 is that during heavy
braking the speed being recorded at any moment
will be greater than the true speed, and any event
recorded during the braking, for example an impact,
will be shown at too high a speed. It also means that it
is not possible for an analyst to give an opinion as to
whether a particular piece of braking was at a normal
or an emergency rate.

A response of 5.7 m s 2, however, is much closer to
the braking rate which can be expected of a lorry in
an emergency, and will generally allow a reasonable
speed for an impact to be recorded.

An even higher response rate leads to a difficulty
where there has been wheel slip during braking.

Tyre slip effects

The tachograph records the speed of rotation of the
wheels to which it is connected: almost always the
driven wheels of the vehicle. Therefore, if for some
reason those wheels slip, i.e. rotate at a speed which
does not correspond to the speed of the vehicle over
the ground, the recording will be in error.

Wheel slip particularly occurs during heavy brak-
ing, notably when the driven wheels lock. An instru-
ment with a fast response will react to wheel locking
as though the vehicle had instantaneously come to a
halt: the stylus will fall very quickly to its base position
even though the vehicle is still traveling forward, and
animpact may even appear to have been at zero speed.
An example is shown in Fig. 13, where, because the
vehicle has skidded, the prominent impact feature will
certainly be at a level much lower than the true speed.
The operation of an antilock braking system will also
cause the speed of the wheels to be less than the road
speed of the vehicle.

The opposite can occur if one of the driven wheels
lifts off the road, allowing it to spin. This typically
occurs as a vehicle starts to roll onto its side. In Fig. 14
the speed at C would appear to be that at which the
accident occurred. In fact the correct speed is at B,
from which the trace has jumped to C as the wheels
on one side of the lorry lifted from the road.

Determining at which point the true recording ends
is not always a simple matter in these cases, but can
often be resolved by using the route-trace method (see
below).

Low speed behavior

Incidents at low speed cause particular problems in
the interpretation of tachograph data because all
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Figure 14 Spin-up in roll-over.

instruments have a level below which they do not
record speed. In all current models this is about
Skmh™"', although in some older instruments it is
somewhat higher, up to 16 kmh ™. It cannot there-
fore be said, for example, whether a vehicle which has
slowed before entering a main road actually stopped
or merely reduced its speed to, say, Skmh™' before
proceeding. Nor may it be possible to say whether or
not during an apparent stationary period the vehicle
was moved a small distance.

Some information can, however, be gained from
the mode-of-work trace. Movement of the vehicle
generates a thicker line, made by an oscillation, or
an increased oscillation, of the recording stylus (see
the examples in Fig. 1). A small gap in the thick line
can be taken as a brief stationary period.

The threshold for this thick line depends on the
model. Mechanical instruments will produce a
noticeable movement in the stylus only when the
vehicle has moved for about 20 m or more. Electronic
instruments have a critical speed at which the line is
made. The mode trace in Kienzle 1318 and 1319
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instruments, however, operates during driving in the
same way as the zig-zag distance trace, making one
stroke over a distance of 50 m.

Falsifications and Diagnostic Signals

Tachographs have always been prone to attempts by
drivers to falsify the recordings, either to show lower
speeds or shorter hours of work. Most falsifications
are readily apparent on careful examination, for
example by comparing the apparent average speed
during a journey with the recorded distance and the
time taken, or by comparing the total recorded dis-
tance for the day’s driving with the difference in the
hand-written odometer figures. Figure 15 shows a
commonly attempted falsification, where driving
has stopped at 1736, the clock has been rewound,
and driving has resumed, apparently earlier, at 1623.

The scope for such tampering is greatly increased
with electronic instruments, and therefore various
‘diagnostic’ features are incorporated in them to
show when certain irregularities occur. These depend
on the individual models of instrument, and a full
account of them is beyond the scope of this article.
However, two examples are as follows.

If the pulse sender is disconnected in an attempt to

Figure 15 Fraudulent rewinding of tachograph clock. The
overlapping traces show that the time was turned back from
1736 hrs to 1623 hrs.

make it appear that the vehicle is not being driven, the
speed stylus will oscillate between zero and, typically,
30kmh~! to make a broad band (Fig. 16).

If the electrical supply to the instrument is inter-
rupted, in an attempt to halt recording for a period,
then, on reconnection, the speed stylus will execute a
characteristic movement, for example a full-scale
deflection or a dip to zero speed (Fig. 17).

Other attempts at falsification which can be more
difficult to detect include connecting the wires from
the pulse sender to earth; reducing the voltage to the
tachograph, such that the clock continues to operate
but the other electronic systems fail; connecting cer-
tain spare terminals on the back of the instrument
together, again to cause some of the electronic func-
tions to fail.

Case Example

Figure 6 is an enlarged section of a tachograph
recording made by a tourist bus which came into
collision with a pedal cycle. The bus had been on a
slip road, approaching a main dual-carriageway road.
The pedal cyclist was travelling on the main road, and
appears to have cut suddenly across the path of the
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Figure 16 Broad trace generated when speed transducer is
disconnected. (VDO Kienzle (UK) Ltd)

LK 1318 VR 8300 Jaeger G50/51

23 23 23
\\\\\\‘H’ \\\\\\‘H’ \\\\H‘HI

Figure 17 Diagnostic features produced by power interrup-
tion. (VDO Kienzle (UK) Ltd)
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bus. The bus driver braked hard and swerved to his
right. Figure 18 shows the route the bus had taken to
the scene of the accident.

The results of the detailed analysis, given in Table 1
and plotted in Fig. 7, indicate that (point 7) about
120 s before the accident the speed of the bus was at a
minimum of 19kmh~!, and that it was about
1900 m from the scene of the accident. Its speed
then increased to a maximum (points [ and e) of
71kmh~" before falling to another minimum
(point d) of 38kmh~'. It was then about 67s and
1110 m from the end.

Again the speed increased, reaching its final max-
imum (point b) of 81 kmh ' immediately before the
collision. There was then heavy braking to a sudden
disturbance of the trace (point a), which on the chart
is at an indicated speed of 60 kmh~'. However, the
time interval between 4 and b is too small to measure,

and at the scene locked wheel skid marks were found
from the rear wheels on one side of the vehicle. The
rapid fall of the recording trace between the last two
points has clearly occurred as a result of the locking
of these driven wheels, which accounts for the
immeasurably small time interval and also means
that the figure of 60 kmh ™' (because of the charac-
teristics of the particular instrument) is probably
significantly less than the speed at which the distur-
bance occurred.

The disturbance itself consists of a thickening of the
trace, caused by a small shock to the stylus, followed
by a step to the left (i.e. ‘backwards’ in time). The
shock would have been caused by the impact at the
front of the bus with the pedal cycle, whereas the
sudden swerve would have brought about some side-
ways movement of the components of the tachograph
instrument, to create the step to the left.
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Route tracing

The two minimums of speed in Table 1 lie at distances
from the end which, on an accurate map, can be
readily identified with a roundabout (point d) and
an intersection (point i). When the analysis is
extended back to the start of the driving, two further
minima and the start of the journey itself can be
matched to a complex road junction and two more
roundabouts (points j, k and [ in Fig. 5). Some very
slow driving before point [ indicates that the bus
started its driving from a place just before the round-
about.

In the context of a road accident, the matching of
the trace to a known route serves to confirm the
accuracy of the analysis process and of the calibration
of the tachograph installation. If it had not been
possible to check the calibration independently, this
matching, with any necessary adjustment of the speed
figures, could have been used as a calibration proce-
dure in itself.

However, if it is imagined that, in different circum-
stances, the route of the vehicle was unknown and
there was a need for it to be found, it can be seen that
working back from the known end point (a) it would
be possible to do so by comparing distances between
speed minimums with distances on a map between
road junctions. A typical case where this method is
applied would be where a vehicle carrying a valuable
load is stolen from a known location X, driven to an

unknown place Y and unloaded, then driven to a third
place Z and abandoned. From its tachograph record
it may be possible to locate Y by tracing back from Z
or forward from X. The success of this method
depends on traffic conditions; in heavy traffic the
vehicle may have had to stop so many times at places
other then road junctions that following its route
becomes impossible.

See also: Accident Investigation: Motor Vehicle; Deter-
mination of Cause: Overview.
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Introduction

Historically, testimony in court was based on a
combination of school learning and on-the-job train-
ing. Because both criteria can be quite variable, the
confidence in the interpretation of results was also
quite variable. Few generally agreed upon procedures



ACCREDITATION OF FORENSIC SCIENCE LABORATORIES 59

were available. The identification of a drug in a body
fluid may rely upon spot tests, thin layer chromato-
graphy, high performance liquid chromatography,
capillary electrophoresis (CE), fluorimetry, infrared,
gas chromatography, gas chromatography/mass spec-
trometry, immunoassay, or a combination of the
above. Consensus on the superiority of one method
over another is difficult to obtain. For example,
Professor Manfred R. Moller opined that it would
be easier to get a group of forensic scientists to share
the same toothbrush than to share the same method
of analysis.

In other analytical laboratories, such as clinical
laboratories upon whose results medical diagnoses
are based, a similar pattern of public outcry resulted
in the imposition of stiffer laboratory performance
requirements. US Congressional testimony citing
laboratory errors in medical diagnoses and lack of
clear standards for detection of infectious diseases
resulted in the passage of the Clinical Laboratories
Improvement Act (CLIA) of 1988. This act estab-
lished quality standards for all medical laboratory
testing to ensure the accuracy, reliability and time-
liness of patient test results regardless of where the test
was performed. The final CLIA regulations were
published on 28, February 1992 and have resulted
in steadily improving quality, as measured by the
precision and accuracy of results. The regulations
specifically exempt research, National Laboratory
Certification Progam (NIDA) drug testing (exempt
because NLCP maintains its own accreditation pro-
gram specific to the tasks at hand), and forensic
science testing.

Laboratory accreditation implements guidelines to
provide quality and standardized results. However,
accreditation is not without detractions. Certainly,
costs are incurred in any proficiency testing program,
which must be weighed against the results and sim-
plicity of the tests. In addition, standardization and
proficiency testing mandated by the CLIA has
resulted in the reduction and elimination of certain
tests performed in physicians’ offices; although the
quality of results may have increased, the timeliness
of results has certainly decreased. Recognition of the
impact on family physicians has resulted in the US
Congress reexamining the application of the CLIA to
point-of-care testing.

Accreditation programs should examine both the
specific procedure being followed and the general
procedure for unknowns. Accreditation is more
easily accomplished when several laboratories are
performing the same basic tasks such as fingerprint
analysis, routine drug and alcohol analysis, ques-
tioned document examination, hair and fiber com-
parisons, etc. Often in forensic cases, especially

unique poisonings, the toxin or question to be
answered may be so unusual that only general scien-
tific principles can be evaluated for its detection
rather than a set procedure. Certainly, for unusual
toxins no accreditation program could reasonably
include blind proficiency testing. Thus, the accred-
itation of forensic laboratories can be more lengthy
and the procedure more difficult to define than that
of general medical diagnosis.

Although older technology has its value, analytical
technology is ever advancing to more sensitive, more
reliable, and less error-prone techniques. Often, only
after high visibility events, such as the Lindbergh
kidnapping (1930s) (resulting in funding of FBI
laboratory and local law enforcement laboratories),
civil unrest (1960s) (with US Department of Justice
funding of lab improvements, including proficiency
testing), or more recently the OJ Simpson trial and
FBI whistle blower scandal (with increased calls for
better evidence collection procedures and more
money for FBI lab personnel — larger numbers and
American Society of Crime Laboratory Directors
(ASCLD) certification), have major laboratory
improvements been made. From nation to nation
and jurisdiction to jurisdiction within autonomous
states, new laws and court-imposed standards pro-
scribe a new set of expectations on the forensic
laboratory.

For example, in the US the acceptance of testi-
mony about novel scientific methods has experi-
enced rapid revision. Expanded from the 1923
‘Frye standard’ that the scientific methodology be
generally accepted, US Federal Rules of Evidence the
1993 US Supreme Court ruling in Daubert v. Merrill
Dow Pharmaceuticals, Inc. (and subsequent refine-
ments) state that courts should consider at least four
aspects before admitting expert testimony. The four
are: (1) whether the technique or method has been
tested (i.e. reputable scientific journal articles, ade-
quate controls used accurately, research done
expressedly for litigation, blind trials, etc.); (2)
whether it has a known error rate (i.e, determined
through blind proficiency testing); (3) whether it has
passed peer review scrutiny (without which courts
should be skeptical); and (4) whether it is generally
accepted by the scientific community. Laboratory
accreditation facilitates many of these requirements,
helping courts to make decisions about evidentiary
reliability.

Internationally, the World Trade Organization
(WTO) recognizes the lack of acceptance of labora-
tory test results as a technical barrier to international
trade. Forensic science, worldwide, is benefiting
from this enhanced attention to laboratory accred-
itation. Attention is being focused continually on the
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International Organization for Standardization (ISO)
and the International Electrotechnical Commission
(IEC). ISO/IEC Guide 2 defines laboratory accred-
itation as ‘formal recognition that a testing labora-
tory is competent to carry out specific tests or
specific types of tests’ and may include ‘recognition
of both the technical competence and impartiality of
a testing laboratory.” The US Drug Enforcement
Administration has provided the venue for represen-
tatives from the United Nations, Canada, United
Kingdom, Japan, Germany, the Netherlands and
Australia to promote quality assurance (including
certification and accreditation) in forensic drug ana-
lysis, for example, through the scientific working
group (SWG), acronym SWGDRUG.

In India the National Accreditation Board for
Testing and Calibration Laboratories (NABL) has
instituted compliance requirements with the ISO/IEC
Guide S58/EN-45003 with specific reference to
accreditation of forensic laboratories in ISO/IEC
Guide 25/EN-45001. This includes annual inspec-
tion for quality system management requirements,
maintenance of all technical parameters, and satis-
factory participation in interlaboratory proficiency
testing. For this purpose, the National Physical
Laboratory in New Delhi has been developing Cer-
tified Reference Materials for several years. Most
recently (1998) the India Ministry of Home Affairs
has directed forensic science laboratories under the
Bureau of Police Research and Development to pre-
pare for NABL full accreditation, including all ana-
lyses performed. Work is continuing in the area of
uniformity in the approach of forensic science
laboratory inspectors, including their qualifications
and training.

In Europe the International Laboratory Accredita-
tion Cooperation (ILAC) was established in the late
1970s. More recently, recognizing the importance of
laboratory accreditation, the EU has established an
independent European Accreditation Advisory Board
(EAAB) to work with ILAC with the aim of promot-
ing confidence in one-stop accreditation of industry
and public authorities, including forensic labora-
tories. Separately, the European Network of Forensic
Science Institutes (ENFSI) have initiated interlabora-
tory projects, with member laboratories in more than
20 European countries. Specific areas of forensic
expertise, such as handwriting examinations and
shoeprint comparisons, have experienced difficulty
standardizing quality assurance approaches specified
under EN 45000 for example. In addition, standar-
dization of proficiency testing among European coun-
tries is under development through the joint A-
EUROLAB-EUROCHEM Working Group Profi-
ciency Testing in Accreditation Procedures. In 1997

the European cooperation for Accreditation (A)
merged the activities of the European Accreditation
of Certification (EAC) with the European coopera-
tion for the Accreditation of Laboratories (EAL). The
United Kingdom’s network of forensic science service
laboratories in England and Wales have maintained
accreditation for several years under the National
Accreditation of Measurement and Sampling
(NAMAS) M10, a service of UKAS (United Kingdom
Accreditation Service), and ISO 9000 series quality
standards.

Laboratory accreditation defined

Laboratory accreditation encompasses external over-
sight of laboratory operations, including: whether
the laboratory facilities are adequate, whether the
laboratory personnel have the appropriate back-
ground (expertise and experience) and opportunities
for continuing education to perform assigned tasks
satisfactorily, whether the laboratory has a quality
control program and the degree to which this pro-
gram strives to achieve excellence, how the labora-
tory performs on proficiency tests, how the
laboratory complies with established standards as
determined by laboratory inspections, and other
factors that affect the reliability and accuracy of
testing and reporting done by the laboratory. An
example of specific requirements for urine drug
testing may be used as a guide. The following para-
graphs describe aspects that comprise each of these
areas.

Adequate laboratory facilities

Forensic laboratories require safe, secure, and un-
contaminated work areas containing the proper
equipment. An unsafe forensic laboratory not only
jeopardizes the health and safety of workers, but risks
the compromise of evidence. Security extends from
normal working hours to whenever the laboratory is
closed. Visitors (including all service personnel) must
be documented and escorted at all times to protect the
integrity of evidence testing and chain of custody.
Scientific personnel should have access restricted to
only those specific areas that their work requires.
After-hours security should deter and detect any
unauthorized entry to the laboratory. A convenient
method of restricting access and recording entry is by
the use of key cards connected to a central computer
system for logging. Unnecessary clutter can be unsafe,
and contamination must be minimized and assessed
periodically to know its potential to affect results.
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Finally, a laboratory cannot meet modern analytical
expectations without the proper equipment, main-
tained and in good working order.

Laboratory personnel

The quality of work in any laboratory rests on good
personnel. The expertise and experience of laboratory
personnel require opportunities for continuing educa-
tion to remain current in the performance of assigned
tasks. Certain accrediting organizations require aca-
demic degrees for positions such as laboratory direc-
tor (doctorate) or certifying scientist (master’s or
bachelor’s degree in chemistry, biology, or forensic
science). Frequently the accreditation organizations
have rigid guidelines of educational attainment for
specific positions, which may underestimate the value
of on-the-job experience. Not all requirements of
accreditation need be imposed simultaneously. Accre-
ditation of a laboratory must proceed slowly to allow
personnel time for educational improvements and to
obtain qualified personnel — to avoid disruption of
laboratory services. When new accreditation agencies
are forming, often current personnel who do not
meet the new, more stringent requirements may be
‘grand fathered’, granting them a special exception for
a certain time. The work skills of laboratory personnel
may be brought to acceptable standards and/or
improved first by probationary training periods of
up to three years; in-service continuing educational
programs conducted within the laboratory itself;
relevant scientific seminars, conferences, symposia,
and meetings; and part-time completion of degree
programs.

Quality control program

A laboratory’s quality control program indicates the
extent to which excellence is a priority. One gauge
may be the percentage of quality control samples per
specimen analysis (frequently 10% in urine testing
programs). Where applicable, standards and controls
(from different sources) analyzed within established
tolerances add confidence to identification and quan-
titation, as do equipment calibration records (how
often, how thorough, and what steps are taken when
outside of established tolerances), and maintenance
records. Written standard operating procedures are
necessary in order to reduce subjectivity and to pro-
vide objective analysis and interpretation of results.
Because reliability decreases near the limit of detec-
tion (LOD), it is important to define what method(s)
are used to measure LOD and limit of quantitation
(LOQ). For example, in forensic analytical toxicol-

ogy, experimentally determined LOD and LOQ use
signal-to-noise ratios of 3:1 and 10:1, respectively,
measured with serial dilutions in the matrix of con-
cern. Statistically determined LOD and LOQ rely on
‘quantitation’ of a series of blank samples (usually at
least 10), calculation of the mean (*) and standard
deviation (o), and applying the formulas: LOD =
* + 30 and LOQ = * + 10c. Although more difficult
when analyzing unique substances, written proce-
dures that detail the approach and specific criteria
for the analysis of novel analytes provide useful gui-
dance to analysts and crucial insight to those tasked
with evaluating a laboratory’s performance. An
approach to developing procedures for detecting
novel analytes should consist, at minimum, of: search-
ing the literature for relevant literature references;
obtaining standard compounds; placement of refer-
ence compounds in a matrix similar to the specimen
matrix; and analyzing with standard procedures, all
before analysis of the questioned specimen. Some-
times a better approach for novel analytes would be
to contact and transfer the specimen to another
laboratory better equipped in its analysis. An example
in forensic DNA typing is extensive quality control to
assess contamination by polymerase chain reaction
amplification products that could affect reliability of
results and physical separation of extraction from
analysis operations.

Proficiency test performance

Proficiency tests (PTs) measure laboratory perfor-
mance by submitting specimens containing materials
known only to the submitting agency. Open PTs are
known to the laboratory to be PT samples, although
the specific materials and/or their concentration are
unknown. Blind PTs are submitted as any other
sample from a client, so that the forensic laboratory
does not recognize them as PTs. The quality of the PT
program depends on the rigor of the PT challenge. For
example, where cut-off concentrations are mandated
by statute, such as in workplace drug testing, PT
samples containing 75% and 125% of the cutoff
would be more appropriate than ones containing
25% and 250% because the expectation is to distin-
guish concentrations at +20% around the cutoff.
Similarly, PTs containing known interferences or
metabolites, normally present in real specimens,
represent more rigorous challenges. The frequency
of PTs may vary from daily to yearly, depending on
accreditation requirements and sample volume of the
laboratory. Certain failures in the PT program can
cause a laboratory to lose accreditation. For example,
an accrediting organization may partially withdraw a
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laboratory’s accreditation for incorrectly quantitat-
ing a given percentage of specimens; however, labora-
tories can lose accreditation for reporting a single
false positive result (such as reporting a drug present
that is not present).

Laboratory inspections

Laboratories in an accreditation program should be
inspected at least annually by an outside panel of
experts knowledgeable in the work preformed by the
laboratory. The inspection process should have sev-
eral objective criteria such as: (1) examining recent
analysis and checking for compliance with their own
standard operating procedures manual (SOP); (2)
does the SOP reflect established standards and cur-
rent regulations? (3) where failure of the laboratory in
previous proficiency testing programs has occurred,
have specific steps been implemented to correct the
deficiencies and are these steps adequate? The inspec-
tors should provide a written report of the results of
their inspection. Laboratory personnel should be at
least familiar with how the work that they are per-
forming compares to that done by other groups in the
world. This can be accomplished by the laboratory
director or members attending national and local
conferences and reviewing the literature. Also, it is
helpful to hold periodic staff meetings where discus-
sions of problems with specimens are held, to review
each person’s tasks, and for the staff to review specific
literature and discuss that literature. Such a scheme
allows the staff to remain current with technology
and become aware of how their role in a multistep
process may impact the subsequent steps.

Compliance with established standards
Complicance is determined by the following.

1. Any other factors than affect the reliability and
accuracy of testing and reporting done by the
laboratory. Paperwork trail: identification of sam-
ples, custody, documentation of exceptions (had
to run it again because: spilled, seal broken, qual-
ity control not right, sample volume inadequate)
are the samples appropriately stored (urine frozen,
DNA dried out/frozen, mold growing on things,
fire debris with bacterial decomposition, time
window on certain things that are known to be
lost due to evaporation and/or degradation).

2. Presence of retest criteria. One example of retest
criteria for urine drug testing is the presence of the
drug on retesting the sample (above LOD) rather
than presence above the cut-off. Criteria for if the
sample fails the retest, can you explain? Example:

benzoylecgonine degrades to ecgonine if the urine
is basic and ecgonine is not normally detected.

3. Sample integrity checking. Are checks for adul-
teration routinely performed? If not, does the
capability exist to conduct such tests if requested?
Was the chain of custody documentation intact?
Were discrepancies (broken seals; did submission
form say it was dirt and it was actually paper; are
signatures on custody documents? or are all sam-
ples present?) noted? Positive samples and all
evidence should be saved and stored appropriately
for a set period of time, in accordance with the
laboratory SOP. Evidence is usually kept for one
year or more and notification is normally made to
the submitting organization before routine dis-
carding of samples. Negative samples are normally
discarded soon after testing.

A number of problems arise in establishing a good
accreditation system for forensic laboratories. Unlike
urine testing for drugs of abuse or medical samples,
the work in forensic laboratories is varied and sam-
ples have a history and are frequently part of a larger
body of evidence. This makes blind PT testing diffi-
cult as it would be likely that the examiner would
know that a sample being submitted was a test sample
rather than a case specimen. Frequently, a district
attorney would not have the funds nor knowledge to
submit samples to evaluate a laboratory.

Accreditation is an expensive undertaking. Smaller
laboratories, associated with police units, or private
laboratories may not have the resources to become
accredited. Accreditation may force consolidation of
the forensic testing system into state or regional
laboratories. This has the advantage of concentrating
resources and allowing modernization with the dis-
tinct disadvantage of loss of local control and possi-
bly greater turn-around times. Loss of private
laboratories could increase costs for private litigants
and defendants. One possible solution would be for
public laboratories to do private testing for a fee. This
builds confidence in the public that the Government is
doing a good job but opens them to criticism by
unscrupulous private individuals. Participation in
national round-robin tests, possibly sponsored by
accreditation agencies or national standards agencies,
could be an interim solution to full accreditation.
Such participation would build confidence that a
laboratory performed satisfactorily and make the
transition to full accreditation easier or provide tiers
of accreditation for forensic laboratories. A list of
several accrediting organizations and their addresses
is given in Table 1.

See also: Quality Assurance: QA/QC.
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Table 1 Accreditation and information organizations

International Laboratory
Accreditation
Cooperation (ILAC)

International Organization
for Standardization (ISO)

College of American
Pathologists (CAP)

American Society of Crime
Laboratory Directors
(ASCLD)

American Board of Forensic
Toxicology, Inc. (ABFT)

U.S. Pharmacopeia (USP)

The Substance Abuse and
Mental Health Services
Administration (SAMHSA)

National Institute on Drug
Abuse (NIDA)

National Institute of
Standards and
Technology (NIST)

Armed Forces Institute of
Pathology (AFIP)

Association of Official
Analytical Chemists
(AOCAC)

http://www.ilac.org/

http://www.iso.ch/

College of American Pathologists
325 Waukegan Road, Northfield, IL 60093,
USA
http://www.cap.org/

ASCLD, c/o NFSTC, SPJC Allstate Center
3200 34th Street South,
St Petersburg, FL 33711, USA
http://www.ascld.org

ABFT PO Box 669, Colorado Springs, CO,
USA
http://www.abft.org/

US Pharmacopeia
12601 Twinbrook Parkway,
Rockville, MD 20852, USA
http://www.usp.org/

http://www.health.org/

http://www.nida.nih.gov/

NIST
100 Bureau Drive, Gaithersburg, MD
20899-0001, USA
http://www.nist.gov/
NVLAP:
http://www.ts.nist.gov/nvlap

http://www.afip.org/

AOAC International,
481 North Frederick Avenue,
Suite 500, Gaithersburg, MD
20877- 2417 USA
http://www.aoac.org/

Many worldwide contacts for accreditation.
Country specific contacts

Promulgates international laboratory
accreditation standard ISO 17025. ISO
17025 is a generic standard for laboratories
performing tests and calibrations.

Web site contains laboratory accreditation
checklists and manual. CAP provides
proficiency samples in several areas. Four
separate accreditation programs: the
Laboratory Accreditation Program (LAP),
for all clinical laboratories, the Forensic
Urine Drug Testing (FUDT) accreditation
program, the Athletic Drug Testing
Program (ADT), and the Reproductive
Laboratory Program (RLAP), directed
jointly with the American Society of
Reproductive Medicine (ASRM).

Certification program

Certification program

Provides standard reference materials and
analysis procedures for pure substances

Workplace drug testing and guidelines. Also
sets cut-off and procedures for regulated
drug testing. Guidelines may be
downloaded at http://www.health.org/
GDLNS-94.htm

Provides many low cost or free publications
dealing with drug use and drug testing

Provides standards and some testing
technical documents. Manages NVLAP —
National Voluntary Laboratory
Accreditation Program. However, the
accreditation fields are mainly in consumer
products rather than areas of forensic
interest

Certifies and inspects Department of Defense
Laboratories

Provides official analytical techniques for
testing of specific materials. Laboratory
accreditation in bacterial identification and
detection and food analysis.
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Introduction

Events in the last two decades have changed the face
of the world. There are far fewer restrictions on travel
to and from countries around the world, modern
communications are changing the way people do
business, allowing trade to be conducted easily across
time zones and when one financial market suffers the
effect is felt globally.

Science generally has always been accepted as an
international language and there is no reason why
forensic science should be treated any differently.
Whereas ordinary people around the world may be
somewhat reluctant to view their role within society
from a global perspective, we know that for many
criminals national boundaries are no barrier. Law
enforcement agencies have had to become much
more active on the international scene taking part in

increasing numbers of joint exercises with agencies
from other countries, exchanging intelligence infor-
mation and reviewing how law enforcement must
change to deal effectively with international crime.
Equally important is the sharing of good practise and
experience as the need for universal standards be-
comes more recognized.

Criminal trends, social pressures and political prio-
rities all have implications for the investigation of
crime. It is now accepted internationally that forensic
science has an important role to play in the investiga-
tion of crime, from the crime scene to the court room.
Forensic science is committed to producing products
and services which are fit for the purpose and to
investing in staff to ensure that their competence and
training continue to grow and keep pace with new
developments in science, technology and the law.
Today, that investment must transcend national
boundaries.

The European Union and Europe

The last twelve years have seen dramatic changes in
Europe. The Maastricht Treaty has opened the way
for increased police and judicial cooperation between
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the Member States of the EU; the Schengen Conven-
tion heralded the removal of border controls and
greater freedom of movement on mainland Europe;
and most importantly the fall of the Berlin Wall and
the collapse of communism has opened Eastern Eur-
ope and new states formed from the old USSR to the
West.

With these changes the European Union has experi-
enced increased activity by organized crime from
Eastern Europe within its borders. The greater free-
dom of movement between west and east has opened
up new routes for criminals and criminal organiza-
tions trafficking in a variety of goods including drugs,
firearms and people. Within the EU, the increased
freedom of movement has already impacted on the
investigation of organized and serious cross-border
crime.

Before he was assassinated in 1992 by a Mafia
bomb, Italian Prosecutor Giovanni Falcone predicted
that organized crime syndicates were ‘going to
become the biggest beneficiaries of a free Europe’.
He believed that if there were to be no frontiers for
crime there should be none for justice. He called on
his counterparts in Europe to organize an information
network on organized crime. On 1 October 1998
Member States ratified the convention to establish
Europol, an EU-wide organization responsible for
information exchange and criminal intelligence ana-
lysis. Europol will provide a system for the rapid and
confidential exchange of information to support mul-
tinational police action against issues such as drugs,
suspected terrorists, arms shipments, asylum seekers,
stolen vehicles, the illegal trade in nuclear materials
and money laundering.

The EU is taking a more active role in encouraging
interagency cooperation and police and judicial coop-
eration between Member States. The EU sees the
effective tackling of serious crime, drugs and illegal
immigration issues as a priority and has placed parti-
cular emphasis on practical cooperation supporting
operational services provided by police, customs,
other law enforcement agencies and the judiciary.

Forensic Science in Europe

In the Spring of 1992 the Gerechtelijk Laboratory in
the Netherlands instigated regular meetings for for-
ensic laboratory directors from the main public ser-
vice/government forensic science laboratories in
Western Europe. A year later a meeting was held in
the Netherlands to discuss a European Network of
Forensic Science Institutes (ENFSI). It was attended
by 11 of the 13 laboratories invited. Between March
1993 and October 1995, six meetings were held and

topics discussed included ‘Accreditation of forensic
science laboratories’, ‘Quality management and for-
ensic education’, ‘Automation of crime laboratories’
and ‘International cooperation’. ENFSI was founded
formally in October 1995.

Currently, ENFSI has 39 members from some 26
countries in Europe including 12 of the 15 EU Mem-
ber States. The majority of members are directors of
institutes who are major providers in their country of
professional forensic science services to support crime
investigation including the police, the judicial inves-
tigation and/or the prosecution of crime. The aim of
ENFSI is to promote cooperation between its mem-
bers and their laboratories through:

1. discussion of managerial questions, the effective
utilization of forensic science, scientific develop-
ment, and standards of practice;

2. exchange of quality assurance methods and pro-
cedures, training, scientific exchange programs
and research and development;

3. cooperation with other international organiza-
tions.

To date ENFSI has taken this aim forward in a
number of ways notably through its annual meeting,
the work of its Board, and through technical working
groups which focus on particular forensic areas. In
the last two years, much has been achieved to estab-
lish a platform on which ENFSI can take forward its
initiatives. In the second half of 1997, ENFSI was
adopted by the European Union Police Cooperation
Working Group as advisers on forensic science issues.
ENFSI has also established contact with Europol,
with a first meeting in September 1998. From a global
perspective, in May 1997, the ENFSI Board opened
up discussions internationally with other similar
‘managerially’ based organizations.

However, ENFSI has also been aware that the
practical and technical aspects of forensic science, in
particular benchwork and staff competence and
training, must also be addressed on an international
basis. The network has supported technical working
groups since its inception and all are now addressing
the issue of how forensic science can transcend inter-
national cultural and legal differences. The Strategy
Plan for 1998-2003 now focuses on the business of
ENFSI and in particular the promotion of good
practice among forensic science practitioners.

Crime Worldwide

The problems facing law-enforcement agencies, and
by association forensic science, in Europe are no
different from those faced by the rest of the world.
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All must be borne in mind when addressing how best
to contribute to the solution.

Organized crime has always had something of an
international perspective; the Colombian drug car-
tels, Sicilian and Italian Mafia and their American
counterparts, the Chinese triads, Japanese yakuza
and the Jamaican ‘Yardies’ are some of the more
familiar organizations. Now with the changes to the
former USSR and Eastern Europe we are being intro-
duced to groups about whom we know comparatively
little. Law enforcement agencies have established that
these groups are active globally and are increasingly
entering into business deals with each other. There is
evidence to suggest that organized crime has entered
into business arrangements with terrorist groups, for
example arranging the supply of arms or nuclear
reagents in exchange for illicit drugs, supplies of
which are readily available to some terrorist groups.

Aside from organized crime, the reduction in travel
restrictions and the advances in modern communica-
tions have also resulted in an increase in serious cross-
border crime. Modern communications can allow
individuals to commit offences such as fraud without
travelling outside their own national boundaries. The
ease with which individuals can now travel abroad
and the high throughput experienced by some desti-
nations, particularly the major tourist attractions,
creates additional problems for an investigation.

There are individuals who specifically travel abroad
so that they might indulge in practices which are
considered to be abhorrent by the majority of civilized
societies and which have been criminalized in their
own country. There are still countries where culture
may dictate an age that a girl can marry, and therefore
engage in sexual relations, which is significantly
younger than that which others may find acceptable.
In other countries limited resources and other political
priorities may prevent overstretched law-enforcement
agencies from properly addressing such issues as child
abuse. As a result, this has provided opportunities for
Western pedophiles to continue to practice in com-
parative safety from prosecution. Campaigns by indi-
viduals and the United Nations have started to change
the situation but, more importantly, hardening atti-
tudes of some countries to citizens committing such
crimes overseas has resulted in an unexpected
response. In some countries, legislation has already
been enacted which potentially allows the authorities
to prosecute a citizen for certain sexual offences
against children which have been committed outside
their national boundaries. Changes in attitude such as
these present major challenges for criminal investiga-
tions and justice systems around the world.

The forensic science community has already started
to address the issues raised by these examples, what

contribution it can make and what impact this will
have on the administration of the science as a whole.
In support of this, international organizations have
begun to acknowledge the important role forensic
science can play. Aside from the EU Police Coopera-
tion Working Group, mentioned earlier, both Inter-
pol and the United Nations have acknowledged the
potential contribution of forensic science.

Interpol (the International Criminal Police Organi-
zation), which was established in 1914, is a world-
wide organization (to date 178 member countries)
whose aim is to promote and facilitate inquiries into
criminal activities. Interpol has established working
groups which focus on a number of fields of expertise
within forensic science, bringing together scientists
and law-enforcement officers to work in partnership.

The United Nations came into existence in 1945
and membership now stands at 185 States. The UN
‘Family’ includes bodies which focus on justice and
human rights and the global drug problem and the
involvement of organized crime. In 1996, the Secre-
tary-General on Human Rights produced a report on
‘Human rights and forensic science’ further reinfor-
cing earlier work in 1992 which acknowledged the
crucial role of forensic science in identifying probable
victims of human rights violations and the collection
of evidence for any subsequent legal proceedings. The
mission of the United Nations International Drug
Control Programme (UNDCP) is to work with the
nations of the world to tackle the global drug problem
and its consequences. Two of the ways it intends to
achieve this is by strengthening international action
against drug production, trafficking and drug-related
crime and by providing information, analysis and
expertise on the drug issue. Both of these will benefit
from the involvement of forensic science. UNDCP has
also acknowledged the importance of forensic science.
In 1997/98 it contributed funding towards improving
standards in the provision of forensic science in the
Caribbean and establishing a center of excellence.

Forensic Science Around the World

Everything mentioned so far has implications for the
administration of forensic science, especially from an
international perspective, and the forensic science
community has already begun to respond.

The American Society of Crime Laboratory Direc-
tors (ASCLD) and Senior Managers Australian and
New Zealand Forensic Laboratories (SMANZFL) are
similar managerially based organizations to ENFSL.

ASCLD, a professional organization of crime
laboratory managers primarily supporting forensic
laboratories in North America, believes in ‘excellence
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through leadership in forensic science management’.
ASCLD’s membership also extends to Directors of
forensic laboratories around the world. SMANZFL
currently covers the forensic laboratories in Australia
and New Zealand and aims to provide leadership in
the pursuit of excellence within forensic science. All
three organizations, ENFSI, SMANZFL and ASCLD,
actively support technical working groups charged
with taking forward the business of forensic science at
the technical/scientific level and increasingly these
groups are communicating with one another.

No doubt there are other similar organizations, and
where they do not exist I would like to think that
steps are being taken to establish them.

Many countries already have their own forensic
science societies/associations whose purpose is to
support the needs of forensic scientists themselves,
for example, the Forensic Science Society in the Uni-
ted Kingdom, the Canadian Society of Forensic
Sciences, the American Academy of Forensic Science.
These organizations provide forensic scientists the
opportunity to make contacts and exchange technical
information, experience and best practice through
meetings, newsletters, journals and the Internet.

In addition to these there are the international
organizations which bring the global community
together; Interpol holds a triennial Forensic Science
Symposium attended by both forensic scientists and
law-enforcement officers.

The International Association of Forensic Science
(IAFS) was formed in 1966. It is unique in that it is an
association in name only — it has no members, no
budget and no permanent secretariat. Its stated aims
and objectives are:

1. To develop the forensic sciences;

2. To assist forensic scientists and others to exchange
scientific and technical information; and,

3. To organize meetings.

The IAFS achieves these primarily by means of its
principal activity which is the choice of President and
venue for each triennial. The triennial meeting brings
together colleagues from around the world and from
all fields of expertise within forensic science in its
broadest sense.

The Future

This article highlights some of the main challenges
facing the administration of forensic science into the
twenty-first century. It also shows how forensic
science is already responding to these challenges.
The global community is a reality and, although
legal systems differ around the world, when an adju-

dication is taken which affects forensic evidence in
one country it is likely to have implications for
forensic science around the world. Parts of the crim-
inal justice process are already becoming interna-
tional and this, together with increasing cooperation
between law enforcement agencies from different
countries, means forensic scientists must address
their profession from an international perspective.
We are being called more frequently to provide
evidence in courts outside our national boundaries
and, for the foreseeable future, it is unlikely that there
will be any significant harmonization of legal sys-
tems. Therefore, we must be confident that our
evidence is robust enough to stand up to scrutiny in
court anywhere in the world.

We must also ask how forensic science can con-
tribute further to justice systems and to the way in
which law enforcement agencies tackle international
crime. In the last four years we have proved how
forensic intelligence databases such as DNA, drugs
and footwear can make a major contribution to the
investigation of crime. The ability to exchange such
information across national boundaries has now been
recognized as an important tool in the fight against
global crime and the forensic science community has
already begun to address this problem. For example,
ENFSI is responding to requests for advice on DNA
and drugs intelligence databases and the exchange of
information from the European Union Police Coop-
eration Working Group.

At managerial level, the ENFSI, ASCLD and
SMANZFL summit has started to identify the core
issues; sharing research; quality — a common
approach through accreditation of systems and pro-
cedures to agreed international standards; exchange
of best practice; and the training and competence of
staff. The value of forensic science lies ultimately in
the people who practice it. Forensic scientists and
managers of forensic science institutes must be
encouraged to communicate and cooperate on an
international scale, for only with the support and
involvement of both, can investment be made in the
staff who are at the frontline of forensic science
within criminal investigations.

Finally, I believe that many if not all the issues
raised in this chapter are best tackled collectively.
However, I do not agree with mandatory standards of
uniformity. There is a space for a collective view on
how science can contribute in terms of outcomes and
benefits throughout the whole forensic process. How
this is achieved will inevitably depend on national
differences, although few, if any, would be able to
present a sound argument against the need for quality
in terms of accuracy and reliability, and a sound
assessment of the strength of evidence to be adopted
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by all. The future of forensic science in the twenty-
first century should be determined through a united
profession working collectively to determine how
best they make this contribution.

See also: Administration of Forensic Science: Organi-
zation of Laboratories. Deoxyribonucleic Acid: Data-
banks. Education: An International Perspective.
History: Forensic Sciences; Forensic Medicine. Wildlife.
Internet Crime. Stalking.
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Introduction

The article discusses the way that laboratories are
organized within a jurisdiction and the ways that an
individual laboratory is organized. Some theoretical
principles are described and compared with actual
practices.

There is no common organizational system for
forensic science laboratories. With very few excep-
tions, all are government departments or public
sector agencies. Most are administratively within
police departments; of those some are staffed by
sworn personnel, some by civilians and some by a
mixture. Others are found within civilian depart-
ments, but usually within some form of legal service
agency. Some are large and can be described as ‘full
service,” whereas others offer a limited service on a
local basis.

The spread of accreditation as a means of setting
operational standards has brought little organiza-
tional uniformity, as programs are tailored to assure

quality within each of the varied administrations and
not to impose a standard structure.

General Issues

Accreditation standards

ISO requirements Forensic science laboratories are
testing laboratories. Parts of their organization and
management are covered by standards such as ISO
Guide 25. Table 1 describes the main organizational
requirements.

Forensic specific requirements There is an interna-
tional accreditation program specific to forensic
science laboratories. It is that of the American Society
of Crime Laboratory Directors Laboratory Accred-
itation Board (ASCLD/LAB). Table 2 lists the organi-
zational requirements of the program.

Organization Within a Jurisdiction
Administrative organization

The parent organization The accreditation stan-
dards make no administrative demands of a forensic
laboratory, other than that it defines reporting rela-
tionships and takes steps to ensure that there are no
conflicts of interest. The parent organizations
encountered are set out in Table 3.

More than 200 (or about two-thirds) of the mem-
bers of the American Society of Crime Laboratory
Directors have addresses that identify the host agency
for the laboratory as being in a police department.
Over 80 have addresses that identify them as being

Table 1 Organizational requirements of testing laboratories in
ISO Guide 25

The laboratory shall be organized and shall operate in such a way
that it meets all the applicable requirements of the Guide.

If the laboratory is part of an organization performing activities
other than testing ... the responsibilities of all staff shall be
defined in order to identify potential conflicts of interest.

Define, with the aid of organizational charts, the organization and
management structure of the laboratory, its place in any parent
organization, and the relations between management,
technical operations, support services and the quality
management system.

Specify the responsibility, authority and interrelationships of all
personnel who manage, perform or verify work affecting the
quality of the tests.

Appoint deputies for key personnel
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Table 2 Organizational requirements from ASCLD/LAB

Organizational structure groups and personnel work in a manner
to allow for efficiency taking account of the various disciplines
(D)

Subordinates are accountable to one supervisor per function (l)

There are clear communication channels (D)

There is a library (I)

There are secure long- and short-term storage areas (E)

There is adequate work space for personnel (I) and equipment (D)

Design permits efficient evidence flow (1)

Access is controllable and limited (E)

Exterior exit points have adequate security control (E)

Internal areas have a lock system

Note that ‘E’ signifies a feature which must be present to gain accred-
itation; ‘I’ or ‘D’ signify features which the program deems to be Important
or Desirable, respectively.

hosted in another government agency. Less than 20
are private or found in universities.

That group of over 200 contains a great variety of
facilities. It ranges from the huge FBI Laboratory
employing over 500 people and active in all areas,
and in R & D; through the Illinois State Police system,
with eight sites including a large urban facility
employing about 200 staff, and a training center; to
several throughout the US which employ just a few
people to provide a drug and firearms service to a
local police agency.

Organizational issues related to host agency location
It has been argued that there is a danger intrinsic to
the location of forensic science laboratories within a
police department. Namely, that they unconsciously
become agents of the prosecution and lose their
scientific objectivity. There is no convincing proof
of this, either way. Some of the finest operational and

Table 3 Parent organizations for forensic science laboratories

Police departments

Legal service agencies such as district attorney
Universities

Other government departments

Private commercial companies

research facilities are housed as part of a police
department. The overwhelming bulk of work in
forensic science is carried out on the instructions of
investigators or prosecutors, irrespective of the
administrative location of the service laboratory.
The many private laboratories conducting DNA test-
ing seem quite capable of working equally well,
whether acting on the instructions of prosecutors,
or defense.

This is a specific issue identified in ISO accredita-
tion standards — potential conflicts of interest. The
answer is that it is not the nature of the host agency,
but the nature of the responsibility and accountability
of the laboratory staff and management which
counts. If it is an issue, it is not a very serious one
in practice as hardly any forensic science laboratories
have been set up specifically to deal with the matter of
operational independence. An example is the Swedish
National Laboratory of Forensic Science in Linkop-
ing. It is housed in a University and its budget and
operations are controlled by an independent board.
Another example is the State Forensic Science Centre
in Adelaide, Australia, which was established by
legislation which required it to be free from control
by police or other legal service agency.

The main problem with forensic science labora-
tories and location within a police agency is that of
resources. Although some of the finest and best-
resourced laboratories in the world are found within
police agencies (the former Metropolitan Police
Laboratory in London, UK; the FBI Laboratory in
Washington DC; and the Forensic Science Center at
Chicago, for example), there are very many examples
where the police host has not been able to understand
the level of resources needed to establish, maintain
and develop a quality forensic science laboratory. In
general, the commitment is seen by the level of
reporting relationship enjoyed by the laboratory
director. Agencies which take their laboratories ser-
iously have the director reporting to someone very
senior in the hierarchy.

Financial organization of forensic science labora-
tories One of the largest forensic science organiza-
tions in the world, the Home Office Forensic Science
Service (FSS) in England, is currently organized as a
government agency. This brings with it certain finan-
cial freedoms and disciplines, as it requires the FSS to
operate as a business and recover its costs through the
sale of services to customers.

This mode of operation was established for some
services in Australia and New Zealand several years
before its adoption by the FSS. It is a strange amalga-
mation of what most would regard as a core public
service (administration of justice) being delivered by a
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public entity operating to (some) private sector busi-
ness standards, and has not been adopted in the US or
other countries.

The rationale behind the Australian and New
Zealand initiatives was that governments wished to
identify the true costs of delivering public services.
They thus required indirect costs such as capital
depreciation, accommodation rental, leave and
other staff benefits, and insurances to be quantified
and included in the cost of providing the service.

The next step was to make the customer agencies
responsible for meeting the costs of the service. The
rationale here was that they would purchase only
what they needed and could afford. The final step
was to define a series of policy—purchaser—provider
relationships, in which the government set policy and
funded purchasers who sought the best value from
available providers.

In some cases, where providers were government
agencies, they were required to provide a return on
capital to the government equivalent to the share-
holder’s return on the investment of a similar private
industry. The agency was permitted to retain profit to
reinvest in the business.

Some of the advantages and disadvantages of com-
mercially operating forensic science services are set
out in Table 4.

In theory, commercialization of services should
also introduce competition. Competition in turn
should mean that providers have to focus on provid-
ing only timely, necessary services which meet the
standards of the customer. However, one of the
customer’s standards will be to get the best return
for the limited budget available. The consequences of
quality failure in forensic science are too dramatic for
it to operate in a price-driven market. Also one of the
expressed concerns about existing service structures
(see above) is that forensic services provided from
police agencies may suffer from unconscious bias due

Table 4 Commercial operation of forensic science laboratories

to their close affiliation with the prosecution. A
commercial service with a strong customer service
ethic will have the same problem. Finally, discontinu-
ing laboratory investigations which are not cost effec-
tive raises concerns at the long-term loss of analytical
and interpretative skills in areas such as hair exam-
ination, and therefore possibly significant evidence
not being available.

Probably the two main difficulties with public
sector commercial services are that those who are
devoting resources to quality assurance and who are
honest with their costing will suffer as they are under-
cut by providers — especially other public sector
providers — who either bid at marginal rates which
do not reflect the true operational costs, or cut corners
in quality to lower costs. The second difficulty is that
police investigators and the laboratory do not have
the normal purchaser—provider relationship that
applies to the purchase of goods or services. Agencies
such as prosecutor, defense and judiciary all have a
major stake in the services and can influence service
delivery without having to carry any fiscal responsi-
bility. As an example, one of the earliest commercial
services was established and developed in South Aus-
tralia in the period 1984-87, and still in operation
there. In that time the single greatest influence on the
service was the decision by the Chief Justice to impose
a 6-week maximum time period from charge to first
hearing at which time evidence had to be ready for
scrutiny by the defense. The provider laboratory and
purchaser police department were left to deal with the
mandate from within existing resources.

Organization Within a Laboratory
Administrative Organization

Testing areas covered The ASCLD/LAB program
defines eight subject areas or disciplines: Controlled

Feature

Advantage or disadvantage

Identifies true costs

Should give basis for rational funding decisions but can distort comparisons unless applied

in the same way to all laboratories.

Encourages savings

Customer responsiveness

Capital equipment depreciation

True service culture

Better value may result in lower quality service as corners are cut. Avoids ‘empire building’.

Who is the customer (police, prosecutor, court)? Impact on impartiality by doing whatever
the purchaser pays for.

Allows better financial planning.

Same service available to all participants in the justice system. Service provided is tailored

to customer needs in areas such as timeliness. (‘Timely, necessary service’)
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substances, toxicology, trace evidence, serology,
DNA, questioned documents (QD) latent prints and
firearms and toolmarks. These can be taken as defin-
ing the scope of a normal full service crime laboratory.
The internal organization of a laboratory will need to
allow for the handling of the work load within each
discipline and the interaction between them.

Table 5 shows the disciplines and some of the more
common interactions each has with one or more of
the other fields. Generally, QD and firearms and
toolmarks are stand alone (other than their interac-
tion with latent prints), although gun shot residue
examination may be performed in trace chemistry in
some organizations, and weapons may require bio-
logical testing.

Evidence recovery Table 5 also shows the inter-
actions between the disciplines. Effective case work
management starts with effective processing of evi-
dence recovery. Controlled substances, QD, firearms
and toolmarks, latent prints and toxicology are
usually self-contained in regard to evidence recovery.
Cases are readily identifiable and there is no special
procedure to recover evidence.

In contrast, trace, serology and DNA depend on
the efficient processing of cases to recover the evi-
dential material before the testing even starts. The
physical plant and personnel organization must allow
for recovery that is fast, complete and free from
contamination.

Evidence management The ASCLD/LAB program
places a premium on evidence integrity. The labora-

tory must provide secure long- and short-term storage
capacities. Evidence in long-term storage must be
under proper seal and evidence in short-term storage
must be protected from loss, contamination and
deleterious change. The main organizational aspects
of meeting these standards are evidence retention and
control of access to unsealed evidence.

Evidence retention is a major problem for many
laboratories. There is a common tendency for law
enforcement agencies to use the laboratory as a
repository for evidence. Examination of the evidence
store of almost any laboratory will reveal cases more
then 3 years old. Many of these will have been
disposed of by the court or will no longer be the
subject of an active investigation. For example, the
author has audited a laboratory with about 30 ana-
lysts which had an evidence store of more than
1000 ft* (90 m?) to deal with the problem of retention
of old cases. In contrast, a laboratory with more than
100 analysts, but a strong policy on case acceptance
and evidence return, had a property room of under
600 ft* (55 m?).

Examples of practices to deal with the problem
include a laboratory service which delivered evidence
from completed cases back to the originating police
offices on a weekly basis, a routine destruction of
evidence over a year old unless an active instruction is
received from a senior police officer or prosecutor,
and a routine screening of information on the juris-
diction’s Justice Information System to identify cases
disposed of.

Whatever procedures are put in place, the internal
organization of the laboratory has to recognize

Table 5 The disciplines encountered in a full service crime laboratory and their interactions with each other.

Resulting in

Discipline Interacts with
Controlled substances Toxicology
Trace
DNA Latent prints
Serology DNA
Trace

Latent prints Trace chemistry and serology

All
Trace (associative evidence) All
Trace, DNA and serology All

Contamination; intelligence information to target toxicology
test
Examination of packaging materials

Sample preservation (effect of refrigeration which preserves
biologicals but degrades latents)

Body fluid identification (potential problem where DNA
analysis is separate from biological evidence screening).
Evidence recovery and interpretation

Latent development
Latent preservation — need to protect from contamination

Evidence recovery and contamination
Evidence interpretation (serology and DNA are the only ones

giving personal information) and analysis time (these tend
to have the longest run round times)
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evidence control and management as a major area
of responsibility.

Internal access control The most effective way to
meet the requirement for preservation of unsealed
evidence in cases being worked is through control
of access. The simplest way to achieve this is for each
analyst to have a personal secure locker which they
and only they can access. A back-up key can be
retained under seal for emergency access.

Generalist or specialist Organization according to
the accreditation disciplines implies that staff are
specialists in each area. Not all laboratories accept
this organizational assumption. Smaller laboratories
require multiskilled staff to cover the range of tests
they wish to offer. In other instances, such as in
California, laboratories choose to develop multi-
skilled generalists. The argument is that it not only
offers management flexibility, but the broad aware-
ness that comes with it insures a better appreciation
of evidential value.

The argument in favor of specialization is that it is
not possible to gain and maintain a sufficient knowl-
edge and practical skill base to meet the needs of
operations today. Issues such as proficiency testing,
the growth of specialist instrumentation, and increas-
ing peer scientific awareness that DNA brings forth
all favor specialist rather than generalist practitioners.

Centralization of services

Some laboratories serve jurisdictions which are of
sufficient size in population or geographical area to
be deemed to require more than one laboratory. The

Table 6 Factors in organization of laboratories within a system

laboratories may all be full service (or at least offer a
range of disciplines), or may be small regionals offer-
ing a limited service to the local community. There is
no single answer to the optimum organization in this
regard but some of the factors to be considered are
shown in Table 6.

Discussion

A visit to 10 randomly chosen forensic science labora-
tories would produce 10 different ways of organizing
a laboratory. About a third would be well-organized,
efficient and effective facilities; about a third would
be performing well but with opportunities for
improvement; and the remaining one-third would
be producing a service which could clearly benefit
from some attention.

Consideration of the factors which can influence
the way in which a laboratory is organized and set out
in the tables, shows the following key areas:

e Organization to comply with external standards.

e Organization to deal with effective case and evi-
dence processing.

e Organization to deal with the external factors
influencing the laboratory such as its administra-
tive location and the nature of the population base
it serves.

External standards

Tables 1 and 2 set out some of the pertinent require-
ments of the ISO Guide 25 and ASCLD/LAB stan-
dards for accreditation of a laboratory. These require
the organization to deal with:

Factor

Response

Population

Regional laboratories providing extensive service to share workload and

meet needs of defined population centers.

Geographical area

Specialist regional laboratories to service local courts in areas such as

blood alcohol, drugs, firearms, and latent prints. Differing needs of
urban and rural communities.

Low demand but essential cases with major capital
requirement

Technically demanding test areas where
establishment costs are high

Areas requiring rapid turn round

Single specialist center such as ICP-MS, or outsource testing

Single specialist center such as STR data basing, or outsourcing

May be easier to establish local service than to provide special courier

service for collection and reporting
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e Accountability, authority and responsibility;

e Freedom from conflicts of interest.

e Organizational and lay-out structured to allow for
efficiency taking account of the various disciplines
(see also Table 5).

e Evidence integrity.

e The requirement for adequate work space for per-
sonnel and equipment.

e Physical security.

One of the consequences of the standards — particu-
larly the ISO Guide 25 —isthatlack of resourcesisnotan
acceptable reason for poor work. If the resources are
notsufficient to permit adequate quality of work in any
area, then the testing must not be performed in that
area. There are many different ways to resource labora-
tories and no evidence that any one is superior to the
others (see Table 4, for example).

Effective and efficient case processing

Effective case processing means meeting the custo-
mer’s service standards. The customer assumes a zero
defect service in regard to correct results from appro-
priate tests. After that the customer requires a timely
service. The ‘right’ answer on the day after the suspect
has left the area or the trial is over is no use. Timely
results are difficult to achieve, and along with evi-
dence management (see ‘Evidence management’),
require close liaison with customer agencies: police
and prosecutors. In some cases efficiencies will result
from centralization especially where expensive capital
equipment incorporating automation is involved (for
example automated immunoassays on centrifugal fast
analyzers and confirmation with automated MS or
MS-MS for toxicology). In other cases a small local
service will be better (for example drug assay and
firearms examination). Organization thus needs to be
aware of:

e The range of disciplines provided and their inter-
actions (Table 35).

e Customer service standards required.

e Technology availability and cost.

e Policies on case acceptance, prioritization and dis-
posal.

External factors

The laboratory does not exist in isolation. It is either
part of another organization with a mandate for law
enforcement or laboratory services or seeks to meet a
perceived demand. Demographic and geographic fac-
tors (Table 6), the nature of the parent organization
(Table 3), the nature of the funding mechanism
(Table 4), and the legislative and governmental
norms of the jurisdiction served will all influence
the way in which the laboratory is organized.

However, a review of the nature of the organiza-
tion of laboratories which have been accredited leads
to the conclusion that there is no optima way to
organize a forensic science laboratory. However,
scrutiny of the best practice examples reveals that
the best laboratory:

e Reports to someone close to chief executive level in
the host agency.

o Is accredited.

e Measures and responds to customer needs while
maintaining scientific integrity.

e Has a significant proportion (at least 25%) of its
operating budget devoted to quality assurance and
training.

Laboratories which meet these benchmark standards
are able to deal effectively with the requirements
placed upon them by external factors.

See also: Accreditation of Forensic Science Labora-
tories. Administration of Forensic Science: An Inter-
national Perspective.
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Age Determination see Anthropology: Morphological Age Estimation.

Airbags see Accident Investigation: Airbag Related Injuries and Deaths.
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Introduction

The determination of alcohol (ethanol) in the blood of
human subjects is one of the basic analytical proce-
dures of an analytical toxicology laboratory. Alcohol
is a commonly abused substance in most societies,
taken deliberately for its mood altering effects.

When those effects result in legally harmful con-
sequences to the imbiber, or others affected by the
imbiber’s actions, then a precise determination of the
concentration of alcohol in the body is required. This
specific determination allows for a proper interpreta-
tion of the degree of mood alteration. More impor-
tantly, it allows a means of assessing the degree of
impairment in the ability to operate complex
machines, e.g. motor vehicles.

The measurement of alcohol alteration should, in
theory, be in the brain but for obvious reasons this
cannot be done in live subjects nor is it necessary. The
alcohol concentration in the brain has a direct corre-
lation with the arterial blood alcohol concentration.
Interestingly, the arterial blood alcohol concentration
can be indirectly measured via breath. Breath mea-
surement has become the method of choice in law
enforcement of drinking-driving laws, but measure-
ment of blood is still widely used.

Because of the high risk associated with extracting
arterial blood from live subjects, venous blood sam-
ples are used for alcohol determinations. Capillary
blood is another alternative and offers the advantage
over venous blood of being more closely correlated to
the arterial blood alcohol concentration.

Collection

Venepuncture of a cubital vein in an arm is the
standard technique used clinically for extracting
venous blood. This procedure offers the most con-
venient yet relatively safest way to draw blood from a
live subject. The alcohol content of these samples will
represent the systemic blood concentration of alco-
hol, and the measured value can be readily correlated
with the behavioral effects of alcohol.

An alternative to venous blood is capillary blood
obtained by finger-tip puncture. This blood, obtained
from the fleshy tissue of the finger-tips, represents a
transition from arterial to venous blood. As such, the
alcohol concentration more closely represents the
concentration in arterial blood. The major disadvan-
tage of finger-tip blood is the very limited quantity
that can be extracted. The amounts extracted are
usually just sufficient to perform an initial analysis
with no chance of repeat if subsequently required.
Thus, venous blood has become the predominant
choice for forensic purposes, since the extraction is
relatively more comfortable for the subject, allows
more than sufficient quantity of blood for repeated
analyses, and easy correlation with behavioral effects.

In deceased subjects, a wider selection of sites for
blood collection becomes available. However, the
wider selection is counterbalanced by the complica-
tions in interpretation arising from the differences in
alcohol concentration among the sites. As for living
subjects, venous blood extracted from a vein in the
arm or leg provides the optimum sample for inter-
pretive purposes. The least desirable site is an open
chest cavity that results from an autopsy examina-
tion.

Blood of uncertain origin (heart, vein or artery)
may gather in the chest and mix with the interstitial
fluid that bathes the organs of the chest. This mixed
fluid is often scooped up and submitted for alcohol
analysis as a ‘blood’ sample. The alcohol analysis
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produces a result which presents difficulties in inter-
pretation since the sample does not truly reflect a
genuine blood origin.

In forensic work, the collection of a blood sample
must observe certain precautions related to the integ-
rity and security of the sample. This is particularly so
when the result will be used in the prosecution of an
offense charged against an individual, such as the
operation of a motor vehicle while under the influ-
ence of alcohol. Precautions are most crucial when
the offense is that of exceeding a specified statutory
blood alcohol concentration (BAC) in the operation
of motor vehicles.

Swabbing the injection site with an alcoholic anti-
septic solution is a common practice in clinical set-
tings. Alcohol swabbing compromises the integrity of
a blood sample taken for alcohol analysis and is
discouraged for forensic purposes. Unfortunately,
microorganisms residing on the skin, potentially on
the surfaces of apparatus used for taking the blood, or
suspended in the ambient air, can contaminate the
blood sample. Such microorganisms utilizing blood
sugars can produce alcohol through a fermentation
process. Conversely, microorganisms could also use
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alcohol present in the blood from drinking as an
energy source. Either way, the true BAC of the person
is compromised, leading to difficult interpretations.
Blood alcohol kits, such as pictured in Fig. 1, have
been developed expressly for forensic purposes. These
kits are self-contained, requiring no additional appa-
ratus whose cleanliness and alcohol-free status may be
open to question. The kits contain tubes that are
sterile and contain a preservative, such as sodium
fluoride with an anticoagulant. Tubes used in Canada
contain sodium fluoride to produce a final concentra-
tion of 1% w/v and potassium oxalate as anticoagu-
lant to produce a final concentration of 0.2% w/v. The
preservative stabilizes the blood sample for an indefi-
nite period of up to several months, if required. The
anticoagulant prevents clotting, an undesirable fea-
ture when analyzing the blood. Although not essen-
tial, the anticoagulant nevertheless simplifies the
analysis by eliminating the step of homogenizing
clotted blood. This step would otherwise require the
use of homogenizing apparatus, a messy and some-
what cumbersome procedure when dealing with
whole blood. Refrigeration of the blood samples at
approximately 4°C is recommended for prolonged

Figure 1
(f) and packaging (g, h).

-
i

Blood collection kit with two vacuum blood tubes (a, b), sterile needle (c), needle holder (d), nonalcoholic swab (e), seals
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storage. Experimental data have shown that blood
concentrations decrease slightly over time when
stored at room temperatures. The exact cause of the
decrease is not certain but is thought to be either
evaporation of the alcohol around the rubber stopper,
or oxidation to acetaldehyde using oxygen from oxy-
hemoglobin (the red pigment in the blood). Refrigera-
tion stabilizes the blood alcohol for periods of up to
six months. The preservative, sodium fluoride, and
the commonly used anticoagulants, do not interfere
with the analytical procedures in current forensic use.

It should be noted that analysis for forensic pur-
poses requires whole blood. Hospital and clinical labs
routinely separate the fluid portion, plasma, from the
blood. The plasma can be conveniently analyzed for a
number of chemicals, including alcohol, using auto-
mated equipment specifically designed for that pur-
pose. Forensic or toxicology laboratories, however,
are more likely to analyze whole blood for alcohol
since statutory limits for legal operation of motor
vehicles are expressed in terms of whole blood, e.g.
80 mg of alcohol in 100 ml of blood. Alcohol concen-
trations expressed in terms of plasma have to be
converted into the equivalent concentration in whole
blood. Since this conversion is directly related to the
water content of the blood of the individual, a degree
of uncertainty is introduced at this point. The water
content, or hematocrit value, varies not only among
individuals but within the same individual. Hence, the
equivalent whole blood concentration cannot be
predicted precisely, but only within a range of values
with acknowledgment to possible values outside that
range.

Analysis
Chemical

Analysis of blood for alcohol has been performed for
the better part of the twentieth century. Wet chemical
methods using an oxidation—reduction reaction were
developed to analyze alcohol condensate distilled
from the blood. One of the more widely used methods
was developed by E.M.P. Widmark, a Swedish scien-
tist considered the classic pioneer worker in systema-
tic studies of alcohol in the human body. This method
of incubating blood samples suspended above a
dichromate-acid solution at raised temperatures in
enclosed flasks proved a reliable method. The proce-
dure was modified in subsequent years, most notably
in the early 1950s. This procedure, labeled the mod-
ified Widmark procedure, is still used currently for
verification of alcohol content in blood standards, or
as a crosscheck on other procedures.

The wet chemical methods provide satisfactory

accuracy and precision, but the nature of the proce-
dures, including corrosive chemicals, make them less
than desirable to use. In addition, these procedures
lack the degree of specificity for ethanol considered
necessary for forensic purposes. These procedures
cannot distinguish ethanol from other common alco-
hols such as methanol or isopropanol. Methanol is
widely used as an industrial solvent, labeled as methyl
hydrate, and in such products as windshield washer
fluid, or gasoline line antifreeze. It is a toxic substance
sometimes found in illicitly distilled alcoholic bev-
erages. In some instances it has been added to bev-
erages as a cheap alternative to ethanol. Isopropanol
(2-propanol) is also an industrial solvent but can also
be used as a rubbing alcohol in pharmaceutical pre-
parations. Again this toxic substance is sometimes
ingested resulting in poisoning in humans. Hence, the
usefulness of oxidation—reduction methods in a broad
forensic context is limited to samples taken from
motor vehicle drivers who have consumed alcoholic
beverages only. Alternative methods are required for
subjects who may have ingested the other volatile
substances, either deliberately or unintentionally. In
post-mortem examinations, the possibility of micro-
bial-induced deterioration of the body, or putrefac-
tion, becomes a distinct possibility. Microorganisms
not only produce ethanol but can also produce other
volatile substances which can interfere with the alco-
hol analysis. These other volatile substances are indi-
cative of putrefaction and can be wused as
confirmation for the putrefaction process. Chemical
methods, such as the modified Widmark procedure,
are unable to distinguish these volatile substances
from ethanol and therefore are unsuitable for identi-
fying possible putrefaction in exhibit material.

Biochemical

Enzyme oxidation is another methodology first devel-
oped in the 1950s for measuring alcohol. A number of
variants have been subsequently developed, centred
around the basic enzymatic reaction:

(ADH)
Alcohol /—\= acetaldehyde
NAD NADH

where ADH is alcohol dehydrogenase and NAD* is
the coenzyme nicotinamide adenine dinucleotide.
NAD" is reduced to NADH in direct proportion to
the concentration of alcohol present in the sample
being analyzed. The NADH can be measured by its
absorption of ultraviolet (UV) radiation at 340 nm.
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The ADH analysis was developed into a kit form
which has found widespread use in hospital or clinical
laboratories. The kit form is best suited to labora-
tories that only perform alcohol analysis on an infre-
quent basis. In these situations the use of more
expensive and elaborate methods would not be fea-
sible. In more recent years, automated analyses using
batch analyzers were developed which allowed the
processing of more samples.

In addition the ADH procedures were designed for
measuring ethanol only, a limitation in forensic work.
In the forensic field, toxicology laboratories must be
capable of detecting, confirming and, if necessary,
quantifying any volatile substance present that is
foreign to the human body.

Instrumental

The advent of gas chromatography (GC) proved a
welcome advance in forensic analysis for alcohol.
Although the equipment has a high capital cost and
requires high purity compressed gases, the principle
of operation is relatively simple, fast, accurate and
precise with a high degree of specificity.

The basic principle of GC is shown in Fig. 2. A
sample is vaporized in an injection block and then
carried through a long thin column, usually stainless
steel, glass, or fibrous material, by an inert carrier gas
such as nitrogen or helium. The column can either be
of the packed variety, i.e. packed with an adsorbent
material, or an open tube of very small internal
diameter. The latter type, known as capillary col-
umns, have internal diameters of less than 1mm.
The inner walls of capillary columns are coated with
an adsorbent film.

The vaporized sample emerges from the other end
of the column where the components come in contact
with a detector. The volatile components of the
original sample can be visually displayed either on a
computer screen or on paper.

The separation and movement of the components
in the blood sample are determined by the rate of
carrier gas flow, the temperature of the column and
the type of adsorbent material utilized. The gas flow
and oven temperature can be adjusted to achieve
optimum conditions for the clear separation of vola-
tile components from one another. The adsorbent

Sample
Column

T/, Recorder
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Figure 2 Schematic diagram of GC instrument.

material will retain the volatile components to vary-
ing degrees depending on the degree of molecular
attraction of each component with the adsorbent
material. Passage of the components can take 15-20
minutes or so. Capillary columns, on the other hand,
not only allow very fast passage, 5 minutes or less, but
also result in sharper, cleaner separation of the com-
ponents. Hence, capillary columns have become the
separatory columns of choice in GC analysis.

The type of detector most commonly used is the
flame ionization detector (FID). Water does not reg-
ister on FID hence this detector is the one of choice for
water-based samples such as blood. Although the
signal produced by the detector is an analog one,
the electrical impulses can be digitized. This process
takes place in an analog-to-digital (A-D) converter
from whence the digital impulses can be quantified.
By measuring the number of impulses or counts from
a known concentration of alcohol, one can compare
that number with the number produced by an
unknown concentration of alcohol. The concentra-
tion of the unknown can be calculated from the
known since the response of the detector is directly
proportional to the concentration of alcohol.

Although this quantification is a simple process, it
is highly subject to variances in the volume of sample
injected onto the GC column. Consequently, a more
reliable technique employed by laboratories is the use
of an added internal standard (ISTD). A blood sample
is mixed with a solution containing another volatile
compound (ISTD) such as n-propanol to produce a
diluted sample. This diluted sample is easier to handle
than straight blood and the volume injected onto the
GC column is not critical. The ISTD must be volatile
and must be clearly separable from the alcohol being
measured. The ratio of counts between the ISTD and
the alcohol is a constant regardless of the variation in
volumes mixed or the volume of diluted sample
injected onto the GC column.

Figure 3 shows a typical apparatus, known as an
automatic dilutor, which will extract an aliquot of
blood from the tubes featured in the background then
dispense that aliquot automatically mixed with an
aliquot of ISTD solution. The ratio of blood to ISTD
solution is usually in the order of 1:10 to produce a
sufficiently watery blood dilution to minimize the
matrix effect that can affect the analytical results.

Although the diluted sample can be manually
injected, this procedure is labor intensive and time
consuming. Hence, manual injection has largely been
replaced with automatic injector systems. These sys-
tems sit on top of a GC instrument and automatically
extract small aliquots of the diluted samples and
inject them onto the GC column.

The injection of diluted blood samples even with
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Figure 3 Automatic diluter apparatus for mixing blood
samples with ISTD solution.

automated injector systems, has the disadvantage of
clogging GC columns and injection apparatus with
blood proteins. These proteins shorten the life of GC
columns and easily clog the small bore tubes and
needles of the injection system. As a result, the
technique known as headspace (HS) sampling intro-
duced during the 1960s has become the preferred

method for GC analysis of blood samples. Instead
of injecting an aliquot of the diluted blood sample, a
portion of the vapor sitting above the aqueous sample
is injected onto the GC column. GC columns do not
deteriorate as rapidly, injection systems do not clog
with blood proteins, and many thousands of injec-
tions can be made on the same column.

Reliable analysis using HS-GC requires that the
diluted samples be incubated in sealed vials with large
headspace volumes at controlled temperatures. This
incubation period allows full equilibrium of the vapor
portion above the liquid sample. Fig. 4 shows a
typical HS-GC set up. The large instrument in the
middle is the GC instrument itself with a control
panel on the right side to set injector port, column
and FID temperatures. On the left side are the con-
trols to regulate carrier gas flow. Two sets of controls
are shown since most GC instruments permit two
separate columns to be housed in the same oven. To
the left of the GC instrument is the headspace appa-
ratus in which the vials are placed. This apparatus
requires its own carrier gas supply which is injected
into the vials to flush the headspace and carry the
alcohol-ISTD vapor sample onto the GC column.
The control box for the apparatus is to the left. On
the right of the GC instrument is an optional inte-
grator with printout if a computer system is not
available, or cannot be justified on financial grounds.

On the extreme left of the figure is an A-D con-
verter which relays the FID signal to a computer (not
shown) which processes the signal and reports the
BAC.

Ideally a GC system, especially HS-GC, will sepa-
rate the common volatile substances likely to be

— n g

Figure 4 HS-GC instrument system with GC instrument (a), HS analyzer (b), A-D converter (c), and optional integrator with

printout (d).
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encountered in forensic work accurately and pre-
cisely. Fig. 5 and 6 show representative separations
of a mixture of four such substances together with the
ISTD (n-propanol). Two different columns on differ-
ent GC instruments result in different retention times
(time taken for each component to move through the
columns) and in a different order.

Analytical Quality Assurance

A laboratory that conducts forensic alcohol analysis
on body fluids should have documented procedures in
place. These procedures should identify such items as
methods of analysis, quality control procedures, and
performance criteria for accuracy, precision, and
specificity.

A suggested protocol is outlined as follows:

I All exhibit samples should be analyzed for ethanol
and other similar volatile substances using validated
methods.

Validation of methods:

1. Compare the new method with an accredited
method.
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Figure 5 FID #1. Column: DB Wax x 0.32 mm x 10 m,
0.5 pum film; joined to DB-1 0.32 mm x 20 m, 5.0 um film. 1,
Methanol; 2, acetone; 3, ethanol; 4, isopropanol; 5, n-propanol
(internal standard).
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Figure 6 FID #2. Column: DB-1 0.32 mm x 30 m, 5.0 um film.
1, Methanol; 2, ethanol; 3, acetone; 4, isopropanol; 5, n-propa-
nol (internal standard).

2. Perform a minimum of ten replicate analysis on
five different concentrations of alcohol standards
specified in the range of 0-400mg in 100 ml of
solution (mg%).

(a) Perform a statistical comparison of the data
obtained to determine if there is a significant
difference between the two methods; and
Perform a statistical analysis to determine the
limit of detection (LOD) and the limit of
quantitation (LOQ) for the method.

(c) Determine the specificity of the method.

(d) If no statistical difference between the new
method and an accredited method is deter-
mined, and the limits of detection and quanti-
fication and the specificity are acceptable; then
approve the new method for use.

(b)

I A quality control procedure of a validated
method should be conducted with exhibit analysis:

1. Quality control standards could be prepared either
by weight or by volume in either water purified by
distillation or deionization or whole blood.
(Sheep’s blood is recommended, but human
blood could be substituted).

2. For calibration checks, replicate analytical results
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from the quality control standards with concen-
trations less than 100 mg% should not exceed
+3mg% of the target value; and replicate analy-
tical results from quality control standards with
concentrations of 100 mg% or greater should not
exceed +3% of the target value.

3. When calibration check results do not meet the
specified performance standards, analysts should
identify and redress any nonconformance in the
quality control procedure prior to conducting
analysis on exhibit material.

III  All exhibit material should be analyzed using at
least two aliquots of the sample.

1. For volatile substance concentrations of less than
100 mg%, all replicate results should not exceed
+ 5 mg% of the analytical mean result. For volatile
substance concentrations of 100 mg% or greater,
all replicate analytical results should not exceed
+ 5% of the analytical mean result.

2. Any reported volatile substance in samples should
be confirmed by a second method.

3. The volatile substance concentration should be
reported in terms of the body fluid analyzed.

4. Ethanol, acetone, methanol and isopropanol
should be reported when their concentrations ex-
ceed 3 mg%. Other volatile substances, detected
and verified, should be reported when the results
are of pharmacological significance.

Laboratories that conduct forensic alcohol analysis
should hold available for potential court testimony all
documentation pertaining to the testing procedures.
All test materials should be treated as evidence with
appropriate security, proper documentation, reten-
tion and storage of records and items. Laboratories
engaged in forensic alcohol analysis should employ
the services and advice of at least one qualified foren-
sic scientist who specializes in the analysis of body
fluids for alcohol. A qualified forensic scientist is a
person who, using the appropriate combination of
knowledge, skill, experience and integrity, undertakes
one or more of the following tasks: analysis of evi-
dence materials, interpretation of evidence, presenta-
tion of expert testimony.

Laboratories should participate in recognized
external proficiency tests for alcohol. Such tests
should be conducted on at least an annual basis.
Corrective action should be taken whenever deficien-
cies are revealed by the proficiency test process. Ana-
lysis of exhibit material should be suspended until
such deficiencies are corrected.

See also: Alcohol: Body Fluids; Breath; Interpretation;
Post Mortem.
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Introduction

The most readily available drug throughout the world
is alcohol (a term which throughout this article is used
to mean ethyl alcohol). Despite its reputation for
causing addiction, for leading to violence and disrupt-
ing family life it is a socially accepted drug in most
countries of the world. The antisocial aspects relating



ALCOHOL/Body Fluids 81

to its use mean that various restrictions on its avail-
ability, sale and use apply in most places where it is
produced and sold. Because of its effects on the
behavior and actions of individuals especially in con-
nection with motoring offences and other more ser-
ious crimes there is frequently a requirement to
ascertain what the blood, breath, saliva or urine
alcohol level of a person may be or may have been
at a particular time. Because of this it is necessary to
know how alcohol is absorbed, distributed and elimi-
nated in the human body, which requires access to
reliable sampling and analytical procedures.

The analysis of body fluids for the presence of
alcohol and other drugs is of major importance both
clinically and forensically. There is no doubt that in
forensic science, breath and blood have become the
two most important fluids for sampling in order to
carry out analyses for alcohol (ethanol) particularly in
relation to motoring and other offences involving
transport, assaults and even murders. However, in
theory it would be possible to sample any part of the
body that possesses a water content and obtain a
corresponding alcohol value to those for the other
tissues. In practice, it is common to carry out analyses
for alcohol contents on many parts of the body during
post-mortem examination and a knowledge of the
interrelationship between them is useful in establish-
ing when alcohol may have been previously consumed
and the part it may have played in the individual’s
death.

Alcohol Absorption and Elimination

Once alcohol is taken into the body, either mixed in
foods or in the more common way as in alcoholic
drinks, the processes of metabolism commence. In the
stomach the alcohol is subjected to three possible
processes.

A small amount of the alcohol, less than 15%, is
oxidized biochemically by the enzyme alcohol dehy-
drogenase (ADH) situated in the stomach lining. This
is known as “first pass’ metabolism, but is very small
compared with the more substantial metabolism of
the majority of alcohol that passes into the blood-
stream and that is eventually broken down by the
same type of enzyme in the liver. First-pass metabo-
lism is more significant with low levels of alcohol
consumption, giving blood alcohol levels below
30mgdl "', than it is with larger intakes.

A portion of the alcohol drunk, up to about 20%
for people drinking on empty stomachs, is absorbed
through the walls of the stomach and passes into the
bloodstream. However, this process is fairly slow and
the proportion of alcohol absorbed here depends on
the length of time that the alcohol stays in the sto-

mach. This will also depend on the bulk quantity of
the drink, and means that alcohol from beers and
lagers will usually take longer to enter the blood-
stream than that from spirits and sherry. The rate of
transfer into the bloodstream depends on the ability of
the ethanol molecules to penetrate the stomach lining
as well as the concentration of alcohol, the related
osmotic pressure and the other components, such as
carbohydrates, in the drink. Alcohol taken after or
with food will be held in the stomach longer and its
absorption into the bloodstream will be slower than if
the same amount of alcohol had been drunk on an
empty stomach. Fatty, bulky foods tend to slow down
alcohol absorption considerably, and under these
conditions total absorption of any alcohol drunk
may take more than two hours.

The majority of alcohol is absorbed rapidly through
the walls of the small intestine once it has passed
through the pyloric sphincter from the stomach. This
rapid absorption occurs because of the extensive sur-
face area of the villi forming the walls of the small
intestine. The fastest absorption of alcohol occurs
with alcoholic drinks containing about 20% alcohol
by volume and with spirits mixed with carbonated
diluents as these accelerate the passage from the
stomach to the small intestine. Neat spirits tend to
irritate the stomach and absorption is slowed by the
production of a protective mucus on the absorptive
surfaces of the gastrointestinal tract.

Once the alcohol has passed from the gastrointest-
inal tract into the bloodstream it is progressively
diluted by the blood and transported around the
body, passing though the liver and the heart, rapidly
reaching the brain and being circulated to the other
body tissues. The relatively small ethanol molecules
pass very easily through the various body and cell
membranes and readily penetrate to all parts of the
body. At any time there is a constant transfer of
alcohol from the bloodstream into any surrounding
tissue. The amount of alcohol in a particular part of
the body will depend on the water content of that fluid
or tissue. The brain has a very high water content and
is well supplied with blood vessels, so any alcohol in
the bloodstream is transported rapidly to that part of
the body. About 90% of the alcohol available in the
bloodstream when it reaches the head readily passes
into the brain tissue, at all times establishing a
dynamic equilibrium between the stationary fluid
content of the brain and the mobile blood movement.
This state of dynamic equilibrium is maintained
throughout the whole body as the consumption of
alcohol continues and also as the alcohol is progres-
sively metabolized and the body alcohol level drops.

Within the brain alcohol acts as a depressant on the
central nervous system undermining normal inhibi-
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tions and leading to a general deterioration of mental
processes. This is due to inhibition of the action of
neurotransmitters associated with brain receptors. It
is unlikely that any single mechanism can explain the
diversity of neurochemical actions that occur due to
alcohol. It certainly has an anesthetizing effect prob-
ably due to its action on membrane processes. It is also
believed that it binds to specific sites on y-aminobu-
tryric acid (GABA) receptors enhancing their activities
as evidenced in neurochemical and behavioral studies.

With pregnant women and nursing mothers a
proportion of any alcohol drunk will also pass into
the fetus and the milk. This can lead to an increased
likelihood of alcoholics giving birth to children with
physical and mental defects.

As alcohol is continued to be drunk, a steadily in-
creasing amount will pass into the bloodstream both
from the stomach and the small intestine. Because of
this the alcohol level throughout the body will not be
uniform and will vary throughout the bloodstream.
This state of affairs will continue while alcohol con-
sumption continues, as there will be simultaneous
elimination of alcohol from the processes of metabo-
lism, perspiration and urination (including storage in
the bladder) at the same time as alcohol is passing into
the body. About 95% of the alcohol ingested is
eventually metabolized in the body by enzymatic
processes in the liver and about 5% is lost through
breath, perspiration and urination.

The metabolic processes contributing to the elim-
ination of alcohol from the body occur in three oxida-
tion stages involving different enzymes in the liver.
The first of these is conversion of alcohol (ethanol)
into acetaldehyde (ethanal), which is then converted
into acetic acid (ethanoic acid), and the final step is the
oxidation of the acid to carbon dioxide and water.
Although the metabolites acetaldehyde and acetic acid
do not contribute to the level of intoxication of the
drinker they can have unpleasant side effects. Acet-
aldehyde is a poison and anything greater than minor
concentrations in the bloodstream will give rise to a
flushed and hot complexion, breathlessness, throb-
bing headaches, dizziness and nausea. Under normal
conditions acetaldehyde does not accumulate in the
body due to the further oxidation process catalyzed by
the enzyme aldehyde dehydrogenase, but this can be
prevented by the use of some drugs. One of these,
Antabuse (disulfiram), is specifically prescribed for
patients who wish to be discouraged from drinking.
The intention is that by taking the drug and continu-
ing to drink alcohol the patients will find the whole
process so unpleasant because of the headaches and
other disorders that they will prefer to give up the
alcohol.

It should also be emphasized that the presence of

small levels of acetaldehyde and acetic acid in the
bloodstream do not interfere with the analytical
values for the blood, saliva or urine alcohol levels.
The gas chromatographic method used for quantita-
tive analyses involves the total separation of the
alcohol from the other substances before it is indivi-
dually quantified.

Dynamic Equilibrium

Once alcohol ceases to be absorbed into the blood-
stream then the processes of elimination take over
completely and distribution of the alcohol in the body
enters into the state of ‘dynamic equilibrium’. At this
stage the alcohol contents of the various tissues and
fluids will bear a constant ratio to each other and this
will be maintained whilst alcohol is progressively
eliminated from the body, so long as additional
alcohol is not drunk. Circulation of the blood main-
tains the ratios, effectively redistributing any alcohol
around the body.

A moderate to large amount of concentrated alco-
hol drunk in a short period of time on an empty
stomach will lead to a rapid increase in the blood
alcohol level to a peak value and an uneven distribu-
tion of alcohol throughout the body. This may also
lead to the creation of an ‘overshoot peak’ for a brief
period (Fig. 1) which is above the normal shape of the
theoretical absorption/elimination curve.

However, this is most commonly encountered
under laboratory conditions where subjects are
required to reach measurable body alcohol levels in
a short space of time by rapidly drinking fairly large
volumes of spirits. But laboratory conditions do not
always reflect real life where it is more common for
several drinks to be consumed over an extended period
of time. This means that in practice the alcohol in the
body may not be in a state of dynamic equilibrium

Overshoot peak

Blood ethanol (mg dlI-")

Time (h)

Figure 1 Alcohol absorption/elimination curve showing over-
shoot peak.
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during the whole of the drinking session for several
hours, and again will only reach this situation a short
time after all alcohol drunk has passed into the blood-
stream. In these cases the alcohol absorption/elimina-
tion curve will take the form of an extended arc with a
central plateau level extending for an hour or more.

The curve may even have a series of minor peaks on
the absorption side if there have been intervals of time
between consecutive alcoholic drinks (Fig. 2). This
will also occur if a person has been drinking moder-
ately during lunchtime and still has alcohol in his or
her body when starting to drink alcohol again in the
evening — the process is known as ‘topping-up’.

The sampling of body fluids and tissues during the
absorption phase will lead to results being obtained
which do not correspond with normal distribution
ratios. For instance venous blood alcohol levels tend
to be lower than the corresponding arterial blood
levels during this phase. But when dynamic equili-
brium has been attained it is, in theory, possible to
sample any part of the body and from the measure-
ment of the alcohol content calculate the correspond-
ing alcohol content of some other fluid or tissue. It is
this feature that enables comparable legal limits for
drink-driving to be used for blood, urine and breath.
However, this does not mean that medical, scientific
and legal arguments do not continue about the abso-
lute values for these interconversion ratios. As a result
countries do differ in the values applied and this
generally affects the comparability between the legis-
lated blood alcohol and breath alcohol values. A
typical set of values for the relative distribution of
alcohol in the body is given in Table 1. From this it can
be seen that because of its solids content whole blood
has a lower alcohol content than a comparable
volume of blood plasma or serum.
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Figure 2 Alcohol absorption/elimination curve showing top-up
peaks. Arrows indicate times at which alcoholic drinks were
taken.

Table 1 Distribution ratios for ethanol between whole blood and
other body fluids and tissues

Tissue Factor
Whole blood 1.00
Cisternal spinal fluid 1.10
Urine 1.33
Saliva 1.18
Plasma or serum 1.15
Brain 0.85
Liver 0.90
Kidney 0.83
Alveolar breath* 0.000435

* This breath alcohol figure is based upon the relationship that one volume
of blood contains the same amount of ethanol as do 2300 volumes of
alveolar breath (the normal range of values is between 2000 and 3000
volumes).

For forensic purposes the most popular samples for
alcohol analysis are undoubtedly blood and breath
which are dealt with in detail elsewhere but saliva and
urine are both used in different parts of the world and
are of value in particular circumstances, especially as,
unlike blood, they can be considered to be noninva-
sive. The comparability of the absorption/elimination
curves for the different body fluids is shown in Fig. 3.

Rates of Alcohol Elimination

The amount of alcohol that is drunk even in a single
measure of whisky or sherry is more than enough to
overload the capacity of the enzymes in the liver. In
this respect alcohol differs from other drugs, even
those which are abused, in that the alcohol in alco-
holic drinks is measured in grams whereas the active
quantities in drugs, prescribed or illegal, are in milli-
grams, a ratio of 1000:1. Because there is a large
excess of alcohol being pumped around the body by
the heart the enzymes can only eliminate it at a
constant rate. This is why the main part of the alcohol
elimination curve is, essentially, a straight line. In
chemical terms it follows a process of zero order
kinetics. It is only at very low body alcohol levels,
below about 10 mg dl ™!, that the elimination follows
the same type of pattern as normal drug elimination
with an exponential curve typical of first order
kinetics.

In practice what this means is that for most of the
alcohol elimination phase it is possible to predict
what the alcohol level of a particular body fluid will
be at a specific time if the rate of alcohol elimination
has been established for part of the elimination phase
of the curve. It is normally accepted that the average
rate of alcohol elimination corresponds to a reduction
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Figure 3 Comparability of alcohol levels between body fluids.
(Taken from Karch SB (ed.) (1998) Drug Abuse Handbook,
p. 340. Boca Raton: CRC Press.)

of 15mgdl~" of blood (or 20 mgdl~" of urine) every
hour. The equivalent figure for breath is 6.5 ugdl "
of breath. This corresponds approximately to the
amount of alcohol in a single drink, i.e. a single
measure of spirits, a small glass of wine or about
250 ml of normal strength beer or lager. But this is an
average for all people including occasional drinkers.
For people who regularly drink alcohol the average
figure is nearer 18 mgdl~! for blood (24 mgdl~! for
urine). But the potential range is very wide extending
from low values of about 9mgdl™' to very high
elimination rates sometimes in excess of 25 mgdl ™"
with some problem drinkers and alcoholics.

Alcohol in Saliva

At present this is the least used of the readily available
body fluids. Its main limitation being that it cannot be
provided in any substantial volume. With modern
gas chromatographic analysis equipment the small
volume constitutes no problem for quantitative
evidential analysis. But splitting the sample between
containers and ensuring that loss of alcohol does not
readily occur during storage does mean that there are
potential sources of error. For these reasons the main
studies on saliva have been as a potential noninvasive
screening sample. It is now possible to take a swab
from the mouth using a cotton wool padded stick
which is then inserted into a recess in a plastic plate
containing ADH, plus other reagents, to produce a
color reaction which is used to establish the corre-
sponding blood alcohol level. However, few legisla-
tors appear to be prepared to include saliva in the list
of body fluids that can be sampled for forensic pur-
poses, although it does have equal potential as a
readily available sample for the screening of drugs.

Alcohol in Urine

In contrast with saliva, urine is one of the fluids that
has been approved for sampling purposes almost as
much as blood, probably because of its ease of collec-
tion and the volume that is likely to be available.
However, for quantitative alcohol analyses urine
sampling has to be carefully carried out and its
relationship with the corresponding blood alcohol
level considered with caution.

Technically speaking urine is a ‘dead liquid’ when it
is provided. Before that stage when it is stored in the
bladder it is not in dynamic equilibrium with the other
body fluids except at the time that it is actually
discharged from the kidney into the ureter to travel
to the bladder. This means that the bladder is receiv-
ing a constantly changing concentration of alcohol
depending on whether alcohol absorption is still con-
tinuing, at the same time as alcohol metabolism, or if
absorption has ceased and only elimination is taking
place. The situation can be even more confusing if the
urine sample is collected from a bladder which has
been filled during part of both the absorption and
elimination alcohol phases. So the alcohol concentra-
tion in the bladder can be increasing or decreasing and
this will also depend on when the bladder was last
emptied.

In many respects urine is unreliable as a medium for
quantitative analyses of alcohol especially as the peak
urine alcohol level occurs about 30 minutes after the
peak blood alcohol level. Because of these problems,



ALCOHOL/Body Fluids 85

where urine is accepted as a forensic sample for
quantitative analysis, it is necessary to have subjects
empty their bladders completely before waiting for
30-60 minutes before another sample for analysis is
provided. However, even that later sample will be one
which has varied in composition during the interval of
time which has elapsed before being supplied.

Alcohol Concentrations and Calculations

Because human beings differ widely in height, weight,
sex, body fat content and health, as well as in many
other respects, the identical amount of alcohol drunk
by different people will produce different body alco-
hol levels, irrespective of which fluid is sampled. In
fact the same amount of alcohol may be contained in
different volumes of a range of alcoholic drinks. So
one person might drink 15 g of alcohol contained in
about half a litre of lager whereas another person will
drink the same amount in roughly a double measure
(50 ml) of gin. In the first case, because of the bulk of
the liquid, it will take longer for the alcohol to be
absorbed into the bloodstream than it would in the
case of the alcohol from the gin where it is contained
in a much smaller volume. Although this again will
depend on the speed of drinking. The number of
variables is therefore high and accounts to some
extent for people drinking the same amount of alcohol
producing different blood, breath and urine alcohol
levels and exhibiting different degrees of intoxication.

It has been well established that, in general, com-
pared with men, women only require two-thirds of
the amount of alcohol to produce the same body
alcohol levels. This is because the average woman’s
body contains a higher proportion of body fat and a
lower proportion of water than does the average
man’s body. So there is less water in the female
body to dilute the alcohol.

Various attempts have been made over the years to
relate alcohol levels to the amount that has been
drunk. The pioneer work in this field was carried
out in the 1930s by E. M. P. Widmark. His studies led
to the development of the following equation:

100 x a
Cc =
wXxr

where c is the anticipated blood alcohol concentra-
tion (mgdl "), but can be the corresponding breath,
saliva or urine alcohol level by use of the appropriate
conversion factor; g is the number of grams of alcohol
consumed; w is the person’s bodyweight in kilo-
grams; 7 is the Widmark factor, for men this is 0.68
and for women 0.55.

The difference between the Widmark factors for

the two sexes takes into consideration the relative
amounts of body fat. However, these are only average
values and in recent years various attempts have been
made to produce individual factors for each person,
where necessary, which more completely take into
consideration the person’s height, weight and age.
These necessitate calculating the individual’s amount
of body water after determining the proportion of
body fat. For obese people the modified factor can be
10-20% lower than the Widmark factor.

The above equation only provides a theoretical
value for the possible alcohol level produced from
alcohol consumption, it does not take into considera-
tion alcohol that might have been lost due to meta-
bolism. But this is another aspect that has to be
considered if attempts are to be made to determine
whether or not a person’s claimed alcohol consump-
tion corresponds to the values obtained on analysis.
For instance, using the basic equation given above, a
man weighing 75 kg drinking 50 g of alcohol in three
half litres of lager will produce a theoretical blood
alcohol level of 98 mgdl~'. The same amount of
alcohol drunk by a 55kg woman will produce a
corresponding blood alcohol level of 165 mgdl~'.

However, these figures will bear no relationship to
the actual blood alcohol levels, say, four hours later
and some assumption has to be made with respect to
the amount of alcohol eliminated. If in both cases it is
assumed that there is an average rate of loss corre-
sponding to a reduction of 15 mgdl " of blood every
hour in the blood alcohol level then, in its simplest
form, this would mean that the man could expect to
have a blood alcohol level of 38 mgdl~" after that
period of time and the woman would expect to be at
105 mgdl—".

This places a greater responsibility on women to
take even more care about how much alcohol they
drink than it does on men. Although there is no safe
body alcohol level for either sex when it comes to
driving motor vehicles or handling dangerous
machinery. Alcohol at any level in the body can
lead to impairment of abilities and judgment.

Calculations on blood, breath and urine alcohol
levels are used extensively in court defenses where the
defendants claim that they drank alcohol after they
had been driving and were below the legal limit at the
time of the alleged offence. Such calculations have to
be considered with considerable caution as the large
number of variables, including the quality of the
evidence provided, means that these can only be
considered to be a guide and indication at the best,
although in practice with reliable data the variables
do tend to cancel each other out. However, even
apparently satisfactory values should not be accepted
in the absence of additional data and evidence.



86 ALCOHOL/Breath

Recovering from Alcohol

Unfortunately there are very few substances that will
genuinely assist in increasing the metabolic rate or
speeding the elimination on alcohol in any way.
Although the caffeine in large quantities of strong
coffee or tea may actually make an intoxicated person
feel a little better due to the stimulating effect of the
caffeine it does nothing to reduce the actual body
alcohol level or to improve that person’s ability to
drive a motor vehicle or to be responsible for their
actions. The tea or coffee may, however, serve to
dilute any alcohol still remaining in the stomach and
hence slow down the rate of the alcohol absorption
and reduce the peak body alcohol level attained.

However, in cases in which it is essential to reduce
the alcohol level, as with casualties in hospital who
may be suffering from head injuries, it is usual to drip
feed a concentrated solution of fructose into the veins.
This has the effect of accelerating alcohol elimination
and enables hospital staff to establish at an early stage
if the person’s actions and demeanor are due to intoxi-
cation or the brain injury. However, the quantities of
fructose used for this purpose would be enough to
make a person sick if taken orally. This concept has
led to the marketing of so called ‘soberers’ which are
claimed to assist drinkers to recover from their ex-
cesses. These are usually tablets consisting of mixtures
of either fructose and vitamin C or of kaolin and
charcoal, but there is no indication that in this form
or these small quantities they have any effect either on
alcohol absorption or elimination. Only time and the
body’s natural processes will clear the alcohol from
the system.

Alcohol is the most studied of all the drugs because
of its ubiquity and its propensity for being abused.
Other drugs tend to target particular sites in the body,
but its solubility and small molecular size readily
enable alcohol to reach all parts of the body. Forensic
scientists continue to investigate the properties of
alcohol in order to obtain an even clearer under-
standing of its pharmacology.

See also: Accident Investigation: Motor Vehicle. Alco-
hol: Blood; Breath; Interpretation; Congener Analysis.
Toxicology: Equine Drug Testing; Overview; Methods of
Analysis — Ante Mortem; Methods of Analysis — Post
Mortem; Interpretation of Results; Inhalants.
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Introduction

During the past 50 years in North America, breath has
emerged as the biological specimen of choice for the
forensic analysis of alcohol (‘alcohol’ will refer to
ethyl alcohol) in routine drunk driving cases. Amid
some controversy, forensic breath alcohol analysis
has only recently become more widespread in Europe
where blood and urine alcohol programs have long-
been established. Despite many legal challenges
regarding perceived deficiencies in breath alcohol
measurement, expanding forensic application con-
tinues. There are many reasons for preferring breath
over other biological specimens including: (1) less
invasive sampling, (2) rapid analysis and reporting
of results, (3) expanding legal support and accep-
tance, (4) impairment research relying predominantly
on breath alcohol data, (5) minimal training of opera-
tors, (6) easily adapted to field testing environments
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and (7) health risks associated with the collection and
preservation of biological fluids. Forensic breath alco-
hol measurement, therefore, merits special considera-
tion and discussion.

This article presents the historical, biological, ana-
lytical, administrative, legal and future considera-
tions of forensic breath alcohol analysis. Similar to
other measurements in forensic toxicology, forensic
breath alcohol analysis is concerned with the mea-
surement and interpretation of alcohol collected from
a human biological system and applied within a legal
context generally defining its acceptability and inter-
pretation. This unavoidable blending of science and
law adds a unique dimension and challenge to the
forensic scientist who must measure and interpret
breath alcohol results.

Historical Perspective

The seminal work of E.M.P. Widmark in Sweden
during the 1920s regarding human alcohol physiol-
ogy and analytical measurement led to widespread
development of blood alcohol programs in Europe
and North America. The published work of Liljes-
trand and Linde in 1930 cohesively established much
of the physiological theory underlying breath alcohol
measurement, prompting further investigation and
instrumental development. Practical methods for
measuring breath alcohol were later enhanced during
the 1930s when Harger developed an instrument
named the Drunkometer. Jones provides an excellent
overview for the historical development of all aspects
of forensic alcohol analysis.

The earlier development of blood alcohol metho-
dology resulted in the unfortunate notion that breath
alcohol would be a surrogate technique and inter-
preted as a blood alcohol equivalent. Much debate
(even to this day) has occurred in both the scientific
and legal communities regarding blood and breath
alcohol comparisons. Numerous legal challenges and
a myriad of diverse court opinions have resulted. In
an effort to remedy the confusion, legislation in both
North America and Europe has been enacted which
prohibits specific alcohol concentrations for both
breath and blood separately. These legal measures
have appropriately distinguished breath as a separate
and reliably measured biological specimen worthy of
forensic application and interpretation.

Biological Principles

Following the typical route of oral ingestion, alcohol
will distribute itself by simple diffusion throughout
all of the body water. Blood will transport alcohol
through the pulmonary circulation to the lungs where

partitioning by simple diffusion occurs with the asso-
ciated alveolar and bronchial air as governed by
Henry’s Law. The blood/air partition coefficient (Ost-
wald coefficient) is approximately A,=1750 at
37°C. Relative to other respiratory gases, alcohol
will by far be the most abundant when consumed to
forensically significant concentrations. Moreover,
various pathological conditions will not generally
preclude the accurate measurement of breath alcohol
concentrations. The predictable physiological charac-
teristics of alcohol in breath have facilitated its ability
to be reliably sampled and quantified following a
sustained exhalation.

Proper sampling is a critical consideration in for-
ensic breath alcohol measurement that contributes
significantly to its interpretation. Breath is highly
heterogenous with regard to alcohol due largely to
its high solubility in body fluids. Because of significant
airway interaction on exhalation, samples will gener-
ally have lower alcohol concentrations compared to
that of the alveoli. Fig. 1 illustrates continuous time
sampling curves for both a human and simulator
sample source. Simulator devices containing known
concentrations of alcohol and water at controlled
temperatures are used to provide vapor alcohol sam-
ples for instrument calibration and testing purposes.
Greater variability is clearly observed in the human
breath sample. Moreover, any unusual pre-exhalation
breathing patterns (e.g. hyper- or hypoventilation)
will result in even greater sampling variability. This
sampling (biological) component of breath alcohol
measurement generally contributes over 80% of the
total method variability as shown by summing inde-
pendent variances. Since a breath sample must be
obtained from a conscious and cooperative individual
(often difficult when intoxicated), the combination of
instrumental sampling features along with careful
interaction between operator and subject is critical
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Figure 1 Continuous time exhalation profiles from a human
subject and a simulator device.
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to obtain consistent and properly interpretable sam-
ples that merit forensic application. As with measure-
ment in respiratory spirometry, care and attention is
necessary for adequate sampling.

Analytical Methods

Many recent advances in analytical technology have
found relevant applications in breath alcohol instru-
mentation. Most of the commercially available
instruments today employ one of the following tech-
nologies.

1. Wet chemistry: alcohol in the breath sample is
oxidized in a solution containing an oxidizing
reagent (e.g. potassium dichromate) resulting in
a color change measured optically in accordance
with Beer’s Law.

2. Infrared: alcohol in the breath sample is quantified
by absorbing infrared energy filtered to specified
wavelengths in accordance with Beer’s Law.

3. Electrochemical: alcohol in the breath sample is
oxidized on a chemically active surface yielding
electrons and resulting in a measurable increase of
electrical conductance.

4. Gas chromatography: alcohol in the breath sample
is passed through a treated column resulting in
separation and eventual quantitation by, for
example, a flame-ionization detector.

5. Dual technology: two technologies might be
employed to improve the specificity for ethyl alco-
hol in breath samples. Infrared and electrochemi-
cal methods, for example, might both be used for
quantitation and identification.

While employing one or more of the above methodol-
ogies, manufacturers add several features to enhance
the forensic uniqueness of their instruments. In an
effort to obtain deep lung end-expiratory samples,
hardware and software features incorporate various
parameters including: minimum flow rate, minimum
volume, minimum exhalation time, alcohol curve
slope determination, etc. Sample chamber purging
and signal zeroing features are added to ensure re-
ference levels for subsequent measurements. Various
internal standards are added to ensure the proper
function of optical, hardware and software features.
Some infrared instruments employ filters for two or
more wavelengths while attempting to improve spe-
cificity for ethyl alcohol. Automatic sampling and
analysis of external standards (e.g. simulator or gas
standard devices) are also added features to most
modern computerized instruments. Various optical
pathlengths and signal processing features are also
added to improve signal-to-noise ratios, accuracy and
precision. Computerization has probably advanced

modern instruments the most while greatly enhancing
their analytical and data collection capabilities.
Table 1 lists several commonly used breath alcohol
instruments in North America and Europe along with
their analytical method. This list is by no means
exhaustive. Generally, manufacturers are willing to
customize their instruments to accommodate the
unique needs of local jurisdictions.

Screening and evidential purposes

Analytical methods also vary depending on whether
the intended purpose is screening or evidential. The
notion of screening or evidential is largely determined
by relevant rules and regulations in each jurisdiction.
The same device may be employed for screening in
one jurisdiction and evidential in another. Screening
devices are frequently handheld and employ electro-
chemical technology. They are generally more opera-
tor dependent and may lack some features (e.g.
sampling control, external and internal standards,
etc.) because of their limited purpose. Their advan-
tage is portability, ease of operation, and rapid ana-
lysis. Results from evidential instruments are
generally used in court to prove elements of an alleged
criminal offense and thereby designed to address
various forensic issues likely to arise. Evidential in-
struments will generally be computer controlled with
features including external and internal standards,
sampling control, specific protocol control, automatic
purging and zeroing, data collection, error detection,
quality control features and printout results. Assis-
tance for local jurisdictions in the selection and use of
breath alcohol equipment is provided by national
organizations in the United States (National Highway
Traffic Safety Administration), in Canada (Alcohol
Test Committee of the Canadian Society of Forensic
Sciences) and in Europe (International Organization
of Legal Metrology, OIML). These organizations
have developed recommended analytical standards
along with approved product lists.

Table 1 Several of the most commonly employed forensic
breath alcohol instruments along with their analytical method

Instrument Analytical method

Alco-Analyzer 2100 Gas chromatography

Alcolmeter
Alcomonitor CC
Alco-Sensor IV
Alcotest 7110
Breathalyzer
BAC Datamaster
Camec
Intoximeter ECIR
Intoxilyzer 5000

Fuel cell

Fuel cell

Fuel cell
Infrared/fuel cell
Wet chemistry
Infrared

Infrared
Infrared/fuel cell
Infrared
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Reporting results

Although different instruments offer a variety of dis-
play and printing formats, local administrative rules
will generally govern those employed. Although some
screening devices have a colored light system to report
results, evidential instruments generally display and
print results with their units truncated to two or three
decimal places. Printout documents received from the
instrument at the time of analysis are generally the best
legal record for court presentation, avoiding further
risk of error associated with transcribing, data trans-
mission, processing and subsequent printing. The for-
mat and information content of printout documents
require careful consideration because of their persua-
sive influence in court. Although determined largely
by local regulations and issues, the information on
printout documents should include: date, instrument
serial number, operator name, subject name, subject
date of birth, simulator standard batch number, simu-
lator temperature verification, presampling observa-
tion time period, blank test results, breath test results,
simulator standard results, associated times and units
for all results.

Interpreting results

Similar to other considerations, the interpretation of
results often depends on local administrative rules.
Although most jurisdictions directly report the breath
alcohol concentration (e.g. grams per 210 liters),
some remain who must convert the value to a blood
alcohol equivalent according to some assumed con-
version factor. Appropriate conversion factors have
generally been determined experimentally by com-
paring simultaneously collected blood and breath
samples as illustrated in Fig. 2. The limitations of
this approach due to analytical and biological varia-
bility should be appreciated. Although a large body of
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Figure 2 Scatterplot along with linear regression equation
comparing essentially simultaneously collected within-subject
blood and breath alcohol samples.

paired blood and breath alcohol data exists showing
reasonable agreement, this conversion practice is
forensically unsound. Additional uncertainty and
unnecessary debate are introduced with this indirect
approach to measurement interpretation.

Computerized instrumentation

Computerized breath alcohol instrumentation offers
several advantages. The measurement process can be
monitored and controlled to insure conformance
with quality control standards. Algorithms control-
ling breath sampling, signal processing, measurement
protocol, error detection, reporting format, etc. can
also be incorporated. In addition, data collection via
modem and host computer can be accomplished.
Subsequent data analysis can provide useful insight
for program evaluation along with demographic
and law enforcement features of drunk-driving
enforcement.

Forensic considerations

Many legal challenges regarding breath alcohol have
prompted manufacturers to incorporate hardware
and software features addressing these matters. Mini-
mum breath sampling parameters, for example,
improve the precision among replicate breath alcohol
analyses. Protocols requiring replicate breath samples
along with internal and external standard and blank
analyses are encoded in software requiring the opera-
tor to follow the specified test sequence. Hardware
and software features allow the instrument to monitor
for interfering volatile organic compounds or radio
frequency interference (RFI) with the subsequent
aborting of a test when detected. Other error detec-
tion capabilities are also included that monitor var-
ious instrument and test criteria. Basic design features
including separation of circuitry, power line filtering,
breath tube heating, continuous conductivity metal
casing, stable power supply and cooled infrared detec-
tors also minimize noise and potential interference.
Dual technology and/or multiple infrared filters are
often incorporated to improve specificity for ethyl
alcohol. Potential interference from the multitude of
endogenous volatile organic compounds is generally
mitigated because of the trace levels (well below levels
of detection) of these materials in normal human
breath. Protocol details such as precluding the subject
from observing test results until printed can also be
added to minimize bias. Instruments can even be
programmed to compute and report confidence inter-
vals for mean breath alcohol results. Modern compu-
terized instrumentation has generally enhanced the
integrity of breath alcohol measurement by addres-
sing many forensic concerns.



90 ALCOHOL/Breath

Analytical Protocols

Forensic breath alcohol results should be viewed as
the product of an integrated measurement system
including hardware, software, standards, operators,
protocol, training, etc. Fig. 3 illustrates various com-
ponents of this total measurement system which all
contribute to measurement reliability. Moreover, the
forensic integrity and interpretation of results de-
pends equally on competent instrumentation and
testing protocol. Often, jurisdictions allocate signifi-
cant time and resources in selecting the best possible
instrument for their purposes but fail to give equal
attention to their evidential testing protocols. Fig. 4
illustrates the balanced consideration of both instru-
mentation and protocols to optimize forensic integ-
rity and quality control.

The forensic context must be thoroughly appre-
ciated to properly develop a breath-testing protocol
that is fit-for-purpose. Other clinical measurement
contexts are often inadequate models for forensic
purposes since program details and interpretation of
results are rarely challenged in a legal context. The
profound implications of breath alcohol results should
motivate a sound analytical protocol for each subject
tested including: replicate breath sample analyses,
replicate agreement criteria determined as a function
of concentration, simulator or gas standard control
measurements, blank tests, internal standard tests,
presampling observation time period, instrumental
and procedural error detection features and printout
results. Moreover, the forthright acknowledgement
when individual test results or procedures are inade-
quate and the full disclosure of all testing results and
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Figure 4 Forensic measurement quality control and confi-
dence is a balance between both adequate instrumentation and
appropriate measurement protocol.

program policies are critical to forensic integrity.
Significant legal challenge can, in some cases, moti-
vate necessary change and improve overall quality
control. Generally, forensic breath alcohol programs
develop in correspondence to the intensity of legal
challenge. Forensic officials would be wise to listen to
the voice of their critics as well as their advocates since
even the best of programs can be improved.

The instrumental and protocol features necessary
to achieve an acceptable level of quality control is
largely determined within each jurisdiction depend-
ing on: statutory language, administrative rules, legal
case law, common defense challenges, political and
administrative considerations, training requirements,
program costs and funding sources, etc. Several fea-
tures that will generally enhance forensic integrity
include: carefully drafted administrative rules, for-
mally approved and tested instrumentation, formally
trained and approved personnel, formally approved
training outlines, formally approved instrument soft-
ware versions, formally approved test protocol and
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Figure 3 Breath alcohol measurement algorithm showing critical elements that comprise the total measurement system.
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standards, etc. These elements comprise the ‘informa-
tion matrix’ available to the forensic scientist who
interprets and communicates test results in court. The
critically important interpretation and clear commu-
nication of breath alcohol results is the final stage of
the total measurement process. Without careful con-
sideration and appreciation, more ‘noise’ may be
introduced into breath alcohol results at this final
stage of communication than during all previous
stages of sample collection and analysis.

Program Administration

Forensic breath alcohol programs in North America
can be administered in part or in whole at either local,
state or federal levels. European programs, on the
other hand, are generally administered at the federal
level. Administrative rules defining program structure
and policy have varying degrees of detail. These rules
must be carefully constructed in view of the law and
case law history since they generally define the legal
admissibility and are often the focus of legal chal-
lenge. Technical detail should be minimized. Devel-
opment of adequate administrative rules requires the
collaborative effort of law enforcement, scientific
personnel, prosecuting authorities, defense interests,
court personnel, funding agencies, etc.

Two important agencies in the United States that
have assisted jurisdictions in program development
and administration include the National Highway
Traffic Safety Administration (NHTSA) and The
National Safety Council Committee on Alcohol and
Other Drugs (CAOD). NHTSA has developed instru-
ment testing protocols as well as an approved pro-
ducts list identifying instruments complying with
published standards. The CAOD has published guide-
lines, policy statements and recommendations regard-
ing many aspects of forensic breath alcohol programs.

The increased application of data collection sys-
tems has resulted from the capabilities of modern
computerized instruments. Many interested agencies
find applications for these data to evaluate program
features including: law enforcement effort, instru-
ment performance, demographics of arrested sub-
jects, trends in program performance, legislative
issues, defense challenges and court admissibility
and interpretation. The current intrigue with compu-
ter technology is likely to increase the demand for
forensic breath alcohol data collection and analysis.

Since most forensic breath-testing programs are
operated by governmental agencies, program costs
are an important consideration when competing for
limited resources. The costs of instrumentation, per-
sonnel, training, maintenance and protocol features
must all be balanced against quality control and

overall forensic objectives. Many jurisdictions have
cleverly supplemented their funding with penalty fees
collected from the convicted drunk driver.

Legal Context

The relevance and analytical detail of forensic breath
alcohol measurement is more fully appreciated within
the broader adversarial legal context. To a large
extent, breath alcohol testing programs, including
instrumental and protocol features, are the product
of continuing adversarial challenge. Program admin-
istrators often find it easier to address challenges by
changing some feature of the instrument or protocol
rather than continually debating the merits of the
challenge. The forensic context adds a dynamic ele-
ment continually challenging program structure and
policy.

Typical statutory language

The trend in recent years has been to express the
drunk-driving offense as prohibiting separate speci-
fied blood and breath alcohol concentrations. These
‘per se’ expressions of separately prohibited concen-
trations have been attempts to simplify the analytical
interpretation and avoid unwarranted and time con-
suming argument. Per se language, however, has not
been without difficulty. A more focused challenge on
all aspects of the breath alcohol test has resulted. A
per se law provides little else to challenge.

The scientific and legal justification for these stat-
utory measures has been due, in part, to several large
epidemiological studies revealing breath alcohol as a
suitable surrogate measure for driving impairment.
The Uniform Vehicle Code illustrates statutory lan-
guage closely followed by many jurisdictions in the
United States: ‘A person shall not drive or be in actual
physical control of any vehicle while: 1. The alcohol
concentration in such person’s blood or breath is 0.08
or more based on the definition of blood and breath
units in §11-903(a) (5)’. Moreover, many jurisdic-
tions define different offenses and allow varying
penalties at different breath alcohol concentrations.
Implied Consent statutes are an important adjunct
allowing law enforcement personnel to obtain breath
samples more readily from arrested subjects. Federal
funding in the United States has also been an impor-
tant motivation for states to enact specified legisla-
tion in several drunk-driving related areas. This
increased legal and public attention on breath alcohol
analysis through more complex laws, enhanced
penalties, and funding enticements are important
considerations for program development and forensic
application.
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Case law history

Compared to other nations, the United States (with its
litigious propensity) probably has the largest body of
case law regarding forensic breath alcohol analysis.
The case law in each jurisdiction will generally be
unique because of statutory language and case law
history. Major federal cases including US v. Frye
(1925) and Daubert v. Merrel Dow (1993) have
influenced constitutional issues regarding the scienti-
fic acceptability and legal admissibility of breath
alcohol results. The case law history is an important
consideration influencing program development, for-
ensic admissibility and interpretation in specific legal
contexts.

Common legal challenges and responses

The serious consequences of a drunk-driving con-
viction have evoked vigorous and exhaustive defense
challenge to forensic breath alcohol analysis. Al-
though some challenges are unique to specific juris-
dictions, many are more universal. Several of these
legal challenges along with typical prosecution
responses include the following.

1. Biological issues: the individual may have an ele-
vated body temperature, deficient respiratory
capacity, abnormal breathing pattern, abnormal
hematocrit, ‘mouth alcohol’, etc. The typical
response is to argue that the law does not distin-
guish between these issues, therefore, they are not
a defense. These matters should go to the weight of
the evidence and not their admissibility. Some
biological issues (e.g. abnormal breathing pattern
and ‘mouth alcohol’) are controlled by instrumen-
tal and protocol considerations.

2. Interfering substances: the individual may have
volatile organic compounds in their breath from
either endogenous or exogenous sources. Research
evidence tends to minimize the potential for bias
resulting from exposure to these substances when
proper forensic protocols are followed. Instru-
ments are designed, generally, to preclude bias
from specific interfering substances.

3. Results near ‘per se’ level: results just exceeding
per se levels may be in error with the possibility
that the ‘true’ value is below. The uncertainty in
breath alcohol measurement must be acknowl-
edged. Appropriate testing protocols can allow
for estimates of systematic and random error and
determination of confidence intervals.

4. Measurement performed subsequent to time of
driving: Results at the time of analysis are argued
to be higher than at the time of driving where laws
prohibit specified breath alcohol levels “at the time

of driving’. Many jurisdictions have enacted laws
prohibiting specific breath alcohol levels within
some specified time of driving (e.g. within two
hours). Moreover, experimental evidence suggests
that analytical results subsequent to driving will be
equal or less.

5. Alcohol in the breath does not produce impair-
ment: breath alcohol has long been a recognized
index of impairment with most court appeals
upholding the constitutionality of breath-specific
per se laws.

6. Analytical deficiencies: alleged deficiencies in in-
strument performance have somehow biased the
defendant’s results. This is common where data-
base and other records are retained. Generally,
these issues go to the weight and not admissibility
of the evidence. Appropriate analytical protocols
with a clear presentation of the basis for confident
results in court will generally overcome these
issues.

Many legal challenges are overcome by the prepared,
clear and honest expert testimony of the forensic
scientist. Expert forensic testimony that explains
clearly the basis for confidence emerging from an
analytically sound program is very persuasive to the
courts.

Future Forensic Considerations

Forensic breath alcohol programs today are encoun-
tering increased public attention along with added
legal challenge and complexity. Protocols that mini-
mize operator involvement and incorporate error
detection capabilities should enhance confidence
when facing legal scrutiny. As legal per se concentra-
tions decrease, levels of detection and quantitation
must be evaluated for specific instruments and testing
protocols. All program elements must be continually
evaluated to insure forensic integrity.

The forensic application of breath alcohol analyses
must continually monitor and thoughtfully consider
the relevance of advancing technology. Many aspects
of ‘intelligent measurement’ will find important and
useful applications in breath alcohol instrumenta-
tion. The flexibility of computerized instruments
allows for: (1) monitoring simulator standard values
and duplicate test agreement; (2) adjusting for known
bias; (3) computing confidence intervals; (4) request-
ing additional samples depending on specified cri-
teria, etc. Many features of ‘intelligent measurement’
can enhance the forensic integrity of breath alcohol
results.

Improving analytical specificity for ethyl alcohol
will continue to be an important motivation in the
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future. This issue will likely be addressed from both
instrumental and legal perspectives. Multiple infrared
filters and dual technology illustrate instrumental
responses to the issue while both statutory revision
and case law will contribute to the legal perspective.
Moreover, further research will be necessary to deter-
mine the biological and kinetic details following
exposure to volatile organic compounds and the like-
lihood of even having measurable levels in the breath
of drunk drivers.

The analytical process should become as direct as
possible while attempting to measure exactly what is
defined in the law. Statutes that prohibit specific
breath alcohol concentrations simplify and improve
the analytical process and interpretation. On the
other hand, laws attempting to improve the estima-
tion of blood alcohol equivalent concentrations by
measuring and correcting for breath temperatures
appear only to complicate and add considerable
uncertainty to the process.

The need may arise to formulate a legal definition
of ‘breath’ for forensic purposes. A person may be
above or below the per se limit depending on length
and technique of exhalation. The inherent variability
of alcohol concentration in a single exhalation has
prompted legal debate in this regard. Instrumental
sampling features may have to be combined with a
legal definition to clarify the issue.

The ultimate purpose of forensic breath alcohol
measurement is to present reliable information that
will facilitate an informed decision consistent with
the relevant law. Future efforts must be directed
toward improving this communication process. The
use of visual aids, selected analogies, simplifying
terms, and honest clear presentation will help to
avoid confusion with technical material. The infor-
mative transformation of measurement results into
clear and relevant terms must be a continual motiva-
tion for the forensic scientist who communicates and
interprets breath alcohol results.

See also: Alcohol: Blood. Evidence: Statistical Interpre-
tation of Evidence/Bayesian Analysis. Toxicology: Over-
view; Interpretation of Results.
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Introduction

Alcoholic beverages contain besides ethanol up to
800 compounds which are responsible for their spe-
cific taste and smell. The most important compounds
are the congener alcohols. These are methanol and
some higher aliphatic alcohols known as fusel alco-
hols. In different classes of beverages, such as beer or
whisky, there are characteristic qualitative and quan-
titative differences in the content of these alcohols.
Modern analytical methods allow their detection in
the blood of drunken drivers. When pharmacokinetic
and metabolic peculiarities are taken into account,
congener findings can be useful for the verification or
refutation of allegations concerning the alcohol
intake.
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Congener Content of Alcoholic Beverages

Most of the flavor compounds of alcoholic beverages
are present in extremely low concentrations (Table 1),
but some can be found in sufficient quantities to allow
detection of them in the blood of consumers. These are
the congener alcohols: methanol, propan-1-ol, butan-
1-ol, butan-2-ol, isobutanol, 2-methylbutan-1-ol and
3-methylbutan-1-ol. Methanol is a breakdown pro-
duct of the vegetable pectin. The higher aliphatic
alcohols are byproducts of the fermentation process
and have their origin in amino acids whose amino
groups are needed for the nitrogen supply of yeast. As
the higher aliphatic alcohols were originally extracted
from fusel oils (i.e. the third phase of the distillation
procedure) they are also called fusel alcohols.

There are characteristic differences in the congener
content of alcoholic beverages (Table 2). Fermented
beverages such as beer, wine, rice wine etc. contain
only small amounts of methanol, propan-1-ol, isobu-
tanol and of the isoamyl alcohols. Distilled spirits can
be nearly free of congener alcohols (e.g. gin, vodka),
or contain the same congener alcohols as fermented
beverages, but in different, sometimes very high,
quantities. Other spirits, such as fruit brandies are
characterized by extremely high concentrations of
methanol or contain butan-2-ol as a specific compo-
nent. Usually the concentrations of the congener alco-
hols are distributed according to Gauss’s law within
the same class of beverages.

Analytical Separation of
Congener Alcohols

The sensitivity of the conventional head-space gas
chromatographic system is sufficient for blood etha-
nol determinations down to 0.01gl™"' but for the
detection of congener alcohols in body fluids the limits
of detection must be reduced to 0.01 mg1~". This can
only partly be managed by optimization of the analy-
tical procedure. Additionally an improvement of the
sample preparation is necessary. One possibility is to
increase the sample volume from 0.2 to 1 ml and to
add 1 g of potassium carbonate or sodium sulfate to
the sample which causes an increased vapor pressure.
This effect is more successful when handling aqueous

Table 1 Flavour compounds of alcoholic beverages

Concn. (mgl~7)

Congener alcohols <5000.0
Aldehydes, carbon acids <2.0
Higher esters <0.001

solutions than whole blood, therefore it is necessary to
subject the samples to homogenization by ultrasound
and ultrafiltration. The final volume of the aqueous
phase containing the congener alcohols is about
0.5 ml. As the long-chain alcohols are partly or com-
pletely bound to glururonic acid the sample should be
incubated with B-glucuronidase to split the coupled
compounds before salt is added.

The disadvantage of this procedure is that 2 ml of
substrate is necessary to analyze either the free or the
coupled alcohols, and 4 ml for both when two ana-
lyses are required. When the samples are less than
this, the problem can be solved by miniaturization.
Since only a small fraction of the head-space vapour is
injected onto the column, 2 ml vials with only 0.1 ml
of blood extract can be taken instead of the usual
20 ml vials. One needs only an aluminum cylinder in
the shape of the orginal vial and a central bore for
mounting the 2 ml vial.

The increased sensitivity of this method on the other
hand has the effect that not only the congener alcohols
appear in the chromatogram but also their metabo-
lites and also some esters and endogenous compounds
as well. This makes qualitative identification proble-
matic. The problem can be solved by the introduction
of a two-column technique with two different col-
umns and a split before the columns. Because of the
complicated extraction of the samples an internal
standard (pentan-2-ol) should be added.

Another problem is that it takes nearly 60 min for
the complete elution of all alcohols from both col-
umns which causes broadening and diminishing of the
last peaks resulting in a marked deterioration of
sensitivity. This effect can be overcome by replacing
the packed columns with capillaries. But the combi-
nation of capillary columns with the head-space pro-
cedure is delicate. Because of the small load capacity
of these columns only short injection times up to 3's
are tolerable. Even splitless injection does not allow
the volumes necessary for trace analyses to be injected.
Increasing the flow rate of the carrier gas helium has
no advantage because the retention times become too
short for sufficient separation of all compounds. A
good solution is to include a high-pressure valve in the
system which is able to create a sample pressure of
450 kPa without influencing the flow rate.

The best results can be obtained with a cryofocus-
ing technique. Behind the injector is installed a neu-
tral 1m capillary precolumn with CP-Sil-5 linked
over a 1:1 split to the two separating fused silica
capillaries with CP-Sil-19 and CP-Wax-52, respec-
tively. The precolumn is inserted in a Teflon tube
through which refrigerated gaseous nitrogen is passed
in the opposite direction to the carrier gas flow. The
end of the cool trap opens into the oven near the
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injector. Refrigeration is managed by passing gaseous
nitrogen through a cooling coil inside a Dewar con-
tainer with liquid nitrogen. The valve can be con-
trolled to open at the beginning of the pressurizing
phase and close at the end of the injection phase. With
a pressurizing time of 2.2 min and an injection time of
0.1 min the temperature at the outlet of the cool trap
is about —60°C. Sample temperature is 80°C with a
thermostatting time of 32 min. The method works
with a temperature program: 45°C isothermal for
11 minutes, 10°C min ' to 100°C, § minutes isother-
mal, then 30°C min~! to 120°C and 7.8 min isother-
mal. All fusel alcohols are eluted from both columns
within 30 min. For the detection two FIDs (250°C)
are necessary. An example of a resulting chromato-
gram is shown in Fig. 1.

Toxicity of Congener Alcohols

Richardson’s law, formulated in the middle of the
nineteenth century, implies that the toxicity of alco-
hols increases with the length of the carbon chain.
Side chains as well as hydroxyl groups in a secondary
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Figure 1 Gas chromatogram of a calibration standard. Capil-

lary column CP-Sil-19, 50m, FID. From left to right: methanol,
ethanol, propan-2-ol, propan-1-ol, ethylmethylketone, butan-2-
ol, isobutanol, butan-1-ol, pentan-2-ol (inner standard), 3-
methyl-butan-1-ol, 2-methyl-butan-1-ol. Concentrations:
methanol 4mgl~", ethanol 1 mg|~', pentan-2-ol 2 mgl~",
others 1 mgl~"

position on the other hand seem to diminish toxicity.
These observations provoked some speculation as to
whether the acute or the postacute effects of alcoholic
beverages may at least partly be due to the congener
alcohols. Acute toxicity of various beverages has been
little studied but the results support the conclusion
that compounds other than ethanol have little effect.
Reports of less serious intoxication after beer than
after brandy or vodka in similar quantities seem to be
mainly explained by absorption effects.

On the other hand marked hangover symptoms
were observed in the post-ethanol phase after con-
sumption of congener-rich beverages. The fact that,
during this hangover phase, neither ethanol nor other
aliphatic alcohols could be traced supports the
hypothesis that the pharmacologically active com-
pounds in this regard are not the alcohols themselves,
but their metabolites, particularly aldehydes.

Recent studies confirm the hypothesis that the
accumulation of methanol by exogenous supply,
endogenous sources or both, caused by a competitive
inhibition with ethanol leads during the postalcoholic
phase to a production of the pharmacologically highly
active metabolite formaldehyde, when the inhibition
of alcohol dehydrogenase by ethanol has ceased. This
would explain the heavier hangover symptoms after
the consumption of congener-rich beverages, which
usually also contain higher amounts of methanol, and
also the well-known phenomenon that hangover
symptoms can be diminished by new intake of alco-
holic beverages.

Following this hypothesis that apart from acetalde-
hyde formaldehyde in particular could possibly be
responsible for severe damage after heavy and chronic
drinking, the intensive studies about the mutagenic,
carcinogenic and teratogenic effects of alcoholic
beverages could be seen in quite a new light. The
high incidence of increased risk of cancer of the upper
digestive tract after long-term consumption of home-
distilled alcoholic beverages observed in specific geo-
graphic regions across the world has mainly been
related to acetaldehyde; but possibly it can also be
attributed to formaldehyde. In blood and in cell
cultures formaldehyde showed strong mutagenic and
carcinogenic properties which were not shown by the
corresponding alcohols and higher aldehydes. The
same circumstances might be valid in cases of fetal
alcohol syndrome or alcoholembryopathia which
according to some authors are caused by the primary
metabolite of ethanol, acetaldehyde.

Pharmacokinetics and Metabolism

It has been demonstrated that congener alcohols are
resistant to storage alterations in blood samples and
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can be distinguished from putrefactive products. It
therefore seemed to be of forensic importance to look
at the congener content of blood samples of drunken
drivers. Analytical data may possibly be helpful for
the evaluation of allegations concerning the alcohol
intake. The question was whether there is a close
correlation between the consumed amount of a con-
gener alcohol, and the resulting blood level. Initially it
was shown that there were characteristic relations,
but these could not be described according to Wid-
mark’s laws. This observation made extensive experi-
ments necessary to elucidate the pharmacokinetics
and metabolism of the congener alcohols.
Information about the pharmacokinetics of the
congener alcohols is mostly derived from drinking
experiments with healthy volunteers. After drinking,
the alcohols were rapidly absorbed through the gas-
trointestinal mucosa and distributed throughout the
body. Methanol, propan-1-ol, butan-2-ol and ethanol
are only soluble in body water. Isobutanol and the
isoamyl alcohols have a much greater distribution
volume because they are also soluble in lipids (Fig. 2).
The fusel alcohols (not methanol) were partly or
completely conjugated with glucuronic acid, this
effect being more significant the longer the carbon
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Figure 2 Solubility of congener alcohols.
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Figure 3 Conjugation alcohols  with

glucuronic acid.

rate of congener

chain of the alcohol (Fig. 3) and accompanied by an
increase in the water solubility. However, only 5-10%
of the consumed congener alcohols were excreted in
free or conjugated form in the urine. This means that
their elimination is mainly due to metabolism.

Normally the metabolism of congener alcohols as
of ethanol is nearly exclusively catalyzed by liver
ADH. Because of this competition inhibitory influ-
ences can be expected. There are two controversial
effects, which complicate this intricate matter. On the
one hand the affinity of ADH to aliphatic alcohols
increases with the carbon-chain length; the oxidation
of a short molecule will be (partly) inhibited by a
higher alcohol. On the other hand the high concen-
tration of ethanol in comparison to the very low
congener-alcohol levels is of importance.

Both effects could be demonstrated. In general, the
longer the carbon chain the faster the congener alco-
hol is eliminated from the blood. But the elimination
speed is also influenced by the actual ethanol concen-
tration. Very low concentrations (below 0.5 gkg™ ")
have nearly no inhibitory effect, which results in a
rapid elimination of all fusel alcohols. In consequence
these alcohols can only be detected when significant
ethanol levels are present. However, only such levels
are of forensic interest. With higher ethanol levels the
elimination kinetics of all fusel alcohols follows a
first-order reaction in contrast to the zero-order reac-
tion of ethanol detected by Widmark. Examples are
given in Fig. 4.

The elimination kinetics of methanol is completely
different. During the first two or three hours after
cessation of drinking slight increases can be seen
followed by a more or less constant plateau phase.
Elimination only starts when the blood ethanol con-
centration decreased to about 0.4 gkg ™. The reason
for this is the twofold handicap resulting from the
lower ADH affinity and the great concentration
differences.

Invasion Elimination

% Propan-1-ol

el

o

2 Isobutanol

[}

< (< Time
Drinking Fasting
Figure 4 Invasion—elimination kinetics of propan-1-ol and

isobutanol, schematized.
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The special pharmacokinetics of methanol condi-
tioned by competitive inhibition causes accumulation
of methanol once continuous consumption of alco-
holic beverages is practiced as long as the blood
ethanol level remains above 0.4 gkg™'. In its most
extreme form this behavior will be found among
chronic alcoholics. The question is whether high
blood methanol concentrations indicate chronic
abuse. Analysis of blood samples from intoxicated
chronic alcoholics were compared with those from
drinking experiments with healthy volunteers. Most
volunteers had methanol levels of less than 3mgl ™",
some had levels up to Smgl~' and very few had
higher levels (Fig. 5). The highest was 6.2mgl~'. It
is remarkable that more than 60% of the chronic
alcoholics had values above Smgl™' and nearly
40% exceeded 10mgl~' (Fig. 5). The highest value
was more than 120mgl~".

This observation confirmed the hypothesis, that
blood methanol concentrations above 10 mg1~! indi-
cate chronic abuse. Even levels above S mgl~! can be
found nearly exclusively in alcoholics and should
cause suspicion. However, the drinking behavior
and the kind of beverages have a significant influence
on the resulting methanol level.

Until recently it was not possible to define clear
pharmacokinetic formulas for the invasion and elim-
ination of all congener alcohols. Instead, correlation
formulas for the calculation of some blood congener
concentrations from drinking amounts were derived
from drinking experiments (Table 3). The formulas
are fixed on certain times after the end of drinking.
For times in between intrapolation is necessary.
Careful extrapolation is possible. Drinking time
should not be less than one or more than three
hours.
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Figure 5 Distribution (percent) of methanol concentrations
(mg!l™") in blood samples of healthy subjects (A, n=720),
chronic alcoholics (B, n=110), drivers with blood-alcohol con-
centrations below 2gkg~" (C, n=1000) and drivers with blood-
alcohol concentrations above 2.5gkg ™' (D, n=1000).

Forensic Significance of
Congener Analysis

The reason to start congener analyses in the late
1970s was to contribute to an everyday problem

Table 3 Calculation of expected blood-congener concentrations from drinking amounts
+ standard deviation 30 (C3p), 90 (Coo) and 150 (C150) min after drinking end

Calculation of C, according to Widmark’s formula:

C. = Amount of each congener consumed [mg]
o=

Body weight [kg] *r.

Calculation of blood-congener concentrations (mg!~"):

Methanol

'a min = 0.6; r'a med = 0.7; ra max = 0.8
C30 =0.79 x CO +0.01 + 0.58

CQO =0.89 x Co +0.08 + 0.44
Ciso = 0.95 x Cq +0.16 + 0.28

Isobutanol

ramin=1.1;ra med = 1.3; Famax = 1.5
Cao = 0.56 x Cq+0.03 + 0.11
Cgo=0.40 x Gy + 0.03 + 0.09
Ciso = 0.30 x Co + 0.04

Propan-1-ol

A min = 0.6; ra med = 0.7; Fa max = 0.8
ng =0.72 x CO + 0.05

Cgo =0.59 x Co +0.01 + 0.07
Ciso = 0.48 x Cg +0.01 + 0.12

3-Methylbutan-1-ol

A min=1.6; Fa med = 2.0; rA max = 2.4
Cao = 0.32 x Cq + 0.05

Cgo =0.15 x Co + 0.04

Ciso = 0.07 x Cq + 0.06
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which seemed to be a specific German problem
because of legal peculiarities. It deals with the so-
called hit-and-run delinquency. In Germany many
drunken drivers prefer to leave the scene of an acci-
dent even when the other party needs help. The fear
of disqualification from driving is greater than that of
punishment for hit-and-run driving. When caught
one or two hours later with alcohol in their blood
many of these drivers claim to have been sober at the
time of the accident and only started to drink after the
accident, because of excitement.

This behavior is so characteristic that a special
expression was born in the German language (‘Nach-
trunk’) which has no counterpart in English; perhaps
‘postconsumption’. There was no method for the
verification or refutation of such allegations. This is
exactly the field where congener analysis can contri-
bute to a clear decision. To demonstrate how such
analytical results can be used for checking the truth of
a claim it seems appropriate to present typical exam-
ples of actual forensic cases.

Example 1 A driver obviously did not perceive that
a traffic light turned to red and crashed into a halting
car. He drove back, made a U-turn and left the scene.
The police were called, got the car number from the
other driver involved and obtained the name and
address of the car owner from the registration files.
The address was checked at regular intervals but
nobody opened after ringing. There was no damaged
car in the street. Only four hours after the accident
was the door opened. The car owner pretended to be
totally surprised. He smelled of alcohol but alleged

that he had drunk a lot of whiskey after midnight in
his apartment. When questioned about the accident
he claimed to have been at home all the time. His car
must have been stolen. As a precaution a blood
sample was taken which revealed a blood alcohol
concentration of 1.12gkg ™.

The car was found one day later in a backyard not
far from the apartment. On the steering wheel only
clear fingerprints of the owner were traced. The owner
was confronted with this finding and confessed that he
was the driver. He stuck to his claim concerning the
alcohol intake after the accident and added that he did
not drink before. As according to Widmark’s formula
the alleged volume of 200 ml US whiskey could only
produce a blood alcohol concentration of 0.33-
0.68 gkg ! after 3.5 h of elimination, this could not
be true. However, the postconsumption could not be
excluded. Therefore, the respective concentration of
maximally 1.03 gkg ™! had to be subtracted. Recalcu-
lation resulted in an actual blood alcohol concentra-
tion of 0.49 - 0.89 gkg ! for the time of the accident.
As the lower value is below the legal limit the driver
would have been cleared of suspicion.

This was why a congener analysis of the stored
blood sample was ordered by the court. Table 4
demonstrates how the expert opinion was elaborated.
Comparison of the actual congener concentrations of
the blood sample with the expected values calculated
with the correlation formulas of Table 3 shows that
the real concentrations of methanol and propan-1-ol
are higher than expected. As already known from the
ethanol calculation (cf. above) the driver must have
drunk also before the accident. This consumption can

Table 4 Comparison of analytical results and expected congener concentrations calculated from a postconsumption claim

Given times

Preconsumption: no statement
Postconsumption: 01.00-03.00h
Body data

Weight: 80 kg Height: 180cm

Drinking amounts claimed
Preconsumption:
Postconsumption:

Congener content of ‘Jim Beam’ (mg1~")

00.30h
04.30h

Accident:
Blood sample:

r'a med 0 be taken

no alcoholic drinks
US-Whiskey ‘Jim Beam’, 200 ml

Methanol: 306 Isobutanol: 365
Propan-1-ol: 50 3-Methylbutan-1-ol: 1320
Blood-congener concentrations (mgl~")

Methanol: 2.40 Isobutanol: 0.04
Propan-1-ol: 0.25 3-Methylbutan-1-ol:  0.10
Expected concentrations (mgl~") (cf. Table 3)

Methanol: 1.05 (s = 0.44) Isobutanol: 0.31 (s = 0.09)
Propan-1-ol: 0.12 (s = 0.07) 3-Methylbutan-1-ol:  0.25 (s = 0.04)
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be responsible for the relatively high concentrations
of these two congeners, because methanol is not
metabolized as long as the blood ethanol concentra-
tion exceeds 0.4 gkg ~' and propan-1-ol is eliminated
much slower than the other fusel alcohols. On the
other hand the actual concentrations of isobutanol
and 3-methylbutan-1-ol are less than expected. The
differences exceed 6 standard deviations altogether.
This means that the claim can be excluded almost
certainly. The court accepted this opinion and sen-
tenced the accused.

Example 2 A quarter past midnight a man left a bar
and started his car. When leaving the car park he
scraped another car just entering the car park. He left
his car and looked at the damage. When the other
driver went to the bar in order to call the police, he
left the scene with his car. The police searched for the
damaged car. About two hours later the car was
found in a suburban street. The driver was inside
his car. He told the police that he had drunk only half
a liter of beer during the last two hours before mid-
night in the bar mentioned. Because of the accident he
was so frightened that he drove away randomly,
stopped somewhere, opened the trunk and pulled
five bottles of beer out of a crate and emptied them

because of his excitement. The police examined the
trunk. There was a crate containing 20 empty bottles
of beer. Later on the police questioned the barkeeper,
who stated that the driver had drunk 2.5 liters of beer
during his stay in the bar. However, there remained
doubts, because the other party of the accident was
the son of the barkeeper.

The blood sample of the driver contained
1.21 gkg ™" alcohol (and a second one taken 45 min
later 1.13 gkg ™ '). As a preconsumption of 2.5 liters
of beer (instead of only half a liter as claimed by the
driver) and an additional postconsumption of 2.5
liters would have produced a much higher blood
ethanol concentration, either the statement of the bar-
keeper or the claim of the driver must be false.
Calculating both alternatives with Widmark’s for-
mula did not allow differentiation. This was the
reason for the court to order a congener analysis of
the stored blood sample. The results are presented in
Table 5. Comparison of the analytical results with the
expected concentrations shows that the detected fusel
alcohol concentrations are lower than those expected
after the alleged postconsumption. The differences
amount to 10 standard deviations altogether. On the
contrary, there is a good correspondence with the
expected fusel-alcohol concentrations calculated

Table 5 Comparison of analytical results and expected congener concentrations calculated from a postconsumption claim and a

testimony, respectively.

Given times

Preconsumption: 22.00-24.00h
Postconsumption: 00.30-02.00h
Body data

Weight: 75kg Height: 176 cm

Drinking amounts claimed
Preconsumption:
Postconsumption:

Beck’s beer,

Drinking amount according to testimony
Preconsumption:

Congener content of ‘Beck’s Beer’ (mgl~")
Methanol: 9
Propan-1-ol: 9

Isobutanol:

Blood-congener concentrations (mgl~")

00.15h
02.30h

Accident:
Blood sample:

r'a med t0 be taken

500 ml
Beck’s beer, 2500 ml

Beck’s beer, 2500 ml

3-Methylbutan-1-ol: 62

Methanol: 0.50 Isobutanol: 0.06
Propan-1-ol: 0.21 3-Methylbutan-1-ol:  0.05
Expected concentrations according to claim (mg I”)

Methanol: 0.41 (s = 0.58) Isobutanol: 0.19 (s =0.11)
Propan-1-ol: 0.35 (s = 0.05) 3-Methylbutan-1-ol:  0.35 (s = 0.05)
Expected concentrations according to testimony (mg1~")

Methanol: 0.57 (s = 0.28) Isobutanol: 0.07 (s = 0.04)
Propan-1-ol: 0.22 (s = 0.12) 3-Methylbutan-1-ol:  0.07 (s = 0.06)
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from the testimony. Therefore, the claim of the driver
was disproved almost certainly, whereas the state-
ment of the barkeeper could be confirmed. The driver
was convicted by the court.

These examples show the information that is neces-
sary for meaningful congener analysis: times of pre-
and postconsumption, body data, amount and type of
consumed beverages. If the brands of the beverages
involved are known, they should be included in the
analytical procedure. If only the types are known,
their congener contents as listed in Table 2 can be
used. There are, however, other limitations. The
amounts of beverages consumed should exceed 11 of
beer, 0.5 1 of wine and 60 ml of spirits. Spirits such as
vodka or gin that are (nearly) congener-free are pro-
blematic, unless it is claimed that only such drinks
were consumed and the blood sample contains con-
geners. The consumption time should be between 1
and 3 h and the time between end of drinking and
blood sampling below 3 h. When these limitations
became known to the public it was feared that the
defense tactics would be altered, but so far they have
not been.

As demonstrated most alcoholic beverages contain
the same congener alcohols, but in different amounts.
As the blood concentrations and their relations to
each other are changed during elimination there is no
obvious correspondence between the congener spec-
trum of a blood sample and the beverage consumed.
This means that it is not possible to determine the
type of beverage from a blood-congener analysis.
Only if butan-2-ol is found can one conclude that a
respective spirit must have been consumed. The con-
gener spectrum of a urine sample corresponds much
better to that of the beverage consumed. Such, addi-
tional urine samples can be useful on special occa-
sions. However, there is no clear correlation between
drinking amounts and urine concentrations.

The congener method is widely accepted by the
German courts. Congener analyses are offered by
nearly all German institutes of forensic medicine. In
the Duesseldorf institute about 100 expert opinions
based on this method are written each year. In around
75% of the cases the claim is almost certainly
excluded, in around 14% the allegation is valued as
improbable and in 10% as irrefutable. In the remainig
cases the claim is confirmed. Astonishingly the opi-
nions are also very often accepted by the accused.
Often they make a confession during the court pro-
cedure. The author has been contacted more than
once by an accused after conviction and assured that
the conclusions exactly matched the real circum-
stances.

Although the congener method was presented more
than once to the international public during the first

years there was little interest. However, during the
mid 1980s colleagues from northern and eastern
Europe, and later on also from some western coun-
tries asked for cooperation. In 1987 an international
workshop under the auspices of the International
Committee on Alcohol, Drugs and Traffic Safety
was held in Duesseldorf. It was found that the hit-
and-run problem is not specific to Germany, which
means that the method could also be advantageous in
other legal systems.

Congener (especially methanol) findings can also be
useful for the diagnosis of chronic alcohol abuse. As
there are no analytical difficulties it has much to
recommend it, especially for epidemiological studies.
As an example the following observations may be
mentioned. From forensic blood samples those with
blood ethanol concentrations below 2.0gkg™' and
those with levels above 2.5gkg ™' were separated.
The reason for this selection was the assumption that
drivers with ethanol levels below 2.0gkg™' may
nearly represent the normal population. Levels
above 2.5gkg™! will only seldom be reached by
normal persons and this was expected to contain a
good numbers of alcoholics.

The findings confirmed this assumption. Concern-
ing the methanol levels in the group of drivers with
ethanol concentrations below 2.0 gkg ™! there were
striking similarities to the nondrinker group of the
above mentioned experiments (Fig. 5). Even more
interesting was the comparison of the chronic alco-
holics with the drivers with ethanol concentrations
above 2.5gkg ™! (Fig. 5). There was also a conspic-
uous correspondence indicating that at least 40% of
these drivers must have alcohol problems, possibly
even more than 70%.

See also: Alcohol: Blood; Interpretation.
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Introduction

Ethanol (alcohol) is, by far, the most commonly used
and abused drug in modern society. In fact, alcohol is
so commonly used it is seldom thought of as a drug at
all, let alone a drug of abuse. Based on its frequency of
use, it follows that the analysis of alcohol is the most
frequently performed assay in forensic toxicology
laboratories, both in the areas of postmortem toxi-
cology and human performance toxicology. It also
follows, then, that the results of these alcohol ana-
lyses are the most frequently employed laboratory
results in criminal courts and the forensic toxicologist
is frequently called on to provide an interpretation of
these alcohol results.

The interpretation of alcohol results may range
from determining its role in the cause of death in
postmortem cases, differentiating antemortem alcohol
consumption from postmortem alcohol production, to
evaluating the effect of alcohol on driving perfor-
mance in driving-while-intoxicated (DWI) cases. In
general, however, the interpretation of alcohol results
typically focuses more often on a discussion of its
impairing effects on human performance, behavioral
toxicity, than on its overt physiological toxicity.
There are many factors that must be considered in
the interpretation of alcohol results beyond its mere
presence or the concentration at which it is found in a
biological specimen.

The general effects of alcohol on human perfor-
mance have been well established in both controlled
scientific studies and epidemiological studies. These
studies have allowed for the elucidation of a correla-
tion between blood alcohol concentration (BAC) and
performance effects. The degree and extent of impair-
ment associated with a given blood alcohol concen-
tration, however, may vary from that expected for a
number of reasons. The level of impairment may be
less than expected in individuals who have developed
tolerance to the effects of alcohol. The level of impair-
ment may be greater than expected in individuals who
are naive to alcohol use, such as children and adoles-
cents. The presence of other drugs may also alter the
expected effects of alcohol on performance.

The forensic toxicologist may also be required to
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interpret the antemortem or perimortem effects of
alcohol based on a postmortem alcohol concentra-
tion. A significant issue that must be considered in the
interpretation of alcohol results under these condi-
tions is whether the measured concentration truly
reflects the alcohol concentration at the time of
death. This issue is significant because both postmor-
tem increases and decreases in alcohol concentration
have been reported.

This section will discuss the effect each of these
factors plays on the interpretation of alcohol results.

Impairment

Ethanol is a short-chain aliphatic alcohol that is the
natural product of sugar oxidation by yeast, a process
referred to as fermentation. A small polar molecule,
ethanol distributes throughout the total body water
and, therefore, is found in all tissues and body fluids
in proportion to their water content. As a pharmaco-
logically active agent ethanol is classified as a central
nervous system (CNS) depressant. Its mechanism as a
CNS depressant may be through a direct action on the
brain by dissolution of the molecule in the neuronal
plasma membrane. This leads to a disruption of
cellular functions by disordering the lipids of the
cellular membrane. In addition, there is significant
evidence for the existence of an ethanol receptor. This
receptor is thought to be part of the y-aminobutyric
acid (GABA) receptor complex, therefore, ethanol
binding to the receptor enhances chloride ion move-
ment into the cell. The mechanism for the reinforcing
and mood-elevating effects of ethanol is unclear.
The behavioral effects of ethanol are consistent
with a generalized central nervous system depression.
The degree of depression and, hence, the degree or
extent of impairment exhibits a dose-dependent rela-
tionship. The venous blood alcohol concentration
and the breath alcohol concentration are also highly
correlated with the type and extent of impairment
associated with alcohol use. In general, venous blood
or breath is sampled for analysis when the use of
alcohol is suspected as the source of observed or
measured impairment. The psychomotor impairment
associated with alcohol use has been well documen-
ted in both laboratory studies and in actual driving
studies, both closed-course and on-the-road driving.
Although alcohol has been shown to impair a number
of different tasks that rely on cognition and motor
skills, the task of greatest interest and which most
studies are directed towards measuring is the routine,
yet complex psychomotor task of driving an auto-
mobile. Even laboratory studies that are designed to
measure the most basic and simple behavioral tasks
are utilized in an effort to understand how each

element of the driving task, e.g. reaction time, track-
ing ability, divided attention, etc., is impaired by the
use of alcohol.

The United States National Safety Council’s Com-
mittee on Alcohol and Drugs released a resolution in
1971 regarding alcohol impairment in which they
stated that no individual, no matter what his previous
experience with alcohol, is not unimpaired in his
driving performance if his BAC is 0.08gdl™" or
greater. Although the presence of impairment at the
0.08 g dl~ ! blood alcohol level is generally accepted, a
number of studies have demonstrated that the degree
of impairment at this alcohol level can be highly vari-
able between individuals. This variability is based on a
number of factors including, but not limited to, the
subject’s degree of experience with alcohol, whether
their blood alcohol concentration is rising or falling,
and their level of training and experience with the task
on which they are tested. There are also a number of
studies that suggest some behaviors may be impaired
at blood alcohol concentrations as low as 0.02 gdl .
It is important to note that the type and degree of
impairment is more variable between subjects at lower
alcohol concentrations than it is at higher concentra-
tions. Also, a greater proportion of people in any test
population are impaired at higher blood alcohol con-
centrations, especially greater than 0.05gdl ™!, than
at blood alcohol concentrations below that level.

The general effects of alcohol on selected human
performance measures are briefly summarized as fol-
lows. This summary is not a comprehensive review of
every type of behavior affected by alcohol, but pro-
vides an overview of the types and degree of beha-
vioral effects associated with alcohol consumption.

e A reduction in visual acuity and impaired periph-
eral vision has been documented at a BAC of
0.07 gdl ™! and the extent of impairment increased
with increasing BAC.

e Low doses of alcohol have been noted to decrease
the subject’s sensitivity to taste and smell.

e A decrease in pain sensitivity is experienced at a
BAC of 0.08gdl™! and increases with increasing
concentration.

e An altered time sense, manifested as the slowing
down of the passage of time, has been documented
following low and moderate alcohol doses (BAC
less than 0.08 gdl ).

e Choice Reaction Time (CRT) is impaired at con-
centrations of 0.05gdl~'. CRT is a motor perfor-
mance test used to evaluate the integrity and
function of motor pathways. Reaction time tasks
typically use a button press in response to a critical
stimulus to measure a subject’s latency to respond
to that stimulus. CRT measures sensorimotor
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performance by selecting a single stimulus from
among a number of alternatives. The task has
both a recognition time component and a motor
response component. The impairment measured
consists of both an increased latency to respond to
the stimulus and a decrease in the accuracy of the
response.

Tests of hand-eye coordination have measured
deficits in performance at concentrations of
0.05gdl~! and greater.

Performance on vigilance tasks has been shown to
be impaired at a BAC of 0.06gdl~"'. Vigilance
tasks are tests of intellectual function and measure
the ability to discriminate a specific signal from
among a group of choices. Such tasks provide a
measure of an individual’s ability to recognize
specific information. Impaired vigilance is prob-
ably a reflection of the drowsiness associated with
alcohol consumption.

An increase in body sway, as measured by the
Romberg test and a laboratory-based performance
device referred to as a wobble board, has been
documented at a BAC of 0.05gdl~'. The body
sway degrades to staggering and reeling as the
blood alcohol concentration increases.

The standardized field sobriety test (FST) employed
by many law enforcement agencies is a battery of
psychomotor performance tests that is utilized at
the roadside to document the impairment of drivers
suspected of DUI (driving under the influence)/
DWI. The three tests that constitute the standar-
dized field sobriety test are the one leg stand (OLS),
the walk and turn (WAT), and horizontal gaze
nystagmus (HGN).

— The OLS is a divided attention task with two
distinct stages, instruction followed by balancing
and counting. The Officer notes impairment by
the number of errors, referred to as clues, made
on the test. There are a maximum number of five
clues on this test. If the individual tested scores
two or more errors or is unable to complete the
test there is a 65% predictability that the indivi-
dual’s BAC is 0.10 gdl " or greater.

— The WAT is a divided attention task with two
distinct stages, instruction and walking. There
are a maximum number of nine clues on this test.
If two or more clues are scored or the subject is
unable to complete the test there is a 68%
predictability that the individual’s BAC is
0.10gdl~" or greater.

— The HGN test measures central nervous system
motor pathway function. Nystagmus is a normal
phenomenon that is not caused by alcohol, but is
enhanced by alcohol. HGN is the most sensitive

test in the FST battery to the impairing effects of
alcohol. The officer observes the suspect’s eyes
for the presence of smooth tracking and the
onset of nystagmus. Studies have shown that
the earlier that nystagmus occurs (the shorter
the angle from directly in front of the subject) the
greater the blood alcohol concentration. In fact,
there appears to be a dose-response relationship
between BAC and the angle of onset of nystag-
mus. There are a maximum number of six clues
on the HGN, three per eye. If four or more clues
are scored there is a 77% predictability that the
individual’s BAC is 0.10gdl ™! or greater.

e Standard intelligence tests, such as the Wechsler

Adult Intelligence test, have measured impaired
cognition associated with alcohol use. This impair-
ment increases with increasing dose.

Most tests of driving skill, both on the road tests
and driving simulators, show impairment at a BAC
of 0.05gdl~'. Epidemiological studies suggest an
association between impaired driving performance
and alcohol use. The majority of these studies show
that 40%-60% of all fatally injured drivers have
blood alcohol concentrations of 0.10gdl™! or
greater and 30%-40% of those have a BAC in
excess of 0.15gdl ™', It is important to note that a
cause-and-effect relationship cannot be established
by retrospective studies, therefore, it is not possible
to state, based on these studies, that the presence of
alcohol was the causitive factor in the accidents.
The broad range of alcohol effects on behavior may
be loosely categorized by BAC as follows:

- <0.05gdl™" (low dose) — increased talkative-
ness, mild excitement, decreased attention, de-
creased inhibitions, and some minor motor skills
impairment in some individuals;

- 0.05 - 0.10gdl™" (moderate dose) — talkative,
cheerful, loud, boisterous then sleepy, increased
confidence, increased risk-taking, and impaired
psychomotor skills (tracking, vigilance, divided
attention, reaction time, etc.);

~ 0.10 - 0.30gdl" (elevated dose) — nausea and
vomiting may occur followed by lethargy,
ataxia, slurred speech, diplopia, staggering
gait, disorientation, and grossly impaired psy-
chomotor skills;

- 0.30 - 0.50gdl™" (high dose) — stupor, visual
impairment, marked decreased response to sti-
muli (even painful stimuli), and marked mus-
cular incoordination. Coma and eventually
death due to respiratory depression are generally
accepted to occur at a BAC greater than
0.40gdl~' in nonalcohol-dependent indivi-
duals. Note that highly tolerant individuals
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(e.g. chronic alcoholics) may not experience or
appear to experience many of the more serious
effects associated with high blood alcohol con-
centrations, but all individuals experience the
cognitive and judgment impairing effects of alco-
hol at blood concentrations greater than
0.08gdl .

— The general effects of alcohol on behavior in
relation to a range of blood alcohol concentra-
tions have been delineated in table format in a
number of reference books to facilitate an under-
standing of how BAC correlates to performance
impairment.

e A large number of subjective tests have been used
in association with the behavioral tasks described
above. In these tasks the subject self-reports their
mood, feelings, and impressions using a quantifi-
able scale, such as Self-rated Mood Scales, the
Hopkins Symptom Checklist, the Cornell Medical
Index, and other self-rated performance evalua-
tions. These subjective tests indicate that with
increasing BAC subjects typically feel elated,
friendly and vigorous. As their BAC decreases
after reaching its peak concentration they gener-
ally feel anger, depression and fatigue. Another
common finding on such subjective tests is that
subjects commonly underrate the extent of their
psychomotor impairment.

Many of the tasks utilized in these studies show that
behavioral tolerance may develop with repeated etha-
nol use. Tasks learned under the influence of alcohol
are often performed better when repeated at that
blood concentration than when performed in the
absence of alcohol. Generally, the more complex the
task the more significant the impairment measured at
lower doses of alcohol. There is also a large between-
study and between-subject variability in the type and
extent of impairment noted. This is especially true
when the blood alcohol concentration in subjects is
below 0.08 gdl~'. When interpreting the results of
behavioral studies it is important to recognize that the
reported results often refer only to some of the sub-
jects tested and summary results typically are indica-
tive of population tendencies and do not reflect
absolute measures of behavioral effects.

In summary, even at low levels, ethanol disrupts
performance and can interfere with complex activ-
ities such as driving. It generally causes feelings of
happiness and reduces the ability of aversive events,
such as pain, to control behavior. As the blood
alcohol concentration increases the degree of impair-
ment also increases and may eventually result in a
loss of consciousness and finally death. The effects of
alcohol on behavior are generally more pronounced

and pleasurable while the blood alcohol levels are
rising than while they are falling. There are also a
number of behaviors that exhibit tolerance to the
impairing effects of ethanol. This tolerance may be
a consequence of both increased metabolism and
learning.

A Brief History of Alcohol and the Law

The ability of alcohol to impair psychomotor perfor-
mance and to produce behavioral changes has been
well documented throughout history. The use and
especially abuse of alcohol has always had a negative
impact on society, however, the advent of the indus-
trial age and the invention of the automobile have
rendered these effects of even greater significance. As
early as 1843 the New York Central Railroad pro-
hibited employees to drink while on duty. In 1910 the
New York City traffic code noted that the misuse of
alcohol was a factor in traffic safety.

The increasing mechanization of American indus-
try and the increasing use of automobiles was also
accompanied by an ever-increasing awareness of
safety issues, not only in factories, but also on the
roads and in the home. The formation of the National
Council for Industrial Safety in 1912, which became
the National Safety Council in 1914 was a significant
step in the promotion of the safety movement in the
United States. By 1924 the National Safety Council
expanded its interests to include highway safety, and
therefore, by implication, to the effects of alcohol on
driving. The work of this organization has been
continued and expanded by the National Highway
Traffic Safety Administration (NHTSA).

The scientific support for this safety movement did
not begin until the early 1920s when Professor Wid-
mark, from the University of Lund in Sweden, devel-
oped a protocol for physicians to follow in the
evaluation of drivers suspected of driving under the
influence (DUI) of alcohol. From that point forward,
the role of the scientist and scientific evidence gained
a more and more important role in the relationship
between alcohol and the law. The first law passed in
the United States directed at drinking and driving was
the Connecticut Motor Vehicle Law passed in 1924;
that law stated that no one who has been drinking
ought to be allowed to operate a motor vehicle. In
1935, Richard Holcomb and the Northwestern Uni-
versity Traffic Institute initiated a three-year study
called the Evanston Study. This study reported on
270 drivers hospitalized after involvement in auto-
mobile accidents in Evanston, IL. The Evanston
police tested 1750 drivers for their blood alcohol
concentration and their breath alcohol concentration
using Rolla Harger’s recently invented Drunkometer
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over the same three-year period. In 1938, Holcomb
reported that the chances of having an accident
increased dramatically with the presence of any alco-
hol in the blood to the extent that each 0.02gdl ™!
rise in blood alcohol resulted in a doubling of the risk
of accident.

The results of this study and the subsequent recom-
mendations included in the joint 1938 statement
issued by the Committee to Study Problems of
Motor Vehicle Accidents (a special committee of the
American Medical Association) and the Committee
on Alcohol and Other Drugs formed the basis for the
first legislation in the United States making DUI an
offense. This legislation was passed in Indiana in
March, 1939 and in Maine in April, 1939. The re-
commendations of these two committees also formed
the basis for the Chemical Tests Section of the Uni-
form Vehicle Code published by the National Com-
mittee on Uniform Traffic Laws and Ordinances in
1946. In 1953, Implied Consent legislation was
passed in New York State and was soon included in
the Uniform Vehicle Code. Implied consent laws have
subsequently been passed in all fifty States. The
implied consent legislation provides that, as a condi-
tion precedent to being issued a driver’s license, an
applicant agrees, by implication, to submit to a che-
mical test in any case in which he is suspected of DUI.
Refusal to submit to the test results in the temporary
loss of driving privileges.

In 1958, a Symposium on Alcohol and Road Traffic
held at Indiana University issued a statement that a
BAC of 0.05 gdl~! will definitely impair the driving
ability of some individuals. As the BAC increases, a
higher proportion of individuals will become
impaired until a 0.10gdl~" is reached, at which
point all individuals are definitely impaired. The
Committee on Alcohol and Drugs in 1960 released a
statement recommending that DUI laws be amended
to reflect a 0.10 g dl~" BAC as presumptive evidence
of guilt; prior to this date, the presumptive concentra-
tion defined in most State laws was a 0.15 gdl~'. The
Uniform Vehicle Code was amended to reflect this
recommendation in 1962.

The Grand Rapids Study, published in 1964 by
Indiana University researchers, confirmed the results
of the Evanston study and also stated that drivers
with blood alcohol concentrations greater than
0.04 g dl ! tend to have more single vehicle accidents
that are also more severe than do sober drivers.
Another significant finding from this study was that
accident-related factors other than alcohol decreased
in significance when the driver’s BAC was greater
than 0.08gdl™' and that accident involvement
increased rapidly when the driver’s BAC was greater
than 0.05 gdl . Drivers with BAC levels in the range

0.04-0.08 gdl ! had a greater risk of accident invol-
vement, but alcohol was not necessarily more signifi-
cant than other risk factors.

The passage of the National Highway Safety Act in
1966 began the era of Federal intervention in the
drinking and driving problem in earnest. The
NHTSA, part of the newly created Department of
Transportation, submitted a report to Congress in
1968 detailing how the problem of the drunken driver
was being addressed. In 1971, NHTSA released a
statement that no individual, no matter what his
previous experience with alcohol, is not unimpaired
in his driving performance if his BAC is 0.08 gdl =" or
greater. The last three decades have seen a continued
proliferation of regulations and legislation concern-
ing the drinking and driving problem. Although the
legal limit for driving while impaired has remained at
2 0.10gdl~ " BAC in most states of the United States,
a number of jurisdictions have begun to lower this
limit to a 0.08gdl~! BAC with some setting even
lower limits for individuals younger than the legal
drinking age. Law enforcement agencies have con-
tributed to these efforts through the development and
implementation of programs directed at reducing the
number of impaired drivers through increased inter-
vention and education.

The standardized field sobriety test and the drug
evaluation and classification (DEC) program are two
of the intervention programs that have been devel-
oped. The DEC program is primarily directed toward
the training of police officers as drug recognition
experts (DRE) in an effort to provide a mechanism
for obtaining compelling evidence that a driver was
impaired, specifically by a drug other than or in addi-
tion to alcohol, at the time of the stop. The FST, the
individual components of which are described above
(OLS, WAT, and HGN), is a series of pyschomotor
tests used to measure impairment at the roadside
following a traffic stop. The standardized field sobri-
ety tests were developed in the 1970s through funding
provided by NHTSA and have been standardized
through laboratory studies and validated in field
studies. Although drugs other than alcohol may im-
pair the behaviors evaluated with the FST, the tasks
have primarily been validated against a blood alcohol
concentration of 0.1gdl ™!

Alcohol Effects on Children
and Adolescents

A large volume of data has been accumulated on the
effects of ethanol on adults. Much of this information
has been gathered from controlled scientific studies in
which adult subjects were given a dose or multiple
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doses of ethanol and then asked to perform a task or
series of tasks. Ethical considerations prevent the
conducting of these types of experiments with chil-
dren or adolescents. Although there are age restric-
tions in most countries for the legal consumption of
ethanol, there have been a number of reports where
children or adolescents have accidentally or inten-
tionally consumed alcoholic beverages. These reports
have indicated several things. For example, children
appear to be more sensitive to the effects of ethanol
than adults, that is, lower blood ethanol concentra-
tions produce more significant toxicity in children
than in adults. One study documenting this fact
revealed that young teenagers were in a coma with
positive pain reaction at an average blood ethanol
concentration of 0.15gdl~" and in a coma with no
pain reaction at a blood ethanol concentration of
0.19gdl~". These concentrations in adults would
not be expected to produce a loss of consciousness.

Alcohol Tolerance

One of the most significant factors complicating the
interpretation of blood ethanol concentration is the
phenomenon of tolerance. Tolerance is a condition in
which a decreased response to the effects of alcohol, or
other drug, is acquired in the face of repeated expo-
sure to alcohol or that other drug. The consequence of
the development of tolerance is that it becomes neces-
sary to successively continue to increase the dose of
alcohol to achieve an equal pharmacological effect or
duration of action. Tolerance may also be thought of
as that condition in which a given dose of alcohol fails
to produce the same effect or duration of action as a
previous equivalent dose of alcohol. There are several
types of tolerance as that phenomenon applies to
ethanol.

Mellanby first described an acute tolerance to
ethanol in 1919. Using dogs as his model, he showed
that at a given blood ethanol concentration, intoxica-
tion was less severe during the descending portion of
the blood ethanol concentration versus time curve
than during the ascending portion. This acute toler-
ance to ethanol has become known as the ‘Mellanby
effect’ and has subsequently been verified by a num-
ber of researchers. The Mellanby effect has been
observed with tasks that measure psychomotor
performance, cognitive performance, and on the sub-
jective effects associated with alcohol use. The de-
monstration of acute tolerance depends on the range
of blood ethanol concentrations studied and the tests
employed to assess tolerance. Studies conducted to
evaluate the development of acute tolerance have
utilized the following experimental designs:

1. the measurement of the change in performance at
the same blood ethanol concentration on the
ascending and descending limbs of the blood
ethanol concentration versus time curve;

2. the determination of the blood ethanol concentra-
tion at the onset of measurable impairment and
when that impairment is no longer measurable;

3. the measurement of task performance when the
blood ethanol concentration is maintained con-
stant.

In addition to the development of acute tolerance to
ethanol, there is also an acquired or chronic tolerance
to ethanol. Acquired tolerance has been demon-
strated by (1) comparing performance on specific
tasks between light and heavy users of ethanol and
(2) the development of experimentally acquired tol-
erance under laboratory conditions. A number of
studies have demonstrated that heavy drinkers exhi-
bit less alcohol-induced psychomotor impairment on
the same tasks than light drinkers. It is less certain
whether acquired tolerance develops to the impairing
effects of ethanol on memory and cognitive function.
A significant limitation to the development of a more
comprehensive understanding of acquired tolerance
is that controlled scientific studies of the effects of
ethanol on behavior in human subjects are generally
limited to blood ethanol concentrations no greater
than 0.10gdl~". Anecdotal reports, however, indi-
cate that chronic alcoholics can have much higher
blood ethanol concentrations without displaying
overt symptoms of intoxication than can light
drinkers.

Metabolic tolerance to ethanol also develops.
Chronic alcoholics typically eliminate ethanol from
the blood at higher rates than the occasional or social
drinker does. The microsomal ethanol oxidizing sys-
tem, which may become involved in ethanol metabo-
lism at high blood alcohol concentrations and in
chronic alcohol use, is inducible and may account
for the increase in alcohol metabolism.

Drug Interactions with Ethanol

Another significant factor complicating the interpre-
tation of ethanol concentrations is the co-administra-
tion of other drugs or chemicals. Alcohol can affect or
be affected by other drugs both in terms of pharma-
cokinetics and pharmacodynamics. These interac-
tions can be additive, synergistic, potentiating or
antagonistic. An additive effect indicates that the
total effect of a drug combination is the sum of the
effects of the individual drugs. A synergistic effect
means that the total effect of the drug combination is
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greater than the sum of the effects of the individual
drugs. Potentiation is defined as an increase in the
effect of a toxic substance acting simultaneously with
a nontoxic substance. Antagonism refers to the can-
celing of effects of one drug by the simultaneous
administration of another drug. The following is a
summary of some of the major drug interactions with
ethanol that have been characterized.

Amphetamines

Amphetamines and other sympathomimetic amines
may antagonize the depressant effects of ethanol,
mainly by offsetting the fatigue produced by ethanol.
Stimulants, in general, appear to diminish or negate
the behavioral effects of ethanol on well-learned
tasks, but have no impact on the impairing effects
of alcohol on newly learned or unfamiliar behavioral
tasks. The interactive toxic and behavioral effects of
alcohol and stimulants are difficult to evaluate and
may be dependent on a number of factors. Some of
these factors are the relative dose of each drug, the
relative time-frame of drug use, the complexity of the
behavior being evaluated, the subject’s experience
with that behavioral task, and the subject’s experi-
ence with or degree of tolerance to the drugs.

Antianxiolytics

A number of studies have been performed document-
ing the combined effects of ethanol and benzodiaze-
pines. Among the most significant interactions is the
resultant increased blood diazepam concentration
following the co-administration of ethanol. Although
such an increase has not been evaluated with most
benzodiazepines, it is very likely to occur based on the
structural similarities among the various members of
the benzodiazepine class of drugs. The N-dealkylation
and hydroxylation phase I reactions of benzodiaze-
pine metabolism are inhibited by acute doses of etha-
nol. Benzodiazepines, however, do not affect alcohol
dehydrogenase activity. Studies evaluating the beha-
vioral effects of the combination of benzodiazepines
and alcohol indicate an additive depressant effect on
most measures of performance. In general, the beha-
vioral effects of the benzodiazepines are very similar
to those of ethanol and the two drugs in combination
exacerbate the overt effects and apparent intoxication
of each drug alone. Conversely, buspirone, a nonben-
zodiazepine anxiolytic agent, does not potentiate the
effects of low or moderate doses of ethanol.

Barbiturates

A synergistic effect in CNS depression is seen when
alcohol and barbiturates are co-administered. In gen-

eral, the behavioral effects of the barbiturates are very
similar to those of ethanol and the two drugs in
combination exacerbate the overt effects and appar-
ent intoxication of each drug alone. Acute ethanol
intoxication inhibits barbiturate metabolism, thereby
increasing barbiturate concentrations and increasing
their associated toxicity.

Cocaine

The combined use of ethanol and cocaine results in
the formation of a unique metabolite, cocaethylene,
by means of a transesterification process that occurs
in the liver. The half-life of cocaethylene is slightly
longer than cocaine, it is more toxic than cocaine, but
it exhibits the same type and degree of CNS stimula-
tion as cocaine. Therefore, the overall toxicity due to
cocaine is increased when it is used in combination
with ethanol. Only a limited number of studies on the
combined behavioral effects of cocaine, a CNS sti-
mulant, and ethanol, a CNS depressant, have been
conducted. The performance-enhancing effect of
cocaine noted in most studies appears to be the result
of the stimulant’s ability to reverse the effects of
fatigue. Cocaine and ethanol interaction studies
have shown that the addition of cocaine to ethanol
does not enhance the impairing effects of ethanol on
performance, but either attenuates the impairment
resulting from ethanol consumption or leaves etha-
nol-induced impairment unchanged. The perfor-
mance-enhancing effect of cocaine in these studies
has been measured to last for a number of hours,
appears to occur only in well-learned behaviors, and
is most significant in fatigued subjects.

Histamine-2 antagonists

Histamine-2 antagonists such as cimetidine and rani-
tidine are commonly prescribed drugs used to treat
peptic ulcer or excess stomach acid production. These
drugs inhibit gastric alcohol dehydrogenase and, as a
result, increase the bioavailability of ingested ethanol.
These drugs also inhibit the cytochrome P45 micro-
somal enzyme system, which could affect ethanol
metabolism by the microsomal enzyme oxidizing
system.

Marijuana

At high doses, cannabis acts like a hallucinogen, but
at the low doses commonly used in North America,
the drug is reported to cause a pleasurable high that
may take several trials to experience and can usually
be turned off at will. Most performance deficits
associated with marijuana use appear to be due to a
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lack of motivation and an inability to attend to a task.
The impairing effects are generally slight and measur-
able only in some of the individuals tested. The
interaction of ethanol and marijuana is presumably
additive, but is difficult to evaluate due to the high
degree of inter-subject variability in the behavioral
effects associated with marijuana use.

Opiates

The opiates are CNS depressants that produce analge-
sia, euphoria, sedation, respiratory depression, mio-
sis, nausea and emesis. When alcohol and members of
the opiate class are co-administered the CNS depres-
sion and behavioral impairment are, at minimum,
additive. Acute doses of ethanol also lead to the
decreased hepatic metabolism of opiates such as
methadone and propoxyphene. This inhibition results
in an increase in the blood concentration of the parent
drug and an associated increase in the behavioral and
toxic effects of that drug. The administration of
opiates, however, has no apparent effect on the
metabolism of ethanol.

Tricyclic antidepressants

Tricyclic antidepressants increase catecholamine
neurotransmitter concentrations in the synaptic junc-
tion by blocking their neuronal reuptake. Tricyclic
antidepressants are extensively metabolized in the
liver and the acute ingestion of ethanol inhibits this
metabolism resulting in increased blood concentra-
tions and a greater risk of toxicity. The tricyclic
antidepressants exert a profound sedative effect that
is additive to the sedating effects of ethanol.

Decreases in Ethanol Concentration

The interpretation of alcohol concentration is also
complicated by the potential loss of alcohol from
biological specimens in storage. There are three
mechanisms by which this decrease in concentration
may occur over time: (1) evaporation; (2) oxidation;
and (3) microbial action.

Evaporation

Since ethanol is a volatile substance, evaporation loss
from biological specimens may occur over time if the
specimen is not collected and stored properly.
Obviously, if the specimen container is improperly
sealed ethanol will be lost from the sample. This is
especially true if the specimen is stored at room
temperature or a slightly elevated temperature.
When a specimen is collected for subsequent alcohol
analysis it is important that there be minimal air space
(headspace) between the top of the specimen and the

lid. If too large an air space exists, the vapor pressure
of ethanol will allow the movement of ethanol from
the specimen into the headspace, with the eventual
release of the vapor when the container is opened.

Oxidation

The in vitro oxidation of ethanol to acetaldehyde has
been reported. This process is oxyhemoglobin-
mediated and uses oxygen in the blood and from
the air that is in contact with the stored blood speci-
men. In general, the amount of ethanol loss is mini-
mal and is limited to approximately 0.04 gdl .

Microbial action

Certain microorganisms can use ethanol as a sub-
strate for metabolism. This is an aerobic process that
is facilitated by the volume of air in the headspace
above the sample. Strains of the bacteria Serratia
marcescens and Pseudomonas sp. have been isolated
from blood specimens in which ethanol loss has been
documented.

Increases in Ethanol Concentration

The interpretation of alcohol concentration is also
complicated by the potential increase in alcohol con-
centration in stored biological specimens. An increase
in alcohol concentration in specimens collected from
living subjects typically occurs only during collection,
but can occur prior to, during and subsequent to
collection in postmortem specimens. There are two
mechanisms by which an increase in concentration
may occur: (1) contamination; and (2) postmortem
ethanol formation.

Contamination

Ethanol concentrations can be spuriously increased
by external contamination of the specimen. Cleansing
the collection site with an antiseptic containing etha-
nol is an obvious source of contamination. Alcohol-
free antiseptics are available and should be used when
collecting specimens for alcohol analysis. This is
essentially the only way in which an increase in the
ethanol concentration occurs in the specimens col-
lected from living individuals. Although it is possible
for bacterial colonies in the blood to produce ethanol
as a byproduct of glucose metabolism healthy indivi-
duals do not have a sufficient number of bacterial
colonies to produce measurable ethanol concentra-
tions.

A number of additional sources for the possible
external contamination by ethanol exist for post-
mortem specimens. In trauma cases for example,
blood from the heart, a common site of postmortem
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blood collection, may be contaminated by stomach
contents. If there is any residual ethanol remaining in
the stomach contents, this will cause an artificial
increase in the heart blood ethanol concentration
when the stomach contents come in contact with
the heart. In these cases, blood from a peripheral
site, away from the site of trauma, should be collected
and analyzed for ethanol.

Embalming fluid may also be a source of ethanol
contamination if the specimens are not collected prior
to embalming. If the issue of ethanol consumption
arises after a body is embalmed, it is recommended
that some of the embalming fluid be obtained and
analyzed for the presence of ethanol to determine its
contribution to the postmortem blood concentration,
although most embalming fluids do not contain etha-
nol. Autopsy specimens may also be contaminated
during collection if syringes are flushed with alcohol
between sample collections and if the same syringe is
used for the collection of specimens from different
decedents. A large number of literature reports have
documented these sources of ethanol contamination
of biological specimens. Due to these reports, the
incidence of external contamination has been signifi-
cantly decreased owing to an increased awareness of
the potential problems of using ethanol swabs, reus-
ing syringes for sample collection, and the importance
of collecting autopsy specimens prior to embalming.

Postmortem ethanol formation

A critical component in the interpretation of post-
mortem blood ethanol concentrations is the issue of
whether the measured ethanol resulted from the con-
sumption of alcoholic beverages before death or from
the production of ethanol after death. A variety of
aerobic and anaerobic bacteria, yeast and molds can,
under proper conditions, produce ethanol. A number
of substrates can be converted into ethanol by these
microorganisms. Glucose is the primary substrate
that may be converted into ethanol, therefore, any
tissue with high concentrations of glucose or glycogen
is susceptible to postmortem alcohol production.
Blood, liver and muscle are examples of specimens
with high sugar concentrations in which significant
concentrations of ethanol attributed to postmortem
formation have been measured. Conversely, urine
and vitreous humor are ordinarily free of the combi-
nation of glucose and microorganisms necessary to
produce ethanol and are, therefore, excellent samples
for evaluating the role of postmortem ethanol forma-
tion. Other substrates for ethanol production include
lactate, ribose and amino acids. The mechanism of
ethanol production from sugar is glycolysis, which is
the first step in the normal breakdown of glucose.

Postmortem ethanol formation can occur in the
body between death and specimen collection or can
occur after the specimens are collected, but prior to
analysis. The first condition is difficult to control
since body recovery may be delayed for days or
even weeks. The prevention of ethanol production
after the specimens are collected can be accomplished
by performing several simple procedures. Following
collection, the specimens should be sent to the labora-
tory as soon as possible. At the time of collection
blood specimens should be treated with a preservative
and an anticoagulant. Sodium fluoride is the most
common preservative and potassium oxalate is the
most common anticoagulant used; both compounds
are found in the gray top Vacutainer® tube. The
addition of 1-2% (w/v) is generally sufficient to
inhibit most microbial activity. Specimens should
also be refrigerated upon receipt by the laboratory
and kept refrigerated until analysis. For long-term
storage of the specimens following analysis, frozen
storage is the preferred mechanism for preserving
specimens and preventing ethanol formation.

There are a number of factors that can or should
be considered when determining whether measured
ethanol occurred due to antemortem consumption of
alcohol or microbial activity: (1) the decedent’s drink-
ing history; (2) notation of the signs of putrefaction;
(3) the results of the analysis of multiple specimens;
and (4) the production of volatile compounds in
addition to ethanol.

Case history Witnessed drinking by the decedent
prior to death is obviously significant. Although
there is often an underestimation of the amount of
ethanol consumed, the observation that the individual
was drinking is usually reliable. Unfortunately, drink-
ing history immediately prior to death is often una-
vailable, especially in the case of unattended deaths.

Signs of putrefaction Although conditions for a
body to putrefy or decompose may vary tremen-
dously, there are a number of common characteristics
of a decomposed body. The most striking trait is the
foul odor associated with the body. Bloating, disco-
loration, and skin slippage are also common features
associated with decomposition. Insect infestation,
such as maggots, is frequently present in decomposed
bodies and is often helpful in ascertaining the length
of time that an individual has been dead. When signs
of putrefaction are present, postmortem production
of ethanol must be considered as possible if not
probable. Unfortunately, the amount of ethanol pro-
duced is highly variable between decedents; two
bodies kept in the same conditions for the same length
of time can produce widely different amounts of
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ethanol. This issue is further complicated if the indi-
vidual had actually been drinking prior to death. In
that scenario, the postmortem alcohol measured
might be due to both antemortem consumption and
postmortem formation.

Results of multiple specimen analysis When ethanol
is absorbed by the body, it distributes according to the
water content of each tissue or fluid. The greater the
water content, the greater is the ethanol concentra-
tion in that tissue or fluid. Since the water content of a
fluid or tissue is relatively constant, once the ethanol
has reached equilibrium, there is a predictable rela-
tionship between the ethanol concentration in the
various tissues and fluids. Much of the work estab-
lishing these relationships has compared the ethanol
concentration in blood to that of other fluids and
tissues. For example, the vitreous humor and cere-
brospinal fluid ethanol concentrations will typically
be higher than the blood ethanol concentration after
equilibrium has been reached. On the other hand,
liver and brain will typically have lower ethanol
concentrations than the blood ethanol concentration
after equilibrium.

One advantage to postmortem toxicologic analysis
is the availability of a wide variety of fluids and
tissues that can be collected at autopsy. Since the
analysis of ethanol in tissues is straightforward, mul-
tiple analyses for ethanol can readily be performed.
The distribution of ethanol between these specimens
can provide a strong indication as to whether the
measured ethanol resulted from drinking or decom-
position. For example, one approach to multiple
specimen analysis is to analyze blood, vitreous
humor and urine. In the postabsorptive phase of
alcohol distribution, the vitreous humor to blood
ethanol concentration ratio is about 1.2 and the
urine to blood ethanol concentration ratio is about
1.3, although there are wide variations in these ratios.
If the measured postmortem ethanol concentrations
yield similar ratios to those established for these
specimens, then it is reasonable to conclude that the
measured ethanol resulted from drinking. Vitreous
humor and urine are two specimens relatively resis-
tant to the putrefactive process and thus, are not sites
generally associated with postmortem ethanol forma-
tion. If the blood ethanol concentration is positive
and the vitreous humor and urine ethanol concentra-
tions are negative, this is a strong indication that the
ethanol concentration in the blood is the result of
decomposition. One study of postmortem alcohol
production showed that a blood ethanol concentra-
tion of 0.01gdl™"' was associated with a negative
urine or vitreous humor ethanol concentration 46 %
of the time. When the blood ethanol concentration

was 0.04gdl ™', this percentage decreased to 8%.
These results support the analysis of multiple post-
mortem specimens to evaluate the role of postmortem
alcohol production and the fact that urine and vitr-
eous humor are excellent samples for this purpose.

A number of studies have been performed that
describe the production of ethanol in postmortem
blood. These studies can be summarized by the fol-
lowing conclusions.

1. When ethanol is produced postmortem, the etha-
nol concentration is usually less than 0.07 gdl~".

2. Production of ethanol concentrations greater than
0.10gdl ! has been reported.

3. The production of ethanol due to decomposition is
variable and is dependent on the species of micro-
organism present, the available substrate, and the
temperature and other environmental conditions.

Although urine has been shown to be generally im-
mune to the effects of in vitro production of ethanol,
several studies have indicated that the combination of
glucose in the urine, a condition that often occurs in
diabetics, and a Candida albicans infection can result
in the production of large amounts of ethanol. Both
components are required for ethanol production to
occur and it will not occur in the absence of either the
glucose or the microorganism. This can be demon-
strated in the laboratory by performing serial analyses
of the urine for ethanol over several days and obser-
ving the increase in ethanol concentration over time.

Production of other volatiles Microorganisms that
produce ethanol may also be capable of producing
other volatile substances, one of which is acetalde-
hyde. However, since acetaldehyde is also a metabo-
lite of ethanol, its identification in biological
specimens cannot be used as a marker for decomposi-
tion ethanol production. One other volatile com-
monly seen as a putrefactive product is n-propanol.
n-Propanol is not identified in individuals drinking
alcoholic beverages and, therefore, is a good marker
for decomposition ethanol formation. One caution in
the use of this alcohol as a marker of postmortem
ethanol formation is that many laboratories use n-
propanol as an internal standard for the analysis of
ethanol by gas chromatography. Although the con-
centration of n-propanol added as an internal stan-
dard far exceeds the amount of n-propanol produced
(generally <0.01gdl™"' produced in blood) and,
therefore, would not significantly affect the ethanol
quantitation, the use of n-propanol as an internal
standard would mask the presence of n-propanol in
the specimen resulting from postmortem formation.

In wvitro studies have identified other volatile
substances that may be produced during the decom-
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position process. Volatiles that have been identified
include acetone, isopropanol, n-butanol, t-butanol,
isoamyl alcohol, and n-amyl alcohol. In a manner
similar to ethanol formation, the specific volatile
or volatiles produced is dependent on storage
conditions.

See also: Alcohol: Blood; Body Fluids; Breath.
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Introduction

Alcohol (ethanol, CH3CH,OH) tops the list of toxic
substances encountered in forensic toxicology for the
simple reason that heavy drinking and drunkenness
are incriminated in many fatal accidents, trauma
deaths, suicides, crimes of violence and antisocial
behavior in general. Reports from accident and emer-
gency service departments worldwide provide ample
evidence to support the negative impact of alcohol
abuse and alcoholism in society. The impairment
caused by overconsumption of alcoholic beverages
explains many accidents in the home, in the work-
place and on the roads. Accordingly, measuring and
interpreting the concentrations of alcohol in blood
and other biological specimens are routine procedures
in forensic medicine and toxicology. The existence
of threshold limits of blood-alcohol concentration
(BAC) for driving a motor vehicle, such as 80 mg
100ml~" (0.80gl™!) in UK and 50mg100ml~*
(0.50g1™") in most of the other European nations,
means that the results of forensic alcohol analysis
have important social and medicolegal ramifications.

Qualitative and quantitative analysis of ethanol in
postmortem specimens is a relatively simple analytical
procedure and with gas chromatographic methods,
accurate, precise, and specific results are possible.
However, difficulties arise when the concentration
of alcohol in a postmortem blood specimen is inter-
preted and conclusions are drawn about a person’s
state of inebriation at the time of death. Translating a
BAC determined at autopsy (called necropsy in UK)
into the amount of alcohol in the body at the time of
death is subject to considerable uncertainty.

A major problem associated with postmortem
alcohol analysis is the risk that the alcohol, at least
in part, was generated or destroyed between the time
of death and the time of the autopsy or after taking
the specimens and performing the toxicological ana-
lysis. This becomes a major dilemma when decom-
posed bodies are examined and requests are made for
alcohol analysis. The blood-glucose concentration
increases after death owing to mobilization and
hydrolysis of glycogen stores in the liver and muscle
tissue thus providing abundant substrate for micro-
bial synthesis of alcohol. This occurs by various
processes when the conditions of time, temperature
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and number and nature of available microorganisms
are optimal.

After death the process of autolysis begins and
body compartments are progressively destroyed.
Within a few hours of death, bacteria and microor-
ganisms begin to spread from the gastrointestinal
canal through the portal system, and eventually
reach deep into the vascular system. If alcohol was
present in the stomach at the time of death, e.g. if the
deceased had consumed alcohol before a fatal acci-
dent, this might diffuse into surrounding tissues such
as the liver, heart, lungs and major blood vessels. For
this reason the analysis of alcohol in stomach con-
tents is a common practice in forensic toxicology to
compare with blood-alcohol concentration thus pro-
viding a clue as to whether the person had died
shortly after drinking alcohol.

Analysis of Alcohol in
Postmortem Specimens

The methods suitable for analyzing alcohol in post-
mortem specimens are essentially the same as those
used when specimens are taken from living subjects,
e.g. drinking drivers or emergency service patients.
The units used to report the concentration of alcohol
determined in blood and other body fluids differ
from country to country, e.g. mg100 ml~! (UK),
g100ml~! (USA), gkg™' or mgg~' (Scandinavia
and Germany) and gl™' or mgml™' (mid- and
southern Europe). Examples of the kind of units
used to report blood-alcohol concentrations for clin-
ical and forensic purposes are given in Table 1.
Quantitative methods for the determination of
alcohol in blood and urine have been available for
more than 100 years. Although by modern standards
the first efforts were rather primitive, the results at
least took the guesswork out of deciding whether
gross intoxication might have contributed as a cause
of death. Ethanol had to be separated from the bio-
logical matrix by distillation or diffusion followed by

oxidation with excess potassium dichromate in strong
sulfuric acid and back titration of the amount of
oxidizing agent remaining with sodium thiosulfate
and iodometric titration. The major uncertainty
with wet-chemical oxidation methods stemmed
from the fact that other organic volatiles that might
have been present in postmortem blood were oxidized
along with ethanol leading to falsely high blood-
alcohol concentrations being reported. The wet-
chemistry oxidation procedures were replaced by
milder and more selective enzymatic oxidation in
the 1950s and under these conditions only a few
other alcohols (propan-1-ol, isopropanol, butan-1-
ol) represented any real interference problem.

In the 1960s gas chromatographic (GC) methods
were developed for the analysis of alcohol in blood
and urine and these have dominated ever since. GC
methods had the distinct advantage of providing a
qualitative screening analysis based on the retention
time of the substance together with a quantitative
analysis based on the detector response as reflected in
peak area or peak height on the resulting chromato-
gram. The response of the flame ionization detector
(FID) is remarkably linear over the range of concen-
trations (0-800mg 100 ml~"') encountered in post-
mortem specimens. The limit of quantitation of
alcohol in postmortem blood specimens under rou-
tine conditions is about 10 mg 100 ml—* (0.1 g1~ 1)
and analytical results below this threshold are gen-
erally reported as negative in postmortem work.

Gas chromatography coupled with the headspace
sampling technique (HS-GC) still remains the method
of choice for forensic analysis of alcohol in specimens
from living and dead persons. Figure 1 gives a sche-
matic representation of the headspace analysis pro-
cedure showing two chromatographic traces with
propan-1-ol and t-butanol as internal standards. In
postmortem toxicology two stationary phases (SP)
are necessary to enhance specificity for ethanol.
These are denoted as SP-1 and SP-2 in Fig. 1. When
only a single stationary phase is used for GC-analysis,

Table 1 Concentration units used to report blood-alcohol concentration in clinical and forensic science.

mg mi~! mg 100mI~’ g 100mi~" gkg! mM

orgl~! ormgdli~’ or g%, w/v ormgg @ or mmol I~ °
0.50 50 0.05 0.47 10.8

0.80 80 0.08 0.76 191

1.00 100 0.10 0.95 21.7

2.00 200 0.20 1.89 43.4

5.00 500 0.50 4.74 108.6

¢ The unit used in Scandinavia and Germany assuming a specific weight of 1.055 for whole blood, that is, 1ml=1.055g.
® The Sl unit used in clinical chemistry (mg ml ~! x 1000)/46.05 where 46.05 is the molecular weight of ethanol.
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Figure 1 Schematic diagram showing analysis of alcohol in
biological samples by headspace gas chromatography with two
different stationary phases (SP1 and SP2) for packing the chro-
matographic columns and two different internal standards (pro-
pan-1-ol and t-butanol) for diluting the specimens prior to
analysis.

there is always a risk that ethanol and some other
volatile component in the blood, such as a product of
putrefaction or fermentation, might have the same
retention time. Making a duplicate determination of
the blood-alcohol concentration with two different
column packing materials for the chromatography
gives two different retention times for ethanol
which minimizes or eliminates the risk of obtaining
coincident retention times.

Examples of the retention time of ethanol com-
pared with other low-molecular-weight volatiles with
two widely used stationary phases for GC analysis
are given in Table 2. If needed, the chromatographic
operating conditions (e.g. oven temperature, carrier

gas flow) can be optimized to give better separation
of peaks for the various substances. The use of two
chromatographic systems is a mandatory require-
ment in postmortem toxicology when ethanol is the
substance analyzed. Packed columns made from glass
or stainless-steel tubes which are 2 m long and 3 mm
internal diameter are still widely used for forensic
alcohol analysis. However, major developments have
occurred in separation science for gas chromatogra-
phy and today wide-bore capillary columns dedicated
for blood-alcohol analysis are available such as Rtx-
BAC1 and Rtx-BAC2. Whatever the chromato-
graphic method used, a minimum requirement must
be to determine methanol, ethanol, acetone and
propan-2-ol at the same time in a single run. These
are the most frequently encountered low-molecular-
weight volatile substances in postmortem blood
specimens.

The precision of HS-GC methods of blood-alcohol
analysis expressed as coefficient of variation (CV) is
often less than 1% within a single laboratory. The
variation between laboratories, reflecting the repro-
ducibility of the method, when aliquots of the same
blood specimen are sent to specialist forensic labora-
tories, is about 3% CV, and in hospital clinical
laboratories CVs of 6-8% are reported. In postmor-
tem toxicology, the sampling variation and magni-
tude of site-to-site differences in blood alcohol
concentration often exceeds these pure analytical
variations.

Another way of enhancing selectivity for iden-
tification of ethanol is to make use of an independent
analytical principle such as enzymatic or chemical
oxidation together with the usual gas chromato-
graphic analysis. However, the current trend is

Table2 Retention times (RT) of ethanol and other low molecular volatile substances analyzed by headspace gas chromatography on
two different stationary phases commonly used in forensic toxicology laboratories. RTs relative to propan-1-ol as internal standard are

shown in brackets

Substance Retention time (min) Retention time (min)
Carbopak C as column Carbopak B as column
packing material® packing material®

Acetaldehyde 0.56 (0.38) 0.53 (0.29)

Acetone 1.00 (0.68) 0.86 (0.46)

Butan-1-ol 4.68 (3.16) 411 (2.22)

Butan-2-ol 2.99 (2.02) 2.53 (1.36)

Ethanol 0.72 (0.49) 0.98 (0.53)

Methanol 0.49 (0.33) 0.67 (0.36)

Methyl ethyl ketone 2.45 (1.66) 1.49 (0.81)

Isopropanol 1.16 (0.78) 1.31(0.71)

Propan-1-ol 1.48 (1.00) 1.85 (1.00)

t-butanol 1.90 (1.28) 1.68 (0.91)

@ Carbopak C, 0.2% Carbowax (polyethylene glycol) 1500.
b Carbopak B, 5% Carbowax (polyetheylene glycol) 20M.
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towards the use of mass selective detectors for
verification of ethanol in blood specimens. The
electron-impact mass spectrum of ethanol shows
prominent ion-fragments with a base peak at mi/z
31 (common for primary alcohols), m/z 46 (mole-
cular ion) and also at m/z 45 (molecular ion —1).
Compact bench-top GC-MS instruments are now
affordable and these are widely available in forensic
toxicology laboratories. These instruments offer
excellent opportunities for unequivocal identifica-
tion of alcohols and other volatiles in blood and
tissue specimens obtained at postmortem as well as
in the poisoned patient.

Sometimes a rapid assessment of whether alcohol
intoxication was a contributing factor in a person’s
death is considered necessary. For this purpose,
several on-the-spot methods of alcohol analysis are
available. One such method consists of a disposable
dip-stick device, which was originally developed for
the analysis of alcohol in saliva specimens from living
subjects. This saliva alcohol test is called QED® and
stands for quantitative enzyme diagnostics. This
device can be used to measure alcohol in ‘clean’
biological liquids such as vitreous humor or cere-
brospinal fluid (CSF) or in blood or plasma after
precipitation of proteins. The principle of the QED®
analysis involves enzymatic oxidation of ethanol by
alcohol dehydrogenase (ADH) and the coenzyme
NAD". The endpoint is coupled to a blue-color re-
action. The result of the test is obtained after about
1 min by reading a thermometer-like scale. The
length of the blue stain in the capillary tube is pro-
portional to the concentration of alcohol in the
sample analyzed.

Alternatively, a handheld instrument (Alcolmeter
S-D2) intended primarily for breath-alcohol testing
can be modified for headspace sampling above
liquids. The Alcolmeter incorporates an electroche-
mical sensor for the oxidation of alcohol and about
0.50 ml of headspace vapor is aspirated from above
the liquid tested (e.g. blood or urine) equilibrated in
an airtight container held at constant temperature.
The result of the analysis is obtained in about 30s
after sampling. Although the results obtained with
these quick and easy methods are less reliable than
those obtained by gas chromatography, they at least
indicate whether the person might have been under
the influence of alcohol at the time of death.

The biological specimens received by the labora-
tory should be allowed to acclimatize to room
temperature before aliquots are removed for analy-
sis. Blood samples should be made homogenous and
if necessary any clots homogenized to obtain a
uniform sample. Otherwise, the clot can be sepa-
rated by centrifugation and the clear supernatant

analyzed remembering to take into account the
water content of the specimen which might be
different from that of whole blood. Urine, vitreous
humor and CSF are usually analyzed directly with-
out any pretreatment.

Fate of Alcohol in the Body

Traces of alcohol occur naturally in body fluids as
products of metabolism and also by the microbial
fermentation of sugars in the gut. However, this
endogenously produced ethanol lacks any forensic
significance because the concentration in peripheral
venous blood from abstaining subjects determined by
headspace gas chromatography are below 0.001 g1~
(0.1mg100ml~"). Even in subjects suffering from
various metabolic diseases such as diabetes mellitus,
cirrhosis, hyperthyroidism etc., the concentrations of
endogenous ethanol are similar to values observed in
healthy individuals.

After drinking alcoholic beverages, the alcohol
(ethanol) contained in beer, wine or spirits is diluted
with the stomach contents before being absorbed
and transported by the blood to all body organs
and tissues. Alcohol distributes throughout the total
body water without binding to plasma proteins. The
solubility of ethanol in fat and bone is negligible.
How fast alcohol enters the bloodstream depends on
many variable factors, especially the speed of gastric
emptying as controlled by the pyloric sphincter.
Alcohol absorption is relatively slow through the
stomach mucosa, which is less permeable to small
molecules than the duodenal or jejunal mucosa. Also,
the much larger absorption surface area available in
the upper part of the small intestine facilitates rapid
absorption of alcohol, which requires no prior diges-
tion. Factors that delay gastric emptying such as the
presence of food in the stomach before drinking,
various medications, smoking, blood-sugar level and
the time of day will impact on the rate of absorption of
ethanol and influence the blood-alcohol concentra-
tion reached.

After drinking small doses of alcohol (one to two
drinks) some of the alcohol might become metabo-
lized in the stomach mucosa or during the first pas-
sage of the blood through the liver. The presystemic
breakdown of alcohol in the gut or the liver before
reaching the systemic circulation is referred to as
“first-pass metabolism’. The mucous membranes of
the stomach contain the enzyme ADH although in
much smaller amounts than in the liver where the
bulk of the metabolism of ethanol occurs. Gastric
ADH differs from hepatic ADH in other respects such
as the optimal K, and V., values for oxidation of
alcohol.
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The blood-alcohol concentration reached after
drinking alcoholic beverages depends on the amount
consumed (dose), the speed of drinking, the rate of
absorption from the gut and also on the person’s body
weight, age and gender. Having a higher proportion
of fat gives a higher BAC for the same dose of alcohol
consumed because leaner individuals have more body
water into which the alcohol can be diluted. Since
women tend to be smaller than men and also have
more fatty tissue and less body water, a given amount
of alcohol in a female drinker yields a higher BAC and
a correspondingly greater effect on the brain (impair-
ment) and more damage to organs and tissues. Like-
wise in older individuals, who generally have more fat
per kg body mass than younger people, studies have
showed that higher BACs are reached in the aged.

Once absorbed from the gut, alcohol is trans-
ported via the portal vein to the liver where enzymes
begin the process of breaking down the alcohol to
clear it from the bloodstream. The principal alcohol-
metabolizing enzyme is class I hepatic alcohol dehy-
drogenase (ADH), which converts ethanol into a
toxic metabolite, acetaldehyde. Fortunately, this
noxious substance is swiftly transformed into acetate
by another hepatic enzyme called aldehyde dehydro-
genase (ALDH). In this two-stage biotransformation
process, the coenzyme nicotinamide adenine dinu-
cleotide (NAD™) is reduced to NADH. The excess
NADH in the hepatocytes during ethanol oxidation
disrupts many of the normal metabolic processes
that require the same coenzyme (NAD*). This
leads, among other things, to reduced synthesis of
glucose, increased concentration of lactate, altered
fatty acid metabolism and accumulation of fat in the
liver as some of the consequences. The bulk of the
dose of ethanol (95-98%) is oxidized to CO, and
H,0, and the remainder (2-5%) is excreted,
unchanged, in sweat, urine and expired air. A very
small fraction of the alcohol ingested is converted by
the liver into ethyl glucuronide and this water-solu-
ble minor metabolite can be measured in urine speci-
mens to confirm that a person had actually taken
alcohol.

Distribution of Alcohol in
Body Fluids and Tissue

Alcohol and water mix together in all proportions and
only a very small fraction of the total amount of
alcohol absorbed into the blood penetrates into fatty
tissue and bone. Accordingly, the distribution of
alcohol in body fluids and tissue after diffusion equi-
librium is complete follows the distribution of water
in the body. Urine, vitreous humor (VH), and CSF,

which consist of 98-99% w/w water, can therefore be
expected to have higher concentrations of alcohol
than whole blood, which is 80% w/w water on the
average. Organs and tissue such as skeletal muscle,
brain, liver and kidney which contain somewhat less
water (75-78% w/w) will accordingly contain lower
concentrations of alcohol compared with the same
mass of blood. Moreover, liver and kidney have
considerable enzymatic activity and the concentration
of alcohol in these organs decreases for various per-
iods of time after death owing to on-going metabolic
processes.

Table 3 gives the water contents of body fluids and
tissues taken at postmortem and used for analysis of
alcohol. These values provide a rough estimate of the
relative concentration of alcohol expected in various
biofluids and tissues because the ratios of the water
content should correspond to the distribution ratios
of alcohol provided that diffusion equilibrium of
alcohol is complete. The stage of alcohol absorption
and distribution in the body and the pooling of urine
in the bladder during which time the blood-alcohol
concentration is changing are important to consider
when urine/blood ratios and CSF/blood ratios of
alcohol are interpreted.

After absorption and distribution of alcohol are
complete and the concentration in blood begins to
decrease, the organs and tissue such as skeletal mus-
cles return alcohol into the venous blood and periph-

Table3 Average water-content of body fluids, organs and tissue
in relation to the expected concentrations of alcohol. Note that
the result from analyzing an alternative biological specimen
should not be used to estimate blood-alcohol concentration in
any individual case

Biological Water content Alcohol ratio relative
specimen (% wiw) to whole blood?
Whole blood 80 1.0
Plasma/serum 92 1.1-1.2
Erythrocytes 70 0.8-0.9

Urine 98-99 1.2-1.4°
Vitreous humor 99 1.1-1.3
Cerebrospinal fluid 98-99 1.1-1.3°

Bile 87-97 0.8-1.0
Synovial fluid 92-96 1.1-1.2

Liver 80 0.6-0.8

Brain 75 0.8-1.0
Skeletal muscle 76 0.8-0.9

Kidney 79 0.6-0.7

@ The ratios of alcohol concentration differ widely in any individual case
depending on the concentration of alcohol present and the time after
drinking when death occurred.

b Average value for specimens taken at autopsy; note that the ratio
depends to a great extent on the stage of alcohol absorption and
distribution in the body.

¢ Lumbar fluid taken during postabsorptive phase.
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eral circulation. The venous blood therefore contains
a somewhat higher concentration of alcohol than
arterial blood when the blood-alcohol curve enters
the postabsorptive stage. However, these arterial-
venous differences in alcohol concentration lack sig-
nificance in postmortem work.

Toxicity of Alcohol

Fatalities caused by abuse of alcohol and drunken-
ness occur daily throughout the world and heavy
drinkers and alcoholics are over-represented among
individuals committing suicide. When sudden unna-
tural deaths are investigated, especially among males,
the BACs at autopsy together with other information
corroborate recent heavy drinking. Elevated blood-
alcohol concentrations are the most common finding
in medicolegal autopsies often in combination with
narcotics or prescription drugs. Indeed, alcohol into-
xication or drug-alcohol interactions should not be
overlooked when sudden natural deaths are inves-
tigated and screening of all out-of-hospital deaths
for elevated blood-alcohol concentration has been
suggested.

Deaths attributable to alcohol impairment include
all kinds of accidents and especially road-traffic fatal-
ities, which are the leading cause of death among
people aged under 35 years for drivers, passengers
and pedestrians. Statistics indicate that in approxi-
mately 30-40% of fatal road-traffic accidents, espe-
cially single vehicle accidents, the driver had been
drinking, and that blood-alcohol concentrations at
autopsy often exceeded 150mg 100 ml~"! (1.5g1~1).

The acute toxicity of alcohol is well documented
for inexperienced drinkers who consume too much
too quickly, leading to gross impairment and alco-
holic coma. Alcohol kills by its direct toxicological
effect on the brain, e.g. depression of the respiratory
center in the medulla, with paralysis of respiration.
Under these circumstances the BACs at autopsy are
often 300-400 mg 100 ml~" (34 g1~ "), or higher. In
combination with other sedative drugs (e.g. barbitu-
rates and benzodiazepines), for which the pharmaco-
logical effects are additive, death may result after
drinking much smaller amounts of alcohol. Long-
term abuse of alcohol eventually leads to malfunc-
tioning of body organs and tissue necrosis. Death
from liver cirrhosis is a fairly common finding in
chronic alcoholics. Secondary causes of death include
aspiration of vomit and suffocation while in a deep
comatose drunken stupor. This mode of death is well
documented in teenagers and young people unaccus-
tomed to heavy drinking and for whatever reason

have engaged in forced consumption of alcohol, such
as occurs during drinking competitions.

Some people consume large quantities of alcohol
daily and build-up a pronounced central nervous
system tolerance, which might explain the very high
blood-alcohol concentration reported in autopsy
material (4-5gl™"'). Death from depression of the
respiratory center in the brain or a combination of
gross intoxication and exposure, e.g. hypothermia is
not uncommon among skid-row alcoholics. Chronic
intake of alcohol results in metabolic disturbances
such as hypoglycemia, lactic acidosis and ketoacido-
sis. These conditions are often exaggerated by poor
dietary habits sometimes with fatal outcome.

Many attempts have been made to correlate blood-
alcohol concentration with degree of impairment, but
the association is weak and only general guidelines
can be given, in part owing to the development of
functional tolerance. The blood-alcohol concentra-
tion necessary to cause death varies widely but is
often quoted as being 350-450mgdl ' although
many exceptions exist and some people attempt to
drive a motor vehicle after drinking to reach these
levels.

Sampling Considerations

Obtaining representative samples is a critical element
in all analytical work. The late W.]. Youden of the
National Bureau of Standards, Washington, DC is
quoted as saying: ‘It is common knowledge that the
result of an analysis is no better than the sample used
for analysis. The qualifying phrase on the sample as
received should be included in a report.’

Analytical chemists and the methods they use are
carefully scrutinized regarding precision, accuracy
and selectivity of the results, but less attention is
usually given to the way the sample was obtained
and its condition on arrival at the laboratory. Indeed,
the variance and uncertainty associated with sampling
often dominates the total variability of the analytical
method. For this reason, autopsy specimens should be
taken in accordance with a standard protocol and all
materials carefully labelled including identification of
the deceased, the date and time of autopsy and the
type and amount of specimen collected. These aspects
of the sampling procedure become important if a
second autopsy has to be performed, and new speci-
mens are taken for toxicological analysis. The size,
shape, and composition of the containers used to hold
the body fluids should be appropriate for the kind of
specimen collected. The containers (previously un-
used) are generally made of glass or polypropylene
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with tight fitting screw tops. This reduces the like-
lihood of contamination of specimens and losses of
sample occurring owing to a leaky container or
adsorption or reaction of the analyte with the con-
tainer material. The mode of transport, storage and
overall security of the materials sent for analysis often
needs to be documented in medicolegal casework
whenever the results of alcohol analysis are challenged
in court.

The cleanliness of the sampling equipment (sterile
syringes and needles) and any transfer lines also war-
rant attention to avoid contamination of specimens
with extraneous solvents used in the autopsy room.
For volatile substances, like ethanol, use of airtight
containers with small air-spaces helps to minimize
losses by evaporation. Whenever possible the biolo-
gical specimens should be stored in the cold (4°C)
before shipment to the laboratory. Finally a system
should be devised to permit the definitive identifica-
tion of samples received by the laboratory including
the kind of specimen, the site of sampling blood, the
volume of specimen obtained, and not least the
person responsible for inspecting the specimen. All
this falls under the rubric ‘chain-of-custody’ which
becomes critical whenever the integrity of the sample
has to be defended in court.

Examples of the biological specimens taken at
autopsy and subsequently used for alcohol analysis
are presented in Table 4. The rank order of preference
is femoral venous blood, bladder urine or vitreous
humor, and cerebrospinal fluid or various combina-
tions of these depending on availability, e.g. blood
and urine or blood and vitreous humor.

Blood Samples

The concentration of alcohol in a sample of post-
mortem blood can provide useful information about
the BAC at the time of death and within limits the
amount of alcohol the person might have consumed.

Table 4 Biological specimens available for analysis of alcohol
and sometimes taken during postmortem examination

e Whole blood e Bile
Heart (cardiac) e Stomach contents
Cubital vein e Synovial fluid
Jugular vein e Bone marrow
Femoral vein® e Organs and tissue

Intercranial blood Skeletal muscle

e Urine® Brain
e Vitreous humor® Liver
e Cerebrospinal fluid Kidney

2 Preferred specimens

The effects of alcohol and other psychoactive sub-
stances on performance and behavior tend to be
correlated with the concentrations infiltrating the
brain and the person’s BAC provides the best indirect
estimate of central nervous system (CNS) exposure to
the drug. Tabulations of therapeutic, toxic and fatal
concentrations of drugs are available for comparison
to help with interpretation of the concentrations
determined at autopsy.

The kind and quality of the blood sample available
at autopsy depends to a large extent on the condition
of the corpse and in particular the existence of severe
trauma and whether any evidence of decomposition
exists. Taking relevant samples is fundamental to
allow correct interpretation of the analytical results.
Blood (~ 50 ml) should be taken from an extremity,
such as an undamaged femoral vein in the leg or a
jugular vein in the neck and the specimens should be
obtained early during the autopsy and before evis-
ceration. A recommended practice is to clamp the
femoral vein and then withdraw a suitable blood
sample with a sterile syringe and wide bore needle.
Blood samples intended for alcohol analysis should
not be taken from the pericardium, abdominal or
thoracic cavities because at these anatomical loca-
tions there is an increased risk of contamination by
alcohol spreading from the