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Introduction

Over many decades, the treatment of asthma has evolved and improved
considerably, largely because of the availability of several classes of medica-
tions. This was recently reviewed and analyzed in an excellent publication
by Chu and Drazen (1).

The current concept of asthma treatment is to achieve control of
symptoms, rather than reacting to changes in the severity of the disease.
This approach, which may lead to a “steady state” of the disease, is depen-
dent on knowing what works, and what does not, in a specific patient. The
identification of the best therapy also depends on the realization that
“asthma (is) liable to great variety in different individuals.” This view
(and actually a matter of fact) was first advanced in the late 1800s by Henry
Hyde Salter (2), a physician in Charing Cross Hospital in London, and the
first to describe the role of environment in the etiology and the course of
asthma.

Physicians who treat asthma patients today have in hand a variety of
classes of medications with different mechanisms of action. The knowledge
and understanding of these medications is fundamental to ensure the most
optimal treatment for a given patient.

This new volume of the series of monographs Lung Biology in Health
and Disease, edited by Dr. James T. Li, gives the reader a thorough review

iii



v Introduction

of all the classes of available medications and how and when they will ben-
efit the patients most. Thus, the physician will be aided in making a decision
about the specific medication to prescribe.

Much has happened over the centuries that physicians have been inter-
ested in asthma, but surely we are on the eve of even better and more
significant progress. Indeed, asthma may be the condition that will be the
first to benefit from genomic research and the concept of so-called personal-
ized medicine (3). The notion that tests (hopefully easy and inexpensive
ones) can be designed to provide information to a physician on whether
or not a given medication will work in a specific patient will be an important
and fundamental step forward. However, for this to happen the knowledge of
the mechanism of action of the medications must be known; this is what this
volume provides the readers.

As the executive editor of this series, I am grateful to Dr. Li and the
expert group of contributors who have assembled for the opportunity to
present this monograph to the readership.

Claude Lenfant, MD
Gaithersburg, Maryland, U.S.A.
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Preface

Asthma continues to be a significant cause of morbidity and mortality.
According to Centers for Disease Control’s surveillance statistics for
asthma, there are approximately 27 million persons with asthma in the
United States, 11 million of which experience an asthma attack in any given
year. There are 14 million school days missed every year because of poorly
controlled asthma, and another 14 million workdays missed by adult work-
ers with asthma. Annually, asthma accounts for 10 million office visits, over
400,000 hospitalizations, and over 4500 deaths.

Fortunately, medications can be highly effective in reducing the
burden of asthma for many people. Clinical studies show that proper treat-
ment of asthma with appropriate medications can reduce deaths, hospitali-
zations, and symptoms. As new drugs for asthma are developed, the
complexity of determining the proper drug treatment for individual patients
with asthma increases. The recommended practice of using multiple drugs
in the treatment of asthma adds to the complexity.

Providing health care for patients with asthma is not easy. No two per-
sons with asthma are alike. Practice guidelines for the treatment of asthma
are helpful resources, but treatment programs must be individualized. New,
effective medications and biologic agents for asthma are now available.



vi Preface

Clinicians must have the knowledge and skills to instruct patients on how to
use asthma drugs effectively and safely.

Prompt and proper treatment of acute asthma can be life-saving. The
drug treatment of asthma in the emergency department, hospital, and inten-
sive care unit may be very different from the outpatient treatment of chronic
asthma. Health care professionals caring for severely ill patients with
asthma should have a complete understanding of the variety of inpatient
asthma therapies available.

This book is intended to provide comprehensive, practical, and clini-
cally useful information on the drug treatment of asthma for clinicians who
care for persons with asthma. Medical students, residents-in-training, pri-
mary care physicians, specialty physicians, asthma educators, respiratory
care providers, nurses, and physicians who care for asthma patients should
find the information and recommendations in this book helpful.

The opening chapter reviews the place of pharmacotherapy in the
overall management of asthma. The recommendations in published practice
guidelines are an excellent starting point. The importance of asthma educa-
tion and adherence to treatment plans is included in this chapter.

Chapters 2 through 11 cover all the currently available drugs used in
the treatment of asthma. All drug-specific chapters include a review of phar-
macology, mechanisms of action, efficacy, safety, special concerns and
situations, and recommendations. Readers can use the information in these
chapters to help guide decisions about asthma therapy. One chapter in this
section reviews the use of immunosuppressive agents for severe asthma.
Another covers the indications and risks of inhaled corticosteroids. There
is a comprehensive chapter on the most appropriate use of leukotriene
modifiers. The final chapter in this section reviews allergen immunotherapy
for asthma in a rigorous, evidence-based manner.

Chapter 12 reviews the intricacies of outpatient pharmacotherapy of
asthma, including combination therapies. The final chapter is a detailed
review of drug treatment of asthma in the emergency department, hospital
floor, and intensive care unit.

The editor and contributors hope that this book offers clear, compre-
hensive, and clinically useful information and guidance for the drug treatment
of asthma. Individualization of treatment and appropriate selection of asthma
therapy should result in a decreased burden of asthma for our patients.

James T. Li
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Pharmacotherapy According to
Published Guidelines

DAVID I. BERNSTEIN

Division of Allergy-Immunology, University of Cincinnati College of Medicine
Cincinnati, Ohio, U.S.A.

. Introduction

In the past 30 years, physicians have been introduced to a myriad of new
pharmacologic agents that have gained Food and Drug Administration
(FDA) approval for treatment of persistent asthma. Many of these agents
have arisen from advances in basic and translational research that have
elucidated pathogenetic mechanisms of human asthma and airway inflam-
mation. At the same time, epidemiologic research conducted in longitudinal
childhood studies and adult populations have provided valuable insights
into the natural history of human asthma and defined phenotypic and envir-
onmental determinants of disease morbidity. Despite impressive advances
in our knowledge, asthma is a major health care problem and, in the past
two decades, incidences have steadily risen worldwide along with costs
related to drugs and medical care. Data showing rising incidence rates,
costs, hospitalizations, and asthma-related deaths on a worldwide basis
have provided strong impetus for development and dissemination of asthma
treatment guidelines. At the same time, investigators worldwide continue to
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search for underlying causes of rising asthma incidence rates, hoping that
new information may lead to effective primary preventive strategies.

The National Heart, Lung, and Blood Institute (NHLBI) asthma treat-
ment guidelines were first published in 1991 under the auspices of the
National Asthma Education and Prevention Program (NAEPP). The treat-
ment guidelines, entitled Guidelines for Diagnosis and Management of
Asthma, summarized the recommendations of the first NAEPP expert panel
(1). The stated objective of the first report was to provide general recommen-
dations for diagnosing and managing asthma based on best available data
and scientific evidence. The first edition was subsequently revised and
expanded in 1997 (2). In 2002, the NAEPP expert panel released an
“Update on Selected Topics” (3), which addressed the use of combination
therapy in children, patient monitoring of symptoms and peak expiratory
flow rates (PEFR), and symptom-based written action plans.

In 1993, the NHLBI convened a workshop in collaboration with the
World Health Organization (WHQO) which was attended by an international
panel of experts and entitled Global Strategy for Asthma Management and
Prevention. At that time, the Global Initiative for Asthma (GINA) was
started to broadly disseminate new information pertaining to asthma to
physicians, public health officials, and lay groups. The first report of this
workshop appeared in 1995 and was subsequently updated in 2002 (4).
Treatment guidelines contained in both of these documents are evidence
based and designed for patients according to similar disease severity classi-
fications. As general goals of management, the latest GINA guidelines
stress the importance of normalizing lung function, instituting anti-inflam-
matory drugs, and initiating patient education and self-management pro-
grams. These guidelines propose a management plan with interrelated
parts, which include education, assessment and monitoring of asthma sever-
ity, avoidance of risk factors, establishing medication plans for long-term
control, and designing individual strategies for managing exacerbations
(Table 1). The 2002 GINA guidelines go further than the NHLBI document
in presenting extensive reviews of the pathophysiology, mechanisms and epi-
demiology of asthma (5). Specifically, asthma definitions, airway pathology,

Table 1 Global Initiative for Asthma (GINA) Six Part Asthma Management Plan

1. Educate patients to develop a partnership in asthma management

2. Assess and monitor asthma severity with both symptom reports and, as much as
possible, measurements of lung function

3. Avoid exposure to risk factors

4. Establish individual medication plans for long-term management in children and
adults

5. Establish individual plans for managing exacerbations

6. Provide regular follow-up care
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asthma mortality, risk factors, genetic susceptibility, environmental causes,
and triggers of asthma are discussed extensively. These aspects of the GINA
document are not directly pertinent to this chapter. However, some of the key
points of the GINA report that are relevant to pharmacotherapy are high-
lighted below.

Il. Review of NHLBI and GINA Asthma
Treatment Guidelines

A. Diagnosis of Asthma

The schema presented for asthma classification and diagnosis is particularly
relevant. The GINA document emphasizes the importance of utilizing lung-
function measurements in the diagnosis of asthma. The GINA guideline high-
lights questions that can be used in a clinical setting, which are from the
International Union Against Tuberculosis and Lung Disease questionnaire,
a validated instrument that has been employed in epidemiologic studies (6).

Traditionally, a diagnosis of asthma is confirmed by a 12% or greater
improvement in FEV, after inhalation of a B-agonist bronchodilator or after
an interval of treatment with systemic or inhaled glucocorticoids. The FEV,
has been considered the premier endpoint to measure both short-term and
long-term asthma clinical trials. However, single measurements of lung
function can underestimate asthma severity status unless other symptoms
or morbidity indicators are considered, including numbers of acute asthma
exacerbations, rescue bronchodilator usage, and quality of life.

Both GINA and NAEPP reports emphasize the importance of objec-
tively confirming asthma, thereby discouraging the common empirical
approach to diagnosis and treatment. The usefulness of portable devices that
measure peak expiratory flow rates are noted, and these may be available in
the primary care setting where spirometry is not. The NHLBI document
recommends that PEFR be monitored twice daily for one to two weeks, opti-
mally upon awakening and between 12:00 and 2:00 pMm (corresponding to the
expected nadir and peak of daily PEFR, respectively) (2). The GINA guide-
lines suggests that reversibility in PEFR of >15% supports a diagnosis of
asthma, and diurnal variability of >20% is considered diagnostic of asthma.
Serial PEFR measurements are useful in classifying asthma severity. Both
NHLB and GINA guidelines identify 20% to 30% variability as consistent
with mild persistent asthma, whereas daily variability of >30% is used to clas-
sify patients with moderate and severe persistent asthma. The GINA guide-
line recommends short-term monitoring of PEFR not only for establishing a
diagnosis, but also for monitoring lung function changes associated with
exposure to allergen triggers and for responses to any changes in therapy.

In some cases, serial PEFR monitoring can identify improvement in
lung function after treatment with a B-agonist or inhaled corticosteroids
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(ICS), and help to confirm a diagnosis of asthma. PEFR monitoring is
strongly recommended for severe asthmatic patients for aiding in identifica-
tion of asthma deterioration and for managing exacerbations, especially for
those who have poor perception of increases in asthma symptoms. Falsifi-
cation of data is not unusual, and patient compliance and good technique
are essential in obtaining valid and reliable PEFR data (7).

The GINA report notes that diagnosis of asthma in children below the
age of five is problematic and can be confounded by other childhood causes
of wheezing (e.g., cystic fibrosis, primary immune deficiency, congenital
narrowing of intrathoracic airways, and foreign body aspiration) (5). In this
group, lung function cannot usually be performed. Wheezing associated
with viral infections during infancy is not predictive of childhood asthma
(8). The presence of atopy defined by positive aeroallergen skin tests com-
bined with a parental history of asthma is associated with confirmed diag-
noses of asthma at age 6 (9). Wheezing during early infancy or before the
age of 2 is extremely common and not highly predictive of childhood asthma.
The GINA document recognizes that, given the inability to perform lung
function before age 5, it is not possible to unequivocally establish a diagno-
sis of asthma. In such circumstances, the benefits of initiating chronic
controller medications to children with persistent wheezing outweigh theo-
retical concerns about over-treating pediatric patients, some of whom may
later be proven not to have asthma (5).

B. Therapeutic Approach: Non-pharmacologic Considerations

The NHLBI report in 1997 is very similar to the GINA document in empha-
sizing four components of asthma management, including: (i) the use of
objective measures of lung function to establish the diagnosis, assess asthma
severity, and monitor treatment responses; (ii) control both allergic and
non-allergic factors that trigger asthma symptoms and exacerbations;
(iii) pharmacologic treatment plans aimed at controlling airways inflamma-
tion and treating exacerbations; and (iv) education programs directed at
patients (including self-management skills) and families, as well as health care
providers.

In addition to recommending asthma drug regimens tailored to
asthma severity status, the GINA guidelines stress the importance of non-
pharmacologic management and emphasize the need for global initiatives
to improve asthma education. Such efforts are directed at improving patient
compliance with optimal recommended treatments, which is generally
assumed to be the key determinant of favorable outcomes.

The emphasis on education is justified by published data indicating that
only 50% of patients are receiving adequate preventive treatments, that 74%
of asthma hospitalizations are preventable, and that 90% of fatal asthma
events may have been prevented (5). The vast majority of patients dying from
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asthma had experienced prior hospitalizations and 40% of these occurred
within 12 months prior to fatal events (5). Therefore, in an attempt to address
this concern, both NHLBI and GINA guidelines have introduced aggressive
plans for pharmacologic management of acute asthma exacerbations.

Education

High-risk patients and those who have undergone mechanical ventilation for
status asthmaticus should be targeted for self-management education, which
is directed at timely recognition and aggressive early interventions for
asthma exacerbations. Such programs seek to impart new self-management
skills to the patient, which are described in Table 2, and, at the same time,
modify behavior patterns.

In addition to the obvious importance of patient education, the
authors highlight the importance of widespread and continuing instruction
of all segments of diverse groups directly or indirectly involved with some
aspect of patient care, including: health care delivery organizations; groups
involved with setting health care policy; health care professionals at all
levels; families, parents, teachers, and sports coaches.

The framers of the GINA guidelines recognized that their impact will
be realized if they are perceived as useful to health care providers in achiev-
ing treatment goals for individual patients. Guidelines can be publicized via
frequent interactive discussions among health care providers and their
peers. Outcomes of the impact of the use of guidelines should be moni-
tored in individual patients during routine physician visits by asking
patients if they have continued to experience daytime and nighttime symp-
toms and how asthma symptoms impact daily activities (e.g., school, work
activities, sports, etc.). So far, it appears that issued treatment guidelines
have had limited impact on prescribing habits of physicians. In a recent
worldwide survey that evaluated adequacy of asthma treatment relative
to disease severity, Rabe et al. (10) found that small minorities of patients

Table 2 Basic Principles of Self-Management of Adult Asthma

1. Patients are taught to combine objective assessment of asthma severity (peak-flow
recordings) with educated interpretation of key symptoms

2. Patients are taught which medication to use regularly and which medication to
use as needed. This may include as needed B-agonist therapy or, for patients with
severe asthma, systemic glucocorticoids, high-dose inhaled B-agonist, oxygen
therapy, and medical review

3. Self-assessment and self-management are integrated with written guidelines for
both the long-term treatment of asthma and the treatment of asthma
exacerbations

Source: From Ref. 5.
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Table 3 Factors Affecting Compliance

Drug factors
Difficulties with inhaler devices
Awkward regimes (e.g., four times daily or multiple drugs)
Side effects
Cost of medication
Dislike of medication
Distant pharmacies

Non-drug factors
Misunderstanding or lack of instruction
Fears about side effects
Dissatisfaction with health care professionals
Unexpressed /undiscussed fears or concerns
Inappropriate expectations
Poor supervision, training, or follow up
Anger about condition or its treatment
Underestimation of severity
Cultural issues
Stigmatization
Forgetfulness or complacency
Attitudes toward ill health
Religious issues

Source: From Ref. 5.

(9-30%) in various parts of the world, at all severity levels, were receiving
long-term preventative treatment; the majority were receiving quick-relief
bronchodilators.

Non-compliance

Non-compliance can be defined as failure to take medications as agreed
upon by patient and health care provider. The GINA report identifies mul-
tiple factors that may influence non-compliance (Table 3), including
adverse effects or intolerance to medications, frequency of dosing, lack of
instruction, difficulties with inhaler devices, anger about one’s condition,
poor supervision, complacency, and the high costs of medications. Improv-
ing communication between patient and health care provider can enhance
compliance with medications (11). Such interactions may increase accep-
tance of the disease by the patient if they become more informed about
asthma-associated risks resulting from under-treatment.

Prevention. Avoidance of Risk Factors

The GINA report recognizes that education about avoidance of allergen
triggers is an important part of overall management. There is only limited
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evidence demonstrating that primary prevention programs implemented
during the pre- or postnatal periods can prevent development of asthma.
Arshad et al. (12), demonstrated that a program integrating multiple inter-
ventions early in life (e.g., environmental control plus early food avoidance)
are promising in preventing later development of childhood asthma. However,
more studies are needed to confirm this unique observation.

C. Pharmacotherapy for Asthma: Stepwise Approach
Important Caveats

The NAEPP report emphasizes that the stepwise approach should be used
to guide but not replace physician decisions regarding treatment of indivi-
dual patients (2). In rating severity, a patient should be assigned to the most
severe step if any one feature of the higher severity category is present. Phy-
sicians should follow the strategy of achieving control as quickly as possible
(e.g., treating with a burst of oral prednisone, if indicated) and then step-
ping down to the least medication needed to maintain long-term asthma
control. As already mentioned, it is essential to provide patient education
in self-management and control of environmental triggers (e.g., allergens).
Severely asthmatic patients with acute exacerbations or hospitalizations
or poor perception of asthma symptoms should be trained in the use of
serial PEFR measurements to aid in early recognition of asthma flare-
ups. This should involve intensive education regarding self-management
of acute exacerbations in which patients are provided with a written “action
plan.” This important aspect of self-management is to facilitate intensifica-
tion of asthma therapy early, which usually involves timely administration of
a burst of systemic corticosteroids. How these strategies lead to favorable
clinical outcomes is discussed later in this chapter. Finally, referral to an
asthma specialist is recommended for adults and children greater than five
years with severe persistent asthma that is difficult to control. Referral is
recommended in children <5years with moderate or severe asthma and
should be considered in mild persistent asthma.

The authors introduce pharmacotherapy for chronic asthma with
some thoughtful considerations and caveats. First, individual treatment
responses to given regimens may differ significantly from the average
response in the asthmatic population at large. Second, treatment decisions
are the product of a compromise between physician and patient. Third, the
advantages of delivering medications via the inhaled route are emphasized,
thereby maximizing local drug delivery and minimizing potential adverse
effects.

Physicians and allied health professionals are primarily concerned
with relieving asthma symptoms, preventing exacerbations, and improving
quality of life. Long-term asthma control is defined in GINA by achieving
the following goals: (i) minimal chronic asthma symptoms, including
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Table 4 Asthma Stepwise Categories of Disease Severity as Presented in Most
Recent Global Initiative for Asthma (GINA) and National Asthma Education
and Prevention Program (NAEPP) Reports

Step 1: Mild intermittent
Symptoms less than once a week?®
Brief exacerbations
Nocturnal symptoms not more than twice a month
e FEV,; or PEF >80 % predicted
e PEF or FEV variability < 20%

Step 2: Mild persistent
Symptoms more than once a week but less than once a day®
Exacerbations may affect activity and sleep
Nocturnal symptoms more than twice a month
e FEV, or PEF > 80% predicted
e PEF or FEV, variability 20-30%

Step 3: Moderate persistent
Symptoms daily
Exacerbations may affect activity and sleep
Nocturnal symptoms more than once a week
Daily use of inhaled short-acting 2-agonist
e FEV, or PEF 60-80% predicted
e PEF or FEV, variability > 30%

Step 4: Severe persistent
Symptoms daily
Frequent exacerbations
Frequent nocturnal asthma symptoms
Limitation of physical activities
e FEV, or PEF < 60% predicted
e PEF or FEV, variability > 30%

Symptoms are <2 days/wk for mild intermittent in NAEPP 1997 report.
®Symptoms are > 2 days/wk for mild-persistent asthma in NAEPP 1997 report.
Source: From Refs. 2 and 5.

nocturnal symptoms; (ii) infrequent or no acute exacerbations; (iii) no hos-
pital visits; (iv) little if any requirement for rescue -agonist; (v) reduction in
activity or exercise limitations; (vi) normalization of PEF variability; and
(vii) minimal adverse effects attributable to asthma medications (5).

Both the GINA and NAEPP reports recommend that pharmacotherapy
should be customized to asthma severity using a stepwise approach. Asthma
medications are increased as a function of disease severity. In the 1991
NAEPP report, three step-categories of asthma disease severity were intro-
duced: mild, moderate, and severe (1). As shown in Table 4, these were
expanded in the second report to include the following four graded or ““step-
wise” categories: mild intermittent, mild persistent, moderate persistent,
and severe persistent. These severity classes are defined by frequency of
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daytime and nocturnal asthma symptoms, FEV; and PEFR variability. This
classification scheme serves as a useful framework for making stepwise recom-
mendations to achieve pharmacologic control of chronic asthma. The phar-
macotherapeutic recommendations and relevant rationale for each category
of asthma severity will be discussed below.

D. Pharmacologic Treatment Recommendations
Level of Evidence

Because both the NAEPP and GINA guidelines regarding pharmacother-
apy are evidence based, recommendations pertaining to asthma manage-
ment are often accompanied by ratings of the relative quality of scientific
evidence from which they are derived. The GINA document has proposed
an asthma severity classification that closely resembles those of the NHLBI
guidelines (Table 4). Levels A—D categories of evidence are defined as: Level
A—recommendation that is based upon substantial numbers of randomized
controlled clinical trials and a rich body of evidence; Level B—recommenda-
tion based upon limited numbers of randomized controlled trials; Level C—
recommendations based upon observational studies; and Level D—recom-
mendations that are based upon the lowest level of evidence and derived
strictly from expert opinion. In contrast to the NAEPP reports, the 2002
GINA report is more diligent about assigning evidence ratings for specific
recommendations.

Mild Intermittent (Step 1)

Criteria for this category are presented in Table 4 according to the
GINA guideline. In the NAEPP and GINA reports (Table 5), a short-
acting -agonist is reccommended for acute relief of occasional bronchospastic
symptoms. If symptoms occur more frequently than twice weekly (or greater
than once per week, as per GINA), the patient should receive the next step of
care (i.e., as recommended for mild persistent). It is recognized that acute
severe and even life-threatening acute exacerbations can occur among a small
number of high-risk patients with mild intermittent asthma and such patients
must be provided with self-management skills and an asthma action plan.
The GINA report goes further than NAEPP in recommending that
mild intermittent patients with severe acute exacerbations be stepped up
and treated as moderate persistent asthma with long-term controller agents.
In a similar fashion, a recent 2002 update of the NAEPP panel report rec-
ommends that children experiencing more than three acute exacerbations of
asthma per year be considered for initiation of long-term controller medica-
tion (3). In the same update, the NAEPP committee recommended initia-
tion of long-term control therapy in infants and young children who had
experienced more than three episodes of wheezing within the previous year;
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Table 5 Recommended Medications by Level of Severity in Adults—Global Initia-
tive for Asthma (GINA) 2002 Report

Level of Daily controller Other treatment
severity medications options
Step 1 None necessary
Intermittent
asthma
Step 2 Inhaled glucocorticoid  Sustained-release theophylline, or

Mild persistent
asthma

(<500 ug BDP or
equivalent)

cromone, or leukotriene modifier

Step 3 Inhaled glucocorticoid Inhaled glucocorticoid (500-1000 pg
Moderate 200-1000 ug BDP or BDP or equivalent) plus
persistent equivalent) plus long-  long-acting oral
asthma acting inhaled B-agonist

[-agonist Inhaled glucocorticoid at higher
doses (>1000 pg BDP or
equivalent), or

Inhaled glucocorticoid
(500-1000 pg BDP or equivalent)
plus leukotriene modifier or
sustained release theophylline

Step 4 Inhaled glucocorticoid
Severe persistent (>1000 pg BDP or
asthma equivalent) plus long-

acting inhaled
B-agonist, plus one or
more of the following,
if needed:
Sustained-release
theophylline
Leukotriene modifier
e Long-acting oral
B-agonist
e Oral glucocorticoid

All steps: In addition to regular daily controller therapy, rapid-acting inhaled B-agonist should
be taken as needed to relieve symptoms, but should not be taken more than 3—4 times a day.
Once control of asthma is achieved and maintained for at least three months, a gradual reduc-
tion of the maintenance therapy should betried in order to identify the minimum therapy
required to maintain control.

Abbreviation: BDP, beclomethasone dipropionate.

if asthma affected sleep and lasted more than one day and the child had
known risk factors for development of asthma (i.e., parental asthma history,
allergic rhinitis, and peripheral eosinophilia). This new recommendation is
analogous to the GINA guidelines for treating young children with mild
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intermittent asthma and intermittent acute exacerbations. Although the
latter recommendations are intuitively rational, they are supported by only
a D level of evidence indicating that more long-term studies of the natural
history of mild intermittent asthma in early childhood are needed.

Mild Persistent Asthma (Table 5)

Mild persistent asthma (Step 2) is defined by the NAEPP report as symptoms
occurring more than twice weekly (or >1 episode per week according
to GINA), nocturnal symptoms more than two times per month, and
FEV; > 80% predicted and PEF variability of 20% to 30%. Long-term control-
ler medications are indicated according to NAEPP (2002) update. Low-dose
inhaled corticosteroids (ICS) (100—-400 ng/day budesonide or equivalent) are
preferred in adults. Alternative (but not preferred) agents in this group include
leukotriene modifiers, sustained-release theophylline, and inhaled cromolyn.

For children five years and younger, a low-dose ICS (via nebulizer,
MDI with holding chamber with or without a face mask, or DPI) is the pre-
ferred treatment over cromolyn, theophylline, and alternative agents. In the
2002 NAEPP update on treatment of persistent asthma in children <5 years,
the expert panel notes that the latter recommendation is based strictly upon
expert opinion (Level D) and is extrapolated from studies in older children,
in that adequate controlled clinical trials have not been performed in
younger children (3). The treatment recommendations provided by GINA
for mild persistent disease are otherwise identical (Table 6).

Moderate Persistent Asthma

According to the NAEPP report, a low dose of ICS combined with a long-
acting B-agonist or medium-dose ICS given as monotherapy is preferred
treatment for children five years and younger. The recommendation to
combine a low-dose ICS with a long acting B-agonist (LABA) in this group
is not evidence based; no placebo-controlled studies have been performed
to examine this question in this age group. Low-dose ICS combined with
either a leukotriene antagonist or theophylline can be considered as alterna-
tive but not preferred choices. If asthma is not controlled as reflected by
recurrent exacerbations in this age group, low-dose ICS should be stepped
up to medium doses combined with a long-acting B-agonist. In this situa-
tion, an alternate choice is combining medium doses of ICS with a leuko-
triene receptor antagonist or theophylline.

In contrast, the GINA guidelines are similar but recommend a
moderate dose ICS (400-800 ng budesonide or equivalent), as an initial
approach in children (Level A). Other treatment options listed are: an
ICS combined with theophylline; an ICS combined with a LABA; high-
dose ICS (>800 of budesonide or equivalent); or ICS combined with a
leukotriene modifier (Table 6).
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Table 6 Recommended Medications by Level of Severity in Children—Global
Initiative for Asthma (GINA) 2002 Report

Level of Daily controller Other treatment
severity medications options
Step 1 None necessary
Intermittent
asthma
Step 2 Inhaled glucocorticoid Sustained-release theophylline,
Mild (100-400 pg budesonide or or cromone, or
persistent equivalent) leukotriene modifier
asthma
Step 3 Inhaled glucocorticoid Inhaled glucocorticoid (< 800 ng
Moderate Inhaled glucocorticoid budesonide or equivalent) plus
persistent (400-800 pg budesonide long-acting inhaled B-agonist,
asthma or equivalent) or

Inhaled glucocorticoid (< 800 pg
or equivalent) plus sustained
release theophylline

Inhaled glucocorticoid at higher
doses (>800 pg budesonide or
equivalent), or

Inhaled glucocorticoid (< 800 pg
or equivalent) plus leukotriene

modifier
Step 4 Inhaled glucocorticoid (> 800 ug
Severe budesonide or equivalent) plus
persistent long-acting inhaled B-agonist,
asthma plus one or more of the

following, if needed:

o Sustained-release
theophylline

e [eukotriene modifier

e Long-acting inhaled
B-agonist

e Oral glucocorticoid

All steps: In addition to regular daily controller therapy, rapid-acting inhaled B-agonist should
be taken as needed to relieve symptoms, but should not be taken more than 3—4 times a day.
Once control of asthma is achieved and maintained for at least three months, a gradual reduc-
tion of the maintenance therapy should be tried in order to identify the minimum therapy
required to maintain control.

In adults and children >5 years of age, low to medium doses of ICS
combined with LABA are preferred treatment. This is based on excellent
evidence in multiple double-blinded controlled studies demonstrating that
adding a LABA provides greater control of asthma symptoms and improved
lung function versus doubling the ICS dose (13,14). Recent evidence
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supporting combination therapy was provided by Wallin et al. who reported
results of lung biopsy studies performed in asthmatic patients who received
either fluticasone propionate (FP) at 1000 mg/day or FP 400 mg/day plus
salmeterol for three months. No significant difference was found between
the two groups in the numbers of submucosal mast cells or eosinophils.
The authors conclude that combination therapy is more effective than dou-
bling ICS doses in improving lung function and asthma control in patients
uncontrolled on ICS alone, but combination therapy in lieu of higher ICS
doses did not compromise salutary anti-inflammatory effects in the airways
(15,16). In the NAEPP 2002 update, alternate recommended approaches in
adults include combining medium doses of ICS with a leukotriene inhibitor
or theophylline. The GINA documents recommends additional alternative
treatment options (not found in the NAEPP report), including: increasing
the ICS to higher doses (>1000 pg of BDP); and adding an oral B-agonist
to the ICS agent (Table 5).

Severe Persistent Asthma

In children older than five years and adults, high-dose ICS combined with
LABA are recommended by the NAEPP for all patients with severe persis-
tent asthma. If indicated, long-term systemic corticosteroids should be
instituted to achieve asthma control. Administration of LABA is problem-
atic in young children below the age of five, given the lack of nebulized
forms of these drugs. In the United States, children must be mature and
coordinated enough to learn how to use a DPI device. NAEPP recom-
mends doses of systemic glucocorticoids not to exceed a total daily predni-
sone dose of 60 mg or equivalent. All attempts must be made to reduce
systemic corticosteroids and maintain control with high-dose ICS.

The GINA report differs in that high dose ICS (>1000 BDP or equiva-
lent ICS dose) combined with LABA are recommended for adults combined
with one of the following agents, if indicated: oral corticosteroids, leuko-
triene antagonists, and sustained release theophylline (Table 5). In children,
the GINA guidelines are the same as for adults except that LABA is
proposed as one of several options (i.e., in addition to oral corticosteroids,
leukotriene antagonists, and theophylline) rather than preferred treatment,
as recommended by the NHLBI document (Table 6).

E. Justification for Recommendation of Specific Agents

Both the GINA document of 2002 and the NHLBI-NAEPP report of 1997
present evidence-based rationale for selection of specific agents in both
children and adults. Long-term controller medications as defined by GINA
include: inhaled corticosteroids, LABA, systemic corticosteroids, long-
acting oral B-agonists, sustained-release theophylline, cromolyn sodium,
nedocromil, leukotriene-blocking agents, and steroid-sparing agents.
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Inhaled Corticosteroids

These are widely recognized as the most effective controller medications
and the most effective anti-inflammatory agents. There is excellent evidence
(Level A) that these reduce asthma symptoms, improve lung function,
reduce airway hyperresponsiveness, decrease frequency of exacerbations,
and improve quality of live (2,5). Thus, these are preferred treatments for
all levels of persistent asthma. The GINA guidelines point out that the rela-
tive potencies of the various agents are difficult to elucidate due primarily
to relatively flat dose-response relationships. In other words, there is little
additional benefit in asthma outcomes derived from increasing doses
beyond 500 pg of beclamethasone diproprionate or an equivalent dose of
another ICS agent. At the same time, increasing the ICS dose increases risk
of adverse effects. There is excellent evidence (Level A), however, that add-
ing a LABA is more effective than increasing the dose of the ICS. However,
there is evidence that the use of high-dose ICS in severe persistent asthma
patients reduces the number of acute exacerbations (17). Thus, if necessary,
severe patients should be treated with high-dose ICSs in order to prevent
exacerbations and to reduce adverse effects associated with use of oral
corticosteroids (18).

The NAEPP 1997 report recommended doubling or increasing the
doses of inhaled corticosteroids for treatment of mild asthma exacerbations
and oral corticosteroids should be administered to patients with moderate
and severe asthma exacerbations (2). Increasing ICS dose for mild exacer-
bations in lieu of using systemic steroids is a controversial strategy that was
not supported by a randomized controlled study when the 1997 report was
released. It is apparent from the literature that many clinical investigators
are not entirely comfortable with this recommendation. However, Levy
recently reported in a randomized trial that delivery of high-dose flutica-
sone (2 mg/day) was as effective as a burst of prednisone in treating adults
with acute exacerbations who did not require hospitalization (19). A second
study found no significant difference in outcomes between high-dose
budesonide (1600 mg/day) versus budesonide (800 mg/day) and methyl-
prednisolone (1 mg/kg) in treating mild-acute asthma exacerbations in
children (20). A randomized, double-blind, controlled trial was conducted
in 290 patients who were assigned to treatment with either a regular main-
tenance dose of ICS or were told to double the ICS dose (21). The
frequency of treatment failures, defined as requiring subsequent treatment
with systemic steroids, unscheduled physician visits, or failure of asthma
to return to baseline status, did not differ between treatment arms; both
had 40% treatment failure rates. Harrison et al. confirmed these findings
in a double-blinded, placebo-controlled study in 390 patients during asthma
exacerbations in which subjects were assigned to usual doses or doubling
doses or ICS. The endpoint in this study, the need for a subsequent burst
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of oral prednisolone, did not differ between treatment groups (22). Thus,
based on evidence in two well-designed studies, the strategy to manage even
mild-acute exacerbations with ICSs should perhaps be reconsidered by the
NAEPP panel.

Long-Acting f-Agonists

Excessive use of short-acting f-agonists (i.e., two or more inhaler canisters
over three months) have been associated with increased risk of cardiac
arrest in patients not using ICSs (23). Thus, the safety of long-term use
of LABAs has been scrutinized. Both GINA and NAEPP expert panels
endorse the safety of LABAs by stating that there is no evidence that these
agents increase airway inflammation and that there is no convincing
evidence in the medical literature that LABAs increase asthma exacerba-
tions. The 2002 GINA report states that LABAs do lose their clinical
efficacy over time, but acknowledges that the bronchoprotective effect of
LABAs for allergen-, methacholine-, and exercise-induced bronchospasm
can wane with prolonged usage (5,24). Since introduction of salmeterol,
there has been concern over rare reports of severe asthma attacks and pos-
sible associations with rare asthma deaths among patients using this agents;
such events often occur in patients who are not receiving an ICS (25).
Subsequent studies have failed to show a link between chronic use of salme-
terol and asthma deaths (26). However, there remains concern as to whether
specific patient subgroups have heightened susceptibility to possible para-
doxical effects of LABAs related to age or underlying genotype (27). It is
emphasized in both documents that a LABA should always be used in
conjunction with an anti-inflammatory agent (i.e., ICS). Although not
stated specifically, this recommendation implies that there is appropriate
concern about the safety of monotherapy with LABA drugs in some
patients with persistent asthma.

GINA experts also point out that formoterol is a full B-agonist,
whereas salmeterol is a partial agonist, yet the clinical importance of this
difference is unclear (5). Because formoterol has a fast onset of action (five
minutes) compared with salmeterol, it is better suited for preventing
exercise-induced asthma. The LABA drugs are not recommended for treat-
ment of acute asthma symptoms or for exacerbations. There is abundant
evidence showing that adding a LABA to moderate or low doses of an
ICS is superior to doubling ICS dosage in: improving lung function;
reducing asthma symptoms, including nocturnal symptoms and acute
exacerbations; reducing utilization of rescue short-acting B-agonist (13).
Fixed combinations of an ICS combined with a LABA (e.g., fluticasone
propionate + salmeterol, budesonide + formoterol) are as effective as giving
the individual drugs concomitantly, but combinations offer the potential
benefit of enhancing patient compliance.
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Leukotriene Modifiers

These include cysteinyl leukotriene-1 receptor antagonists (i.e., zafirlukast,
pranlukast, and montelukast) and zileuton, a 5-lipoxygenase inhibitor. The
GINA guidelines note that the role of these drugs in treatment of asthma
is being investigated. Although these agents have been shown to have small
bronchodilator and anti-inflammatory effects, their overall efficacy for
controlling chronic asthma is less than low-dose ICSs. There is evidence
(Level B) that leukotriene modifiers improve asthma control in patients
not optimally controlled on an ICS, although the effect has been shown
to be less than that obtained by adding a LABA (28). The leukotriene modi-
fiers are advantageous for patient compliance in that they can be taken as a
tablet. These agents are generally safe. The NAEPP panel mentions that
zafirlukast can increase the half-life of warfarin requiring close monitoring
and adjustment of warfarin doses, if indicated, in those patients receiving
both drugs. Zileuton causes liver toxicity, requiring periodic monitoring
of liver tests. Leukotriene modifier agents have been reported to be asso-
ciated with Churg—Strauss vasculitis in anecdotal case reports, although
there is inadequate evidence at this time to establish a causal linkage.

Cromones

These include cromolyn sodium and nedocromil. These are indicated for
mild persistent asthma, although they are considered less effective than
ICSs (Level B evidence).

Steroid Sparing Therapies

Agents including methotrexate, oral gold, trolandeomycin, cyclosporin,
dapsone, and hydroxychloroquine have been studied and shown to have
modest benefit in severe persistent asthma. All drugs have significant adverse
effects and these drugs should be administered to severe asthmatics (parti-
cularly those requiring maintenance doses of oral corticosteroids) under
supervision of asthma specialists and only to those patients in whom the
benefit outweighs potential risks of these agents. Intravenous gammaglobu-
lin is not recommended by the GINA document due to its high cost and con-
flicting data pertaining to its oral corticosteroid—sparing activity. Based on a
meta-analysis of methotrexate, a small steroid sparing effect was noted (5).

Immunotherapy

The GINA guidelines address the role of specific allergen immunotherapy
(IT) in treatment of chronic asthma. When considering controlled clinical
studies of allergen IT in asthma, meta-analysis concluded that this modality
was effective in asthma (Level A). However, there remain unanswered ques-
tions with regard to: which patients will benefit; which specific allergens are
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most effective; whether or not IT is as effective as other proven modalities
such as ICS. Due to the possible risks of injection-related systemic and rare
fatal reactions, and long-term inconvenience of IT, the committee con-
cluded that this treatment should be reserved for those patients in whom
pharmacologic (including ICS) and environmental interventions have
already failed (5). The panel has not yet addressed the possible use of IT
for treating mild asthma or for prevention of asthma in childhood. The
NAEPP documents have not definitively addressed the role of allergen
immunotherapy in asthma treatment.

F. Safey Issues Related to Inhaled and
Systemic Corticosteroids

The NHLBI document states that inhaled corticosteroids are the most
effective therapy for long-term control of mild, moderate, and severe per-
sistent asthma and are well tolerated at recommended dosages. The over-
whelming evidence demonstrating their efficacy far outweighs the small
risks of adverse effects. Local adverse effects of ICS include oral candidia-
sis, dysphonia, reflex cough, or bronchospasm with inhalation. Spacer
devices are recommended to prevent dysphonia and oral candidiasis. The
key recommendations for reducing the potential adverse effects of ICSs
are: (i) administer ICS drugs with holding chambers or spacers; (ii) patients
should be instructed to rinse their mouths with tap water after each dose;
(iii) use the lowest effective doses; (iv) consider adding a LABA to a low or
medium dose of ICS rather than increase ICS dose; (v) monitor growth in
children; and (vi) recommend supplemental calcium (1000-1500 mg/day)
and vitamin D in postmenopausal women receiving ICS therapy (2).

The GINA document states that, in adults, systemic side effects rarely
occur with daily doses of <500 pg of BDP or equivalent doses of other
ICSs. Higher doses of ICSs are associated with increased risk for bruising,
cutaneous laxity, cataracts and glaucoma (in some studies), decreased bone
mineral density and adrenal suppression. The expert committee admits that
the actual clinical impact of ICS agents on osteoblastic activity and on adre-
nal suppression has not yet been determined (5). For this reason, specific
recommendations for prevention of osteoporosis (in contrast to NAEPP)
are not provided.

A major issue has arisen about the possible effects of ICS on reduction
in growth velocity in preadolescent children. Presumably concern over
adverse growth effects of ICS agents in young children may have a negative
impact on physician compliance with published guidelines. The 2002 NAEPP
update acknowledges that treatment with low—moderate doses of ICS may
reduce growth velocity by 1 cm/yr during the first year of treatment (2). This
effect is not believed to continue during subsequent years of treatment, and
available evidence indicates that final predicted adult height is attained in
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children receiving long-term ICS. The committee also reported that long-term
observational studies in children receiving ICS therapy for six years failed to
show significant effects on bone mineral density or on incidence of subcapsu-
lar cataracts or glaucoma. The GINA committee could identify no evidence to
support a risk of fracture in young children on ICS agents. However, most of
the studies examining growth effect have not been performed in children and
infants below the age of six, highlighting the need for future safety studies of
ICS therapy in age appropriate subjects (5).

G. Impact of Guidelines on Physicians’ Prescribing Patterns

Stafford et al. (29) reported data that reflected prescribing patterns of
office-based U.S. physicians. This information was obtained from the
National Disease and Therapeutic Index, which tracked trends from 1978
to 2002 in the frequency of asthma visits and patterns of asthma prescrip-
tions. Although annual visits for asthma in the United States increased
gradually from 1978 to 1990, the number of physician encounters for
asthma had stabilized since 1990. At the same time, use of controller med-
ication increased eight-fold between 1978 and 2002. Utilization of ICSs
represented the largest increase in controller medications. An increase
was also noted in the ratio of controller-to-reliever medication prescribed.
Thus, these data indicate that patterns of asthma pharmacotherapy had
changed over 25 years and are perhaps responsible for stabilization in num-
bers of patient visits since 1990. These prescribing patterns were likely
influenced by dissemination of evidence-based guidelines to physicians.

lll. Impact of Guidelines on Asthma Outcomes
A. Use of Long-Term Anti-inflammatory Agents

When the NHLBI guidelines were constructed and released in 1991, it was
widely assumed that anti-inflammatory controller agents must be initiated
early (even in mild persistent asthma) to prevent progressive decline in lung
function that would ensue due to unmitigated airways inflammation and
subsequent remodeling. This theory was based on retrospective evidence
in childhood asthma studies showing that more severe and irreversible air-
way obstruction was significantly associated with a delay in initiation of an
ICS. More recent long-term prospective data from the Childhood Asthma
Management Program (CAMP) study collected in asthmatic children
treated for five years have failed to show significant differences between pla-
cebo, cromolyn, and ICS treated patients in changes in FEV; (30). How-
ever, the ICS (budesonide) treated group had fewer hospitalizations,
urgent visits for asthma, and reduced airway responsiveness compared to
nedocromil. Accelerated decline in lung function was significantly asso-
ciated with low-post bronchodilator FEV, at pretreatment baseline, and
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not related to treatment intervention (31). Based on this study, the pur-
ported preventive effect of anti-inflammatory drugs on airway remodeling
in uncertain but there are clearly other benefits of ICS drugs that affect
long-term disease control. Other investigations of disease outcomes asso-
ciated with institution of asthma guidelines and/or long-term ICSs are
discussed below.

There is good evidence that early institution of ICSs after an asthma
diagnosis is established and is associated with reduced risk of subsequent
hospitalizations. This was demonstrated in a large nested case control study
conducted in Canada for 13,563 newly treated asthmatic subjects in which
patients initially prescribed ICSs were compared with those prescribed
theophylline for a maximum of 12 months of treatment (32). Those patients
prescribed ICSs were 40% less likely to be admitted to the hospital for
asthma than patients using theophylline. In this same cohort of patients
in the Saskatchewan health system followed between 1977 and 1993, the
probability of readmission for asthma was evaluated in relation to whether
inhaled corticosteroids were prescribed after initial hospital admission (33).
Patients who received regular treatment with ICSs were 40% less likely to
be readmitted for asthma. Regular use of inhaled corticosteroids was asso-
ciated with reductions of 31% in the rate of hospital admissions for asthma
(95% confidence interval and 39% in the rate of readmission) (34). This
population was also evaluated with possible association between ICS usage
and asthma-related deaths (35). After adjustment for covariates, patients
receiving one or more metered-dose inhalers of beclomethasone per month
were shown to have a significantly lower risk of fatal and near-fatal asthma
(odds ratio =0.1). The mean number of canisters was 1.18 for the patients
who died and 1.57 for the controls. The same group of investigators evalu-
ated asthma death related to corticosteroid usage, using a case—control
design (36). A dose-response analysis estimated that asthma death rates
decreased by 21% with each additional ICS canister used during the
previous year (adjusted rate ratio=0.79). Thus, the beneficial effects in
important asthma disease outcomes demonstrated in these studies clearly
validate asthma guideline treatment recommendations of long-term use of
ICSs in patients with moderate and severe asthma.

Since asthma treatment guidelines were introduced in Japan in the
1990s, the impact of introduction of leukotriene inhibitors and ICSs on
asthma mortality was assessed from the period spanning 1987 to 1999
(37). The rate of asthma deaths decreased with increasing use of leukotriene
receptor antagonists and inhaled corticosteroids. The rate of asthma deaths
was 0.96 per 1 million 25-day treatment courses of inhaled corticosteroids
and 0.80 for every 1 million 25-day treatment courses of leukotriene antago-
nists. This result suggests that the increased use of anti-inflammatory agents
in the Japanese health care system may have partially contributed in some
way to the decrease in asthma mortality.
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Boulet et al. examined a large population of asthma patients who were
suboptimally controlled according to Canadian asthma consensus guide-
lines (38). In separate surveys of patients with uncontrolled asthma and
their physicians, 66% of patients and 43% of physicians rated control of
asthma symptoms as adequate to very good. These findings indicate that
physicians are still not utilizing diagnostic guidelines to assess asthma sever-
ity and highlight the need to more effectively disseminate this information
to both physicians and their patients. A survey of 445 asthmatic patients
in New Zealand used the GINA guidelines as a gold standard for defining
asthma control and, on this basis, revealed that 93% of adults and 90% of
children were suboptimally controlled (39). Another large survey of parents
of children with asthma reported that despite suboptimal control defined by
guidelines in 49% of children and under treatment for the level of asthma
severity, 89% of parents were satisfied with treatment outcomes (40). Pre-
scription data has also been examined to indirectly assess impact of pub-
lished guidelines. A three-year survey (1996-1998) of 13,000 patients
receiving B-agonist prescriptions in British Columbia revealed a discoura-
ging trend that ICS usage decreased over time (41). As mentioned, a
recently published international survey of asthma treatment and severity
indicates that only a small minority of patients (< 30%) in all countries
surveyed are receiving preventative therapy (10). This suggests that out-
comes of treatment and even adherence with physician and guideline direc-
ted therapy could be negatively influenced by low parental expectations.

A randomized controlled trial was conducted in 81 general practices
in the United Kingdom in which the medical providers were issued abbre-
viated asthma guidelines. Outcomes were determined by measuring adher-
ence to asthma recommendations among patients. In this brief study,
issuance of brief guidelines did not improve adherence to recommendations
related to asthma treatment (42). Bender et al. recently reviewed published
studies pertaining to outcomes of adherence interventions (43). These
authors noted that in 50% of studies experimental interventions do not
improve adherence. They acknowledged that a strong physician—patient
relationship enhances adherence, highlighting the need for physicians to
be familiar enough with evidence-based treatment guidelines to impart
important information to their patients with asthma.

Barr et al. (44) assessed adherence to the NAEPP medication guide-
lines among 5107 elderly female asthma patients. Fifty-seven percent of
mild persistent, 55% of moderate persistent, and 32% of severe persistent
asthma patients were found to be adherent with asthma medication guide-
lines. Based on a multivariate analysis, non-adherence was associated with
severe asthma, increasing age, lower socioeconomic status, current smok-
ing, earlier onset of asthma, and number of comorbid medical conditions.
This study underscores the minimal impact the guidelines have had in the
community, which is likely due to ineffective physician education.



Pharmacotherapy According to Published Guidelines 21

Management of Acute Exacerbations

Guideline reports recommend written action plans for moderate or severe
asthmatics to guide self-management of acute exacerbations and particu-
larly those who have previously been hospitalized or have undergone
mechanical ventilation for near-fatal attacks. The GINA report emphasizes
that high-risk patients who have previously received mechanical ventilation
are at a 19-fold risk of requiring mechanical ventilation in subsequent
attacks (5). A written ““action plan” should contain emergency treatment
instructions on how to recognize and manage acute exacerbations. Essential
components of the action plan should include: instructions on how exacer-
bations can be recognized by early decrements in lung function (i.e., PEFR);
prompt communication with the clinician; prompt and early intensification
of therapy, including initiation of a burst of oral corticosteroids; and
immediate removal from relevant allergens or irritants (2). Several studies
have examined outcomes of implementation of guideline recommendations
for managing acute exacerbations, including possible benefits of written
action plans. The practice of doubling inhaled corticosteroids doses as
opposed to administering oral corticosteroids for acute mild exacerbations
has already been addressed earlier in this chapter. The GINA report, recog-
nizing that there is limited evidence to support the latter strategy, recom-
mend systemic steroids for all but the mildest exacerbations. Systemic
corticosteroids should be instituted in any patient not showing a prompt
response to an inhaled short-acting -agonist (5).

There is evidence that emergency room physician compliance with
published guidelines pertinent to managing acute exacerbations is subopti-
mal (45,46). There have also been important studies that have evaluated
clinical outcomes related to administration of self-management and action
plans for managing acute exacerbations. Cote et al. performed an invest-
igation of 98 asthma patients presenting with acute exacerbations (47).
Patients were assigned to usual treatment, limited education on a self-action
plan by the emergency physician, or a structured educational program
emphasizing self-management of asthma exacerbations. At 12 months, only
the group receiving structured education was found to have significant
improvement in knowledge, willingness to adjust medications, quality of life
scores, and peak expiratory flows. The number of unscheduled medical
clinic visits for asthma was significantly decreased in the educated group
compared to the others. Thus, it appeared that structured educational inter-
vention emphasizing self-management had the greatest impact on patient
outcomes. Cowie et al. demonstrated in a prospective study that utilization
of a peak-flow based action plan dramatically reduced emergency room
visits for acute asthma (48). Adams and coworkers studied 293 patients pro-
spectively, who had moderate or severe asthma. Hospital admissions over a
period of 12 months were found to be significantly associated with not
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possessing a written asthma action plan and lower preferences for auton-
omy in asthma management decisions (49). Abramson et al. have presented
the most convincing evidence supporting the use of asthma actions plans
and intensive education in high-risk patients (50). In a case—control study,
circumstances of 89 asthma deaths were compared with 322 patients pre-
senting to hospitals with acute asthma. Cases of asthma death were signifi-
cantly less likely than controls to use a peak flow meter. Furthermore,
written action plans were associated with a 70% reduction in the risk of
death. The authors concluded that widespread use of written asthma man-
agement plans could lead to reductions in asthma mortality.

B. Novel Approaches for Improving Guideline-Directed
Treatment Outcomes

Green et al. recently compared treatment outcomes in a group of asthmatics
actively managed by using serial sputum eosinophils counts to assess treat-
ment response versus a group managed according to the British asthma
treatment guidelines (51). The sputum-managed group had significantly
fewer severe asthma exacerbations and asthma hospital admissions than
did patients in the guideline managed group, despite the fact that there
was no difference in mean doses of ICSs or oral corticosteroids between
groups.

A Canadian study evaluated the effectiveness of trained pharmacists
in providing asthma education and monitoring compliance (52). Pharma-
cists participated in providing either enhanced care (asthma education
regarding medications, triggers, and self-monitoring) or usual care to 631
asthma patients. After one year, compared to patients receiving usual care,
the enhanced care group experienced a 50% reduction in symptom scores,
an 11% increase in peak-flow readings, reduced days off work or school, a
50% reduction in use of inhaled B-agonists, and improved overall quality of
life. In addition emergency room visits decreased by 75% and medical visits
decreased by 75% in the enhanced care group. This study suggests that
trained community pharmacists can effectively educate asthmatic patients
with regard to treatment and can play a major role in enhancing adherence,
thereby improving global outcomes of guideline-directed asthma care.

Outcomes of self-management programs as recommended in GINA
guidelines have also been examined. A Dutch study was performed with 193
adults with stable asthma, 98 of whom were instructed on self-management
and 95 received usual care (53). Self-management was cost-effective when
compared to usual care for all outcomes examined. Janson et al. reported out-
comes in a controlled trial of educational self-management intervention con-
ducted in 65 adults with mild to moderate asthma (54). The intervention was a
30-minute education program delivered at biweekly intervals. The interven-
tion group exhibited significant improvements compared to the control group
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in ICS adherence and self-reported control of asthma. Interestingly, sputum
eosinophils declined significantly in the treated group. The authors concluded
that education and training in self-management improves adherence with
ICSs, a finding validated by concomitant reduction in sputum eosinophilia.

IV. Unresolved Issues and Future Directions

Despite the widespread publicity surrounding the GINA and NAEPP
reports within the medical community, their impact in improving asthma
treatment has been relatively modest. As already mentioned, published
surveys of asthmatic patients in developed countries seem to suggest that
asthma pharmacotherapy is suboptimal in many patients, and is not in com-
pliance with evidence-based guidelines. Studies performed by Suissa et al.
(34,36) in Canada would suggest that there has been some impact as evi-
dence by more widespread use of ICS agents, which has corresponded to
reductions in asthma hospitalizations and mortality. Thus, although pro-
gress has been slow, the consequences of guidelines have been beneficial.
Educational efforts directed at health care providers and the population
at large must be intensified, employing novel approaches that can facilitate
better adherence to the principles of asthma guideline-directed treatment.

Other unresolved issues include the undefined roles of approved and
yet-to-be approved drugs. The exact role of leukotriene blockers has yet to
be defined within the framework of asthma treatment guidelines. Although
these drugs are safe, based on available evidence, they are not considered
preferred therapy for any asthma severity category in any age group. Yet,
these agents have enjoyed tremendous acceptance among physicians and
patients alike. This paradoxical phenomenon may have arisen over inflated
fears about adverse effects of corticosteroids. On the other hand, research-
ers may have failed to clearly identify and predict those patient subgroups
most likely to exhibit favorable responses. Perhaps pharmacogenomics will
permit identifications of subpopulations of asthmatics most likely to
respond to this class of drugs.

Concerns over widespread use of LABA agents persist; safety data has
identified a small risk. In the future, these will be used exclusively as combina-
tion formulations with ICSs. Here again, pharmacogenomics research may
help clarify if there are genetically susceptible subgroups of asthmatics at risk
for paradoxical responses to the LABA agents. Finally, management of the
most severe high-risk asthmatic patients who require high-dose oral corticos-
teroid therapy remains problematic. Outcomes of guideline-directed and evi-
dence-based therapy aimed at this rare subgroup have not been evaluated.
However, there is general consensus that the current armamentarium of
agents is not adequate and that more efficacious and safer drugs are needed.
In the future, new evidence supporting the roles of novel anti-inflammatory
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agents and biomodifiers may emerge. Some of these could appear in future
updates of GINA or NAEPP asthma guidelines.
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. Introduction

B-Adrenoreceptors are widely distributed throughout the human body.
There are three subtypes: B, B>, and Ps. The function and expression of
these receptors varies between tissues with f,-adrenoreceptors (f,-AR)
being the subtype of importance in the lungs. These receptors play a central
role in the regulation of lung function as they are expressed on the surface of
bronchial smooth muscle cells. As B-agonists cause smooth muscle relaxa-
tion, this class of drug has become extensively prescribed for the treatment
of asthma. Among the first -agonists to be used were adrenaline and isopren-
aline. However, the usefulness of these nonselective B-agonists was limited by
Bi1-AR-mediated cardiac side effects, and this led to the development of
highly selective B,-agonists such as albuterol. The subsequent introduction
of other selective short- and long-acting ,-agonists (SABA and LABA,
respectively) has resulted in this class of drug becoming the mainstay of
treatment for the symptomatic control of asthma. Recent advances in our
understanding of the effects of B,-agonists has allowed their use in clinical
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practice to be optimized. This chapter will review the pharmacological
properties of f-agonists, and their use in clinical practice.

Il. The p>-Adrenoreceptor
A. Receptor Distribution

The density of B-receptors varies within the lung, with high-expression
levels found in the airway epithelium, alveoli, and submucosal glands (1).
Importantly, these receptors are also expressed on smooth muscle cells
(1,2), as well as inflammatory cells such as mast cells and lymphocytes
(3). The majority of pulmonary B-receptors are the P,-subtype, with a
B:B; ratio of 3:1 (1).

B. Receptor Activation and Signaling

The B,-adrenoreceptor is a G-protein coupled receptor, with seven trans-
membrane domains that are connected by intra- and extracellular connect-
ing loops (Fig. 1). It has an extracellular amino terminus and an intracellular
carboxyl terminus. The binding sites for ligands lie within the lipophilic
transmembrane domains of the receptor. Amino acid residues that are
directly involved in binding have been identified, e.g., asp 113, serine 204,
and serine 207 (4). It is likely that ligands with different molecular structures
can interact with different amino acid residues within the (3,-AR binding
site, and this contributes to variations in the pharmacological properties
of ligands (5).

The activated ,-AR binds to cytoplasmic G-proteins (Fig. 2); this
coupling process requires several molecular interactions between the intra-
cellular portions of the receptor and G-protein (6). The B,-AR/G-protein
complex activates the enzyme adenyl cyclase, which is responsible for the
conversion of ATP to cAMP. This activates protein kinase A, which is able
to phosphorylate proteins that are directly involved in the regulation of
smooth muscle tone. Additionally, intracellular Ca levels are reduced
through a variety of mechanisms. This also contributes to smooth muscle
relaxation. There is also evidence that the activated 3,-AR/G-protein com-
plex interacts with cell membrane K channels (7).

For many years ,-AR and their ligands were thought to interact by a
“lock and key” mechanism (Fig. 3A), with agonists that are a suitable shape
(“the key”) binding to the receptor (“‘the lock™). This interaction was
thought to cause a conformational change in the receptor that was required
for effective G-protein coupling. This mechanism was postulated to be a
simple “on—off”’ switch, as there was no receptor activity without an agonist
present. As antagonists were thought to act by blocking the agonist-binding
site, then agonists and antagonists ‘“competed” for the same receptor mole-
cules (Fig. 3B).
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Figure 2 B,-Adrenoreceptor (B,-AR) signaling pathways. Agonist binding causes
receptor coupling to G-proteins (G-P), which increases adenylate cyclase (A-C) con-
version of ATP to cAMP. This activates protein kinase A (PKA), leading to smooth
muscle relaxation. The ,-AR/G-P complex also interacts with potassium channels.

It now appears that the “lock and key” theory was too simplistic, as the
B>-AR is in a state of constant equilibrium between activated and inactivated
forms even when there are no ligands present (8,9) (Fig. 4A). The resting
equilibrium favors the inactivated form, with only a minority of receptors
being active at any given moment. This results in a low-basal level of 3,-
AR signaling through G-protein coupling in the absence of agonist binding.
B,-agonists bind to the activated form and stop conversion back to the inac-
tive form (Fig. 4B). This shifts the equilibrium toward the active form, caus-
ing increased ,-AR signal transduction. In contrast, ,-antagonists bind
and stabilize the inactivated form, thus shifting the equilibrium away from
the active form. It therefore appears that agonists and antagonists bind to
different forms of the f,-AR. Furthermore, the 3,-AR may exist in equili-
brium between many different conformations, each with different levels of
signal transduction activity. Partial agonists are either less able to stabilize
active conformations, or are specific for conformations with lower basal
levels of signal transduction activity compared to full agonists.

Traditionally, the pharmacological effectiveness of B,-agonists in
asthma have been related to the following three factors; local concentration



p-Agonists 33

A) o
{Yggontiy bnding Agonist “Good Fit”

Receptor
(B)

Competition

Agonist

_/

Receptor
Figure 3 The “lock and key” receptor theory. (A) Agonists have a suitable mole-

cular conformation for receptor binding. (B) Antagonists “‘compete’ for the same
binding sites.
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Figure 4 The dynamic model of B,-adrenoreceptor-ligand interactions. (A) The
receptor is in a resting equilibrium that favors an inactive isoform. There is a low-
basal level of activity due to the active isoform. (B) Agonist binding stabilizes the
active isoform, which is now not in equilibrium. This increases the total number
of active receptors, so increasing f,-adrenoreceptor signaling.
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in the lungs, receptor binding affinity, and intrinsic activity. The local con-
centration is determined by inhaler device characteristics, inhaled particle
mass, and lipophilicity. Binding affinity refers to the ability of the ligand
to bind to the receptor, while intrinsic activity refers to the degree of stimu-
lation of the receptor due to conformational shape change. Local concen-
tration and binding affinity are undoubtedly of importance in determining
the pharmacological effects of inhaled B-agonists. However, the theory of
intrinsic activity assumes that f-agonists exert their actions through the
“lock and key” mechanism. This theory has now been superceded by evi-
dence that the ability of B-agonists to stabilize active ,-AR isoforms is
an important determinant of pharmacological activity.

C. Receptor Desensitization

Dynamic control mechanisms operate to regulate 3,-AR signal transduc-
tion after agonist binding. These may cause desensitization to p-agonist
receptor stimulation. Three main control mechanisms have been identified:

1. G-protein-coupled receptor kinase (GRK) phosphorylation of
the B,-AR, which allows binding of B-arrestin to the receptor (10).
This is the most rapid and causes uncoupling of the receptor from
the G-protein, resulting in reduced signal transduction.

2. Receptor internalization, which involves the endocytosis of cell
surface §,-AR (11).

3. Down-regulation, which is a reduction in the total number of
receptors in the cell after prolonged agonist—receptor interaction.
This may be due to increased receptor degradation or reduced
gene expression (12).

There are differences between cell types in the degree of desensitiza-
tion caused by [B,-agonists. For example, smooth muscle cells appear to be
less prone to desensitization compared to mast cells (13). This may explain
why regular treatment with [,-agonists may cause relatively greater desen-
sitization of bronchoprotection (which is mediated by mast cells) compared
to bronchodilation (which is mediated by smooth muscle cells).

lll. Pharmacology of p-Agonists
A. Pharmacodynamics
Short-Acting f-Agonists

B-Agonists can only exert their pharmacological effects while bound to the
B>-AR. The duration of action of a f-agonist is therefore related to its ability
to remain at the receptor-binding site. This is determined predominantly by
the lipophilicity of the molecule. SABA are hydrophilic in nature, and so
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approach the B,-AR extracellularly, allowing a rapid onset of action (14).
However, diffusion of the ligand into the extracellular compartment occurs
easily and results in a relatively short duration of action. SABA therefore cause
rapid smooth muscle relaxation, but have a relatively short duration of action.

Long-Acting f-Agonists

LABA are more lipophilic than SABA, and can diffuse into the cell mem-
brane to a greater extent (14-16). This enables interaction with the [,-
AR without rapid diffusion into the extracellular compartment, leading to
a longer duration of action.

Two LABA are currently used for the treatment of asthma: salmeterol
and formoterol. Salmeterol was designed specifically to be a long-acting
bronchodilator by the addition of a long side chain to the albuterol molecule
(16,17). This increases the lipophilicity of the molecule. In contrast, formo-
terol was initially developed as an oral bronchodilator drug, but was
observed to be long acting after inhalation (17). Formoterol has a shorter
side chain than salmeterol, but greater than albuterol (14,17). Consequently,
its lipophilicity is also less than salmeterol, but greater than albuterol. As sal-
meterol is more lipophilic than formoterol, it diffuses into the cell membrane
to a greater extent (14). This difference contributes to a delayed onset of
action for salmeterol because of the following reasons:

1. After inhalation, LABA diffuse through the bronchial tissue to
the smooth muscle. The greater absorption of salmeterol into cell
membranes increases the time to reach the bronchial smooth
muscle.

2.  When formoterol reaches the bronchial smooth muscle, some of
the drug enters the cell membrane and diffuses laterally to the {3,-
AR. However, some of the drug is also able to approach the
receptor from the extracellular route (similar to the mode of
action of SABA), thus allowing a rapid onset of action. In con-
trast, salmeterol does not bind to the 3,-AR from the extracellu-
lar route.

It has been proposed that the long side chain of salmeterol interacts
with an “exosite” in the ,-AR (18). This prevents ligand dissociation, hence
promoting a long duration of action. In contrast, the formoterol molecule
does not appear to possess a specific stabilizing binding site. The effects of
formoterol are highly concentration dependent, both in vitro (19) and in vivo
(20). This has been explained by the “depot” hypothesis (14), whereby the
effects of formoterol increase as larger doses are delivered into the membrane
to form a depot that can diffuse to the 3,-AR.

Salmeterol is less potent (i.e., it has a lower maximal effect) compared
to formoterol, both in vitro (19) and in vivo (20). Two possible explanations
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for this phenomenon were: (i) exosite binding ensures receptor saturation,
after which agonist effects do not increase with dose, or (ii) differences in
intrinsic activity, i.e., salmeterol is a partial agonist while formoterol is a full
agonist (17). These explanations are based on the “lock and key” theory
involving competition for the same receptor isoform. However, as reviewed
earlier, it is now apparent that different f,-AR isoforms exist, and pharma-
cological variations in ligand activity may instead be attributable to their
ability to bind to and stabilize isoforms and the level of activity of the bound
isoform (9), e.g., salmeterol may be less able to stabilize an active isoform,
or may bind to an isoform with a lower level of basal activity compared to
formoterol. Further studies are needed to elucidate the isoform-binding
properties of salmeterol and formoterol.

B. Pharmacokinetics

B-Agonists are absorbed from both the lungs and gastrointestinal tract. Stud-
ies using activated charcoal to block gastrointestinal absorption have shown
that the majority of absorption is from the lung fraction (21,22). Tpax
(time to maximal drug concentration) is usually within minutes after inha-
lation (23,24). B-Agonists undergo first-pass metabolism, resulting in con-
jugation to inactive forms for excretion either via the urine or feces.

IV. Short-Acting p-Agonists
A. Chirality

B-Agonist preparations consist of two stereoisomers; these racemic mix-
tures contain active (eutomer) and inactive (distomer) forms (25). This
has led to the development of pure R-isomer (active) preparations of albu-
terol, in the hope that the therapeutic ratio can be improved. However, the
difference in bronchodilation between the R-isomer form and the racemic
mixture is relatively minor (26), and so the clinical benefit of using prepara-
tions containing pure R-isomer have so far been limited.

B. Clinical Effects
Bronchodilation

SABA cause bronchodilation within minutes after administration. In the
stable state, maximal bronchodilation is usually achieved 5 to 15 minutes
after a single dose (27). The duration of bronchodilation is approximately
four to six hours. Desensitization after repeated dosing with SABA can lead
to reduced bronchodilation, e.g., the bronchodilator response to albuterol
decreases by approximately 20% after four weeks of regular therapy (28).



p-Agonists 37

Bronchoprotection

A single dose of a SABA protects against bronchoconstricting stimuli such
as methacholine (29), histamine, and AMP (30). Desensitization after reg-
ular SABA treatment reduces this protective effect, e.g., regular treatment
with terbutaline for one (31) or two (32) weeks causes a reduction in the
magnitude of protection against methacholine.

Adverse Effects

The systemic absorption of SABA can lead to a variety of adverse effects.
Cardiac disturbances are among the most common. There is often an
increase in heart rate due to (i) direct cardiac ,-AR stimulation and (ii)
peripheral vasodilation triggering a reflex response. Using a metered dose
inhaler, the maximum increases in heart rate with albuterol and terbutaline
are 8 beats/min. In contrast, fenoterol causes a 29 beats/min increase (33).
In clinical practice, significant cardiac arrythmias due to albuterol or
terbutaline are uncommon, and are more likely to occur with higher doses
(e.g., repeated nebulisation during an acute episode) or preexisting cardiac
disease.

SABA may cause tremor (34) or metabolic effects, including hypoka-
laemia due to K-influx into cells, and hyperglycemia due to increased glyco-
neolysis (35). These metabolic effects are rarely of clinical significance.
However, SABA used at high doses may interact with diuretics to cause
hypokalaemia, or increase the likelihood of hyperglycemic episodes in dia-
betic patients (36). All of these adverse effects decrease in severity after pro-
longed therapy as desensitization develops.

SABA cause pulmonary vasodilation, which results in increased
blood flow to some poorly ventilated areas. The deterioration in ventilation/
perfusion matching can result in a temporary reduction in arterial oxygen
saturation (37). However, the magnitude of this change is small and so is
rarely of clinical significance in the stable state.

C. Clinical Use of SABA

Albuterol was the first B,-specific bronchodilator to be used for the treat-
ment of asthma. There was initial evidence that regular treatment with this
drug over one week improved symptoms and lung function (38). This
encouraged clinicians to prescribe albuterol as a regular long-term treat-
ment in order to maximize bronchodilation, and when fenoterol and terbu-
taline were introduced they were also used in this manner. Fenoterol
became widely used in certain countries such as New Zealand. However,
it was apparent in the 1970s that its use was associated with an increase
in asthma mortality. It is now known that regular treatment with fenoterol
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increases AHR and so increases exacerbation rates (39). It is now generally
accepted that the increase in asthma deaths in New Zealand were due to the
inappropriate use of regular SABA, leading to increased AHR, coupled
with the under-prescribing of anti-inflammatory medications such as corti-
costeroids (40). The combination of these factors meant that some patients
were at high risk of severe exacerbations. It is also possible that there were
cardiac side effects due to fenoterol overuse during these exacerbations.
Consequently, fenoterol was withdrawn from the market in New Zealand
and there was a subsequent decrease in asthma mortality. This improve-
ment was due to: (i) more appropriate use of SABA “‘as needed” rather than
on a regular basis and (ii) increased prescribing of corticosteroids for anti-
inflammatory control.

Clinical trials have subsequently investigated the optimum regime
for the long term prescribing of SABA. Large studies have confirmed
that regular long-term use of SABA confers no advantages in terms of
symptoms and lung function compared to ‘“as needed” use (41,42).
Furthermore, the regular use of albuterol provides less bronchoprotection
against exercise-induced bronchoconstriction (43), and the effects of
inhaled allergen challenges (44,45) compared to “‘as needed” use. SABA
are generally used for the acute relief of symptoms in mild to moderate
asthma, rather than continual maintenance therapy. SABA can also be
used as prophylaxis against bronchoconstriction in certain situations,
e.g., before exercise.

SABA are used for the initial occasional treatment of mild asthma.
Persistent symptoms that require regular SABA use indicate the need for
the use of regular anti-inflammatory agents, such as corticosteroids. SABA
are then used for the treatment of breakthrough symptoms. The frequency
of SABA use can be a guide to the effectiveness of anti-inflammatory treat-
ment, e.g., continued regular SABA use indicates inadequate control of air-
way inflammation. Patients with moderate to severe asthma who remain
symptomatic despite maximal anti-inflammatory treatment often require
frequent dosing with SABA for symptom control. In such patients, SABA
are not only still used ‘““as needed,” but are also taken on a regular basis
to minimize symptoms.

The choice of drug in clinical practice often depends on the patient’s
preference and correct use of a particular inhaler device, e.g., terbutaline is
available in a turbohaler while albuterol is not. Although inhalers are used
by the majority of asthmatics to administer SABA, nebulizers are often pre-
scribed for patients with more severe disease. Typically, nebulizers are
charged with the equivalent of 25 or 50 inhaled puffs (2500 or 5000 vs.
100 pg) of SABA. However, the proportion of the administered dose deliv-
ered to the lungs from inhalers (using an MDI and spacer) and nebulizers is
similar (46). Nevertheless, some patients prefer nebulizers for ease of use
and perhaps psychological comfort.



-Agonists 39
B-Ag

V. Long-Acting p-Agonists
A. Molecular Interactions Between LABA and Corticosteroids

ICS are commonly prescribed for asthmatics with persistent symptoms in
order to control inflammation. These drugs bind to the cytoplasmic corti-
costeroid receptor (GR), which exerts its effects either through (i) interac-
tions with transcription factors, e.g., binding to and hence inactivating
NF«B or (ii) translocation to the nucleus and binding to corticosteroid
response elements (GREs) in the promotor regions of specific genes, thus
increasing mRNA synthesis (47). As LABA are often prescribed in conjunc-
tion with ICS, there has been much interest in the possible molecular inter-
actions between these two drugs.

1.  Effects of ICS on By-AR function: the promotor region of the
human B,-AR contains GREs (48). This provides a mechanism
for corticosteroids to increase ,-AR expression, which has been
demonstrated in human lungs in vitro (49). Similarly, corticoste-
roids increase f3,-AR expression in human nasal mucosa in vitro
and in vivo (50). It has also been observed that corticosteroids
protect against the development of ,-AR desensitization in mast
cells in vitro (51). These findings indicate that ICS may be able to
offset the desensitization to LABA after prolonged treatment.

2. Effects of LABA on GR function: B-agonists increase protein
kinase-A activity, which can result in GR phosphorylation (52).
There is also evidence that LABA increase GR nuclear transloca-
tion (53). These interactions may result in increased corticoste-
roid effects. There is in vitro evidence to support the hypothesis
that LABA increase corticosteroid effects; the inhibitory effects
of corticosteroids on pro-inflammatory cytokine release from per-
piheral blood mononuclear cells (54) and smooth muscle cells
(55) are enhanced by salmeterol, while this has also been demon-
strated for formoterol using epithelial cells (56).

It appears that corticosteroids can reduce LABA desensitization,
while LABA can increase corticosteroid effects. These molecular interac-
tions indicate a degree of synergy between these drugs, which may be
important clinically.

B. Clinical Effects

Bronchodilation and Bronchoprotection

Formoterol is a more potent bronchodilator than salmeterol in vitro (19). This
difference is also evident in vivo (57), as formoterol causes similar bronchodila-
tion compared to salmeterol but at lower doses. Another important difference
between these two drugs is the onset of action; formoterol has a faster onset
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Figure 5 Time course of bronchodilation with short- and long-acting B-agonists.
Increase in FEV, over 12 hours after inhalation of salbutamol 200 pg (triangles), sal-
meterol 50 pg (squares) and formoterol 12 pg (circles). Formoterol and salbutamol
have a faster onset of action compared to salmeterol. The effects of formoterol
and salmeterol last for 12 hours. Source: From Ref. 27.

with significant smooth muscle relaxation occurring within five minutes
(Fig. 5). Using the doses commonly prescribed in clinical practice, the duration
of bronchodilation for a single dose of salmeterol or formoterol is similar
with therapeutic effects lasting for approximately 12 hours (27,58,59).

LABA protect against bronchoconstricting stimuli such as methacho-
line, histamine, and AMP (20,32,60-62). For salmeterol, maximal bronch-
oprotection is achieved after a single dose of 50 pug (20), and increasing the
dose further provides no extra bronchoprotection (Fig. 6). A similar level of
bronchoprotection is observed after a single 12 ug formoterol dose, but
unlike salmeterol, further increases in the dose of formoterol result in
greater bronchoprotection. This difference in dose-responsiveness is attri-
butable to the pharmacological differences between the two drugs in their
interactions with the (3,-AR.

LABA and f>-AR Tolerance

Regular LABA therapy may cause P,-AR desensitization. This effect may
manifest as a reduction in bronchodilation or bronchoprotection.

Bronchodilator Tolerance

Studies of regular LABA use for up to one year in duration have shown no
deterioration in pulmonary function (58,63,64). This suggests that broncho-
dilator tolerance during regular LABA therapy is not an important clinical
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Figure 6 Dose-response effect of formoterol (Fo) and salmeterol (Sm) on PDyg
methacholine. There was no difference between Fo 12 ug and Sm 50 pg (p =0.70).
Higher Fo doses increased PD,, values, while there was no change with higher Sm
doses. Significant differences between doses two and three in bronchoprotection were
observed (p < 0.01). Source: From Ref. 20.

issue. However, studies assessing tolerance to the effects of a SABA during
regular LABA therapy have produced conflicting results. The bronchodilator
response to cumulative doses of albuterol were found to be reduced at
36 hours after stopping salmeterol (65) and at 24 hours after stopping formo-
terol (66). The acute bronchodilator effects of formoterol, itself administered
in a cumulative dosing regime, are also reduced after regular dosing with for-
moterol (67,68). In contrast, other studies have not found the bronchodilator
response to albuterol to be blunted during regular LABA therapy (69-71).
These studies have been criticized for an inadequate LABA washout period
before the assessment of the albuterol response, i.e., the albuterol response
was assessed within 12 hours of the last dose of LABA, which would increase
the prealbuterol FEV,, making it difficult to study the bronchodilator
response (66). However, it is clear that assessing albuterol within 12 hours
of a dose of LABA more accurately simulates the use of SABA in clinical
practice. Taken together, these data make it likely that bronchodilator toler-
ance during regular LABA use is of limited clinical importance.

Tolerance to Bronchoprotection

Regular LABA treatment can reduce the degree of bronchoprotection with-
out a decrease in bronchodilation. For example, salmeterol causes a 10-fold
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increase in methacholine PC,o, on the first day of treatment, but this
declines to a twofold increase at four and eight weeks despite no change
in bronchodilator effect (72). This reduction in bronchoprotection against
methacholine can be observed after just two doses of salmeterol (73), and
occurs irrespective of the concurrent administration of standard doses of
ICS (60,74). Similar loss of bronchoprotection is also observed with salme-
terol in AMP (75) and exercise challenge models (76,77), and salmeterol
can also reduce the bronchoprotective effect of albuterol (60,74).

Formoterol, in doses ranging from 6 to 24 ug twice daily given to
asthma patients already receiving ICS, protects against methacholine-
induced bronchoconstriction after the first dose. However, the magnitude
of bronchoprotection is significantly reduced after both one and two weeks
of treatment (32). The degree of protection afforded by formoterol against
AMP is also reduced after one week (78-80).

It is clear that tolerance to bronchoprotection can occur soon after
the onset of treatment with either formoterol or salmeterol. An important
issue is whether tolerance causes a complete loss of bronchoprotection after
prolonged dosing. Larger studies have assessed long-term trends in broncho-
protection loss, and have reassuringly demonstrated that there is still
residual bronchoprotection up to 24 weeks (81-83).

Corticosteroid Reversal of LABA Tolerance

Corticosteroids can reverse ,-AR desensitization, but this effect varies with
the route of administration and the dose used. For systemic corticosteroids,
it has been demonstrated that high doses completely reverse desensitization
(84), but that lower doses cause partial reversal only (66). For high doses of
ICS, the degree of reversal may differ for bronchodilation and bronchopro-
tection. For example, after regular treatment with formoterol, a single bude-
sonide dose of 1600 ng causes partial reversal of tolerance to the albuterol
bronchodilator response (66), but complete reversal of bronchoprotection
against AMP (78). It should be noted that while high doses of systemic or
inhaled corticosteroids can reverse desensitization, conventional ICS doses
do not prevent the development of desensitization (60,74).

Anti-inflammatory Effects

Although LABA are used primarily to cause smooth muscle relaxation, in
vitro studies have demonstrated that these drugs also have anti-inflammatory
effects (85). The potential for LABA to cause airway anti-inflammatory effects
in vivo has therefore also been assessed, and the findings of the key studies
are summarized in Table 1. Some of these studies have provided conflicting
results, due to a variety of factors, including small sample sizes, differences
in the severity of disease in the patients studied and the use of different
analytical techniques to evaluate samples.
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Table 1 Bronchoscopy Studies That Have Investigated the Anti-inflammatory
Effects of Salmeterol or Formoterol

LABA anti-
Author ICS given with Mucosal inflammatory
year LABA BAL biospy effects
Salmeterol
Gardiner, 1994 Yes Yes No None
Li, 1999 Yes Yes Yes Decreased
eosinophils
(biopsy only)
Roberts, 1999 No Yes Yes None
Jeffrey, 2002 No Yes Yes Decreased
neutrophils
(BAL and
biopsy)
Lindqvist, 2003 No No Yes None
Reid, 2003 Yes Yes No Decreased IL-8
Wallin, 2003 Yes Yes Yes Decreased mast
cells (biopsy
only)
Formoterol
Wallin, 1999 No No Yes Decreased
eosinophils
and mast cells
Wilson, 2001 No No Yes Decreased
eosinophils

Abbreviation: BAL, bronchoalveolar lavage.

While it has been reported that salmeterol has no effect on airway
inflammation (86-88), there is conflicting evidence that this LABA has an
antineutrophil effect (89,90). Formoterol, administered without ICS, appears
to exert anti-eosinophil effects (91,92). Clinically it is most relevant to study
anti-inflammatory effects when LABA and ICS are administered together. In
such patients it has been observed that salmeterol added to ICS causes a
reduction in mucosal eosinophils (93) and mast cell levels (94). Furthermore,
the addition of salmeterol to ICS reduces submucosal angiogenesis (95), sug-
gesting that combination LABA and ICS treatment decreases the degree of
airway remodeling in asthma. Further studies are needed to confirm the
synergistic anti-inflammatory effects of LABA and ICS in vivo.

Systemic Effects

Formoterol and salmeterol have the capacity to cause side effects due
to systemic absorption. In healthy subjects both of these drugs cause
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dose-dependent increases in heart rate and blood pressure and decreases in
plasma glucose and potassium (96). Cardiac monitoring of asthmatic
patients reassuringly shows that LABA do not cause clinically significant
cardiac events (97,98). The known pharmacological differences between
formoterol and salmeterol in their bronchodilator properties is also
observed in their systemic effect profiles, i.e., formoterol is more potent
and tends to have a faster onset while the duration is longer for salmeterol
(96). The duration of systemic effects with LABA is similar to that observed
with SABA (35,99). The prolonged bronchodilator effects of LABA relative
to their systemic side effects increases their therapeutic index compared to
SABA, which have a similar duration for therapeutic and systemic effects.
LABA also cause other predictable B-receptor mediated side effects, similar
to those observed with SABA, e.g., tremor (97).

C. Clinical Use in Adults
Addition of LABA to ICS Therapy

Inhaled corticosteroids are established as the most effective initial anti-
inflammatory treatment for asthmatics with persistent symptoms. The use
of LABA monotherapy instead in such patients leads to a loss of asthma
control, e.g., there is increased airway inflammation and exacerbation rates
for patients treated with salmeterol monotherapy compared to ICS mono-
therapy (100). An alternative strategy is to use LABA as an additional ther-
apy in patients who are symptomatic despite taking ICS. Additional LABA
therapy in this context has been shown to improve lung function and reduce
exacerbations (58,101,102). Before the introduction of LABA, it was com-
mon for the dose of ICS to be increased in such patients. However, this can
have disappointing results as the dose-response curve for these drugs is
relatively flat for the linear segment (103). Using LABA as additional ther-
apy offers advantages over increasing the dose of ICS; LABA provide an
alternative mechanism of action (sustained smooth muscle relaxation),
which can improve symptoms, and may also allow increased ICS delivery
to the peripheral airways. Furthermore, it is possible that LABA and corti-
costeroids have synergistic anti-inflammatory effects in vivo.

The value of adding a LABA instead of increasing the ICS dose has
been investigated in several landmark clinical studies. Greening and cowor-
kers studied 429 mild-asthmatic patients who had persistent symptoms after
a run-in period on beclomethasone dipropionate (BDP) 400 ng/day (104).
Patients were randomized to receive either an increased steroid dose
(1000 pg/day), or the addition of salmeterol (100 pg/day) for six months.
While lung function, use of relief medication, and symptoms improved in
both groups, the salmeterol group demonstrated the greatest improvements
(Fig. 7). A similar study by Woolcock and coworkers (105) involved more
severe asthma patients who were symptomatic while being treated with
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Figure 7 Significant improvements in lung function in asthma patients taking sal-
meterol with inhaled beclomethasone dipropionate (BDP) compared to doubling the
BDP dose without salmeterol. Source: From Ref. 104.

BDP 1000 pg/day. Subjects were randomized to one of three treatment arms:
addition of salmeterol 100 pg/day, addition of salmeterol 200 pug/day, or a
doubling of BDP to 2000 ng/day. Again, the groups receiving LABA therapy
had significantly greater improvements in lung function, relief medication
use, and symptoms. There was no difference between the effects of the two
doses of salmeterol used, as these two salmeterol doses are at the top of
the dose-response curve for bronchodilator and bronchoprotective effects
(20,97).

The introduction of long-term regular treatment with LABA raised
concerns about the possible loss of asthma control in some patients. The
basis for this concern was that LABA improve symptoms, which may lead
to inadequate doses of ICS being prescribed to control airway inflamma-
tion. This has been called “masking” of airway inflammation, and assumes
that the effect of LABA is purely bronchodilator in nature, with no syner-
gistic anti-inflammatory activity in conjunction with ICS. This possibility
has been investigated during ICS reduction in severe asthmatics; the
addition of salmeterol improved lung function and ICS reduction faster
compared to placebo, but this was associated with increased sputum
eosinophilia (106). However, this phenomenon was not observed in a study
involving the reduction of budesonide 1600 to 800 pg daily or 200 pg daily
plus formoterol (107). Lung function improved in the formoterol group and
overall clinical asthma control and sputum eosinophilia did not differ
between the groups. Biopsy studies have also reassuringly demonstrated
that LABA therapy in conjunction with ICS does not predispose to worsen-
ing airway inflammation (87,94).

The benefits of add-on LABA therapy on asthma control was further
investigated in two important studies using formoterol. First, the FACET
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study investigated the effect of formoterol add-on therapy on exacerbation
rates over 12 months (108). The length of this study allowed exacerbation rates
to be properly investigated. Symptomatic moderate asthmatics were given
budesonide 1600 pg/day for a four-week run-in period, and then randomized
to one of four treatments: (i) budesonide 200 pg/day, (ii) budesonide 200 ug
and formoterol 18 ng/day, (iii) budesonide 800 pg/day plus placebo, or (iv)
budesonide 800 g and formoterol 18 pg/day. First, the addition of formoterol
to either dose of budesonide reduced severe exacerbation rates, and second, the
budesonide 800 pg/day group had less severe exacerbations than the budeso-
nide 200 pg/day group (Fig. 8). Lung function over the 12 months showed
the greatest improvements in the groups taking both ICS and formoterol, with
the greatest increase observed in the budesonide 800 pg/day plus formoterol
group. In summary, this study showed that the addition of formoterol to either
a low- or medium-ICS dose reduced exacerbations in moderate asthmatics.
Optimum control in these patients was achieved with the use of formoterol plus
the higher dose of ICS.

A second study assessed the use of add-on formoterol therapy in asth-
matics with milder disease taking budesonide 200 ng/day (64). The addition
of formoterol improved control with fewer exacerbations compared to dou-
bling the ICS dose, but again the maximal reduction in exacerbations was
achieved by doubling the dose of budesonide and adding in formoterol.
A meta-analysis of the use of salmeterol in mild to moderate asthma has
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Figure 8 FACET study. Severe exacerbation rates in asthma patients treated with
budesonide (200 or 800 ng/day) with and without formoterol for one year. Increas-
ing the budesonide dose and using formoterol both significantly reduced exacerba-
tions (p < 0.05). Source: From Ref. 108.
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confirmed that the introduction of this LABA instead of doubling the ICS
dose also reduces exacerbations (109). These studies have changed the use
of LABA in asthma; after establishing symptomatic patients on ICS, the
next step in pharmacotherapy is now the addition of LABA rather than
doubling the dose of ICS.

The Optima study (64) was the first to provide information on the
potential benefits in mild asthma in addition to low-dose ICS. This has been
further investigated in recent studies; the addition of salmeterol to 200 ng
fluticasone propionate per day in comparison to doubling the dose of
ICS provides (i) a greater benefit to lung function and symptoms (110,111)
(ii) a long-term steroid-sparing effect (112), and (iii) a reduction in exacer-
bation rates (113). Similarly, the addition of formoterol to budesonide
160 ng/day causes a greater increase in lung function and a reduction in
exacerbations compared to doubling the ICS dose (114). While ICS at
low doses improve AHR in mild asthma, there may be little effect on pul-
monary function (115). The superior clinical effects of combined low-dose
ICS/LABA in these patients is due both to a greater improvement in AHR
and an increase in pulmonary function. It is interesting to speculate that
combined low-dose ICS/LABA may ultimately prove to be the best form
of initial pharmacotherapy for patients with symptomatic, persistent
asthma. There is evidence of superiority in lung function and symptoms
for this approach compared to ICS alone (116), although further studies
are required to confirm the potential benefits of this strategy.

LABA Used “As Needed”

The fast onset of action of formoterol (similar to SABA) (27) has led to its
use as an ‘“‘as needed” reliever medication, with the advantage of a long
duration of action. Salmeterol, with its slow onset of action, cannot be used
for this purpose. Furthermore, formoterol has better dose-response proper-
ties than salmeterol, which may be important during repeated dosing when
cumulative therapeutic effects may be of clinical benefit.

It is important to consider the safety profile of formoterol as an ““as
needed” medication, since this may involve cumulative doses that are
greater than those given during regular dosing (the maximum dose of for-
moterol is usually 24 pg as a single dose). The systemic effects of formoterol
at higher doses (cumulative doses up to 90 ug) appear to be of similar dura-
tion and no worse than for SABA (117).

In a study in asthmatics needing significant SABA therapy (over three
inhalations per day) despite regular ICS use, patients randomized to use
formoterol ‘““as needed” had fewer severe exacerbations and an improved
quality of life score compared to terbutaline (101). Formoterol is also safe
and effective when used ““as needed” in addition to ICS and regular LABA
therapy twice daily (118). The practical advantage of using fewer inhalers,
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coupled with the long duration of action compared to SABA, may lead to
increased usage of formoterol for “as needed” symptom relief in the future.
However, data in the context of clinical trials need to be replicated in every-
day clinical practice, as there is a potential for patients to take too much
formoterol unless appropriately instructed.

Formoterol may also be a useful treatment for acute asthma in the emer-
gency room. High-dose SABA have traditionally been the mainstay of initial
bronchodilator treatment in this setting, with inhaled anticholinergics used
either concurrently or as second-line treatment. However, formoterol 15 pg
repeated to a cumulative dose of 90 ug over three hours produces similar
improvements in lung function compared to inhaled terbutaline in acute severe
asthma, and has a similar safety profile (119). Additionally, formoterol (cumu-
lative dose 54 g over one hour) caused a greater increase in lung function than
albuterol (cumulative dose 2400 ng), albeit with a greater decrease in serum
potassium levels (120). Although these studies suggest that formoterol is poten-
tially an effective bronchodilator for acute severe asthma, further large studies
are needed to define the patient group that would respond best to treatment with
formoterol, and the doses that can be safely and effectively prescribed.

Single-Inhaler LABA and Corticosteroid Therapy

The increased use of LABA in conjunction with ICS has led to the intro-
duction of “combination” inhalers containing both of these drugs. The
currently licensed formulations are salmeterol combined with fluticasone
propionate and formoterol with budesonide. There are predictable differ-
ences in the onset of bronchodilation of these combination therapies
due to the pharmacological properties of the LABA components, i.e., the
budesonide/formoterol combination has a faster onset than the flutica-
sone proprionate/salmeterol combination (121). Combination inhalers
provide better asthma control compared to using either the LABA or the
ICS component alone. This has been demonstrated for salmeterol across
a range of fluticasone doses from 200 to 1000 ug/day (122-124). In symptom-
atic patients already treated with ICS, the introduction of a LABA using
individual component inhalers is known to be a more effective strategy for
increasing lung function and reducing exacerbations compared to doubling
the dose of ICS (64,104,105,108,109). Using a combination inhaler for
LABA introduction provides similar results (114,125). In addition, combi-
nation formulations may have greater pharmacological effects compared to
the individual components given in separate inhalers, which may be due
to “codeposition” in the lungs, thus increasing synergistic effects (126).
There are also practical advantages for patients using combination treat-
ments. First, patients receiving long-term treatment may prefer to take
one rather than two inhalers. This may explain why fewer patients who were
taking a combination inhaler withdrew from a six-month study compared to
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those taking the individual components (127). Second, combination inhalers
improve compliance by ensuring that patients take both medications rather
than just the LABA component.

During an exacerbation of asthma, treatment should be intensified.
However, there is frequently a delay in the initiation of additional treatment,
as many patients seek medical consultation before changing their therapy.
The effectiveness of early self-management during an exacerbation using
written action plans has been assessed using the budesonide/formoterol
combination. The formoterol component allows flexibility in the dosing
regime and a rapid onset of bronchodilation. Furthermore, the molecular
interactions of ICS and LABA may increase anti-inflammatory activity.
Early self-management using an adjustable dosing regime reduces exacerba-
tions compared to fixed dosing LABA/ICS regimes (128,129). The success-
ful implementation of this strategy in clinical practice will depend on
adequate patient education, so that patients are able to confidently and
effectively vary their own treatment as required.

D. Clinical Use in Children

LABA are known to have similar bronchodilator and bronchoprotective
effects in children (130,131) compared to adults. The key issue in clinical
practice is whether they should be used in the same way as in adults. It is
no surprise that just as in adults LABA alone are less effective than low
doses of ICS for the long-term control of asthma in children (132,133).
Interest has therefore focused on the potential benefits of the addition of
LABA to ICS regimes in children. In mild-asthmatic children, the addition
of salmeterol to ICS improves lung function (134). Similar findings have
been demonstrated for children with more severe asthma taking higher
ICS doses (135). These results provided the impetus for a similar study
design to those conducted in adults, i.e., a comparison of adding in a LABA
to doubling the dose of ICS (136). Children with moderate asthma (mean
FEV, 86% at entry) were randomized to receive either BDP 400 ng/day,
BDP 400 pg/day plus salmeterol, or BDP 800 ug/day for one year. Lung
function improved in all three groups, with no difference among the groups
at one year. Importantly, there was no difference among these three groups
in terms of exacerbations. Further studies in children with different asthma
severities are needed to ascertain whether add-on LABA or increasing
steroid dosage is the more effective strategy.

The potential benefits of LABA and ICS delivered through a single-
inhaler device has also been assessed; it has been demonstrated that BDP
160 per day plus formoterol improves lung function to a greater degree than
BDP alone (137). This indicates that for children taking low doses of ICS,
the addition of a LABA through a combination inhaler device is an effective
and practical option.
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VL. Influence of Genotype on p,-Agonist Effects

ADRB?2 is the gene that codes for the $,-AR. This is a single exon on chro-
mosome-5 with several single base polymorphisms, of which two have been
associated with altered clinical outcomes: the substitution of (i) glycine for
arginine at position 16 (gly-16 and arg-16, respectively) and (ii) glutamic
acid for glutamine at position 27 (glu-27 and gIn-27, respectively). Lung
tissue has been used in vitro to investigate the role of these genotypes,
but conflicting results have been published. For example, it has been
reported that the gly-16 genotype is associated with increased 3,-AR desen-
sitization (138,139), but those findings have not been reproduced by other
investigators (140). Similarly, the glu-27 genotype has been reported both to
protect against desensitization (138,139) and to increase desensitization
(141). These differences may be explained by differences in the cell culture
and experimental techniques used. Additionally, the possible influence of
ADRB2 haplotypes (the combination of alleles at two different sites) on
B>-AR function may have been important.

The importance of these genotypes has been assessed in asthma
in vivo. The gly-16 genotype is associated with a reduced bronchodilator
response both in children (142) and adults (143). It has been proposed that
these findings are due to excessive “endogenous” ,-AR down-regulation in
subjects with the gly-16 genotype, so that inhaled -agonists have less effect
(144). Tan et al. (84) demonstrated that the gly-16 genotype is associated
with increased bronchodilator tolerance after regular dosing with formo-
terol (145). However, the sample size was small, with only four homozygous
arg-16 subjects. These findings were not replicated using salmeterol in a
placebo-controlled crossover study involving 20 subjects: 10 glu-16 homo-
zygotes and 10 arg-16 homozygotes (146). There was no influence of
genotype on bronchodilator response or bronchoprotection after two-weeks
treatment. A lack of association between genotype (either at position 16
or 27) and the degree of bronchoprotection was also observed after a single
dose of formoterol (147). However, a larger retrospective analysis suggests
that the arg-16 genotype is associated with reduced bronchoprotection.
Furthermore, in patients with the arg-16 genotype this effect appears to be
greater for formoterol compared to salmeterol (61). The conflicting results
of these studies can be explained by small sample sizes, differing study
designs, and possible haplotype influences. Nevertheless, the existing data
suggests that the gly-16 genotype is associated with reduced bronchodilator
response, while the arg-16 genotype is associated with reduced bronchopro-
tection.

The most important issue in clinical practice is the influence of geno-
types on long-term asthma control. A retrospective analysis by Taylor et al.
(148) demonstrated that in 108 patients being treated with regular ICS and
albuterol, only homozygous arg-16 subjects were predisposed to increased



51

p-Agonists

)

Bay/Biy  BagiAlD

Ao

ggp V0

BED)
50

L6t
s

ogeoe|d Biy/Biy snsiaa gpoo=d ¢
Al9/A19 snsiea pzoo=d |
Bay/A|D snsien zooo=d &

Joley

1\

Ao/

Biy/Bry  BigiAlD
Z'0 220
wa| |
{80
L
zzL
L

|osa18Wes ]
joweingjes |
oqaoe|d []

_ BuyjAID snsen g00=d 4

Joulpy

v

Bay/Biy  BagiAlD

8yl Jod
woly :224n0g ‘Aderoyy jowreingres remsar Juump s309[qns snoIAzowoy 9[-3I8 Ul PIAIISQO AIOM $)BI UOIIBQIIOBXD PISBAIOU]
‘[01919W[BS 10 [owreinges YIm s)oam 4 10j Suisop Ie[nda1 Suunp sdjel uoneqrodexs uo odAjousd Jo 109Jj0 9yl 6 ainbi4

Ao/

[543

L&'l

6L

Al9/A|D snsisagegro=d |
L5E | BuyAlD snsiea g000=d &

L
[e10]

(1e8A Jad uained Jad) suoneqiadexy



52 Singh and Woodcock

exacerbation rates (Fig. 9). In contrast, there was no difference between
genotypes when the same patients were given salmeterol instead of albuterol.
A retrospective analysis of 190 patients randomized to receive albuterol reg-
ularly or as needed found that there was a decline in lung function, presum-
ably due to desensitization, only in arg-16 homozygotes who took regular
treatment (149). This study included genotype assessment of positions 16
and 27, giving nine potential haplotypes. Thus, although the overall study
size was large, the number of patients with each haplotype was relatively
small. It is clear that further larger studies, preferably prospective in design,
are needed to address genotype and haplotype influences on clinical out-
comes such as exacerbation rates during long-term B-agonist therapy.

VIl. Conclusions

The place of SABA in the symptomatic control of asthma is well estab-
lished. In contrast, our use of LABA is changing as new insights are gained
into mechanisms of action and clinical effects, particularly when used in
combination with ICS. The use of LABA and ICS in a single combination
inhaler device is increasing, as this is an effective and practical option for
patients. The two currently used LABA (formoterol and salmeterol) have
different pharmacological properties, which contribute to differences in
clinical effects. The pharmaceutical industry is currently developing novel
LABA. The pharmacological and clinical profiles of these agents will be
of considerable interest.

Abbreviations

AMP Adenosine monophosphate

BDP Beclomethasone dipropionate

Bo-AR B>-Adrenoreceptor

GR Glucocorticoid receptor

GRE Glucocorticoid response element

1CS Inhaled corticosteroid

LABA Long-acting B-agonist

SABA Short-acting B-agonist
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. Introduction

Anticholinergic agents were introduced into western medicine early in the
19th century from the Indian subcontinent where they had been used in
herbal form for many centuries (1). Atropine and related alkaloids with
anticholinergic activity are present in the roots, seeds, and leaves of many
plants such as Datura stramonium or jimsonweed. In the ayurvedic medical
tradition, the leaves of Datura were smoked for the relief of respiratory ail-
ments and this was the form and purpose for which it became widely used in
the West. (Indeed “stramonium cigarettes” continued to be used well into the
20th century in both Europe and North America.) Atropine was isolated and
discovered to be the active ingredient in such plants by German chemists in
the middle of the 19th century, from which time atropine became the stan-
dard treatment for “asthma” (2). It was the only bronchodilator available
until adrenaline was discovered in the 1920s.

Atropine and other naturally occurring anticholinergic alkaloids
have a very narrow therapeutic margin and produce many side effects that
make them poorly accepted by patients. Thus, following the discovery of
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adrenaline and a decade later, the methylxanthines, the use of anticholiner-
gics was largely supplanted. Interest in anticholinergic agents returned in
the 1960s when the role of the parasympathetic system in controlling
airway tone became understood. Shortly thereafter, synthetic congeners
of atropine, which were poorly absorbed and much less prone to produce
side effects, were developed.

Today, inhaled anticholinergic agents are mainly used for the sympto-
matic relief of chronic obstructive pulmonary disease (COPD) (3); however,
they also have an adjunctive role in the treatment of asthma.

Il. Rationale for Use of Anticholinergic Bronchodilators
A. Autonomic Control of Airways

In humans, almost all of the efferent autonomic nerves in the lungs are
branches of the parasympathetic system derived from the vagus nerve,
and are cholinergic in action (4). Branches of the vagus nerve travel along
the airways and synapse at peribronchial ganglia with short postganglionic
nerves, which supply airway smooth muscle cells, mucous glands, and
possibly the ciliated epithelial cells, predominantly in the central airways.
The release of acetylcholine from varicosities and terminals of the postgan-
glionic nerves activates muscarinic receptors, thereby stimulating smooth
muscle contraction, releasing mucus from mucous glands, and possibly
accelerating ciliary beat frequency. At rest, a low level of cholinergic, vagal
(bronchomotor) tone can be demonstrated in animals. This level of choli-
nergic activity can be augmented by a variety of stimuli through neural
reflex pathways (Fig. 1), resulting in rapid bronchoconstriction and release
of mucus from airway mucous glands. Afferent activity can arise from
irritant receptors and C fibers located anywhere in the upper and lower
airways, and probably also from the esophagus and carotid bodies.
Impulses due to receptor stimulation are transmitted along vagal afferents
through the brain-stem vagal nuclei to vagal efferents ending mainly in the
central airways. Stimuli to which these receptors respond include mechan-
ical irritation; many irritant gases; aerosols; particles; cold, dry air; aller-
gens; and specific mediators such as histamine and some eicosanoids
(5,6). The bronchoconstriction that results from these stimuli is inhibitable
by atropine. There is, thus, strong experimental evidence that airway caliber
is at least partly under parasympathetic control. There is also clinical evi-
dence that cholinergic bronchomotor tone is increased in both asthma
(7) and COPD (8). These data provide the rationale for the use of anticho-
linergic agents in airways diseases.

By competing with acetylcholine at muscarinic receptors, anticholiner-
gic agents inhibit cholinergic activity, both tonic and phasic, and permit air-
ways to dilate. However, the fact that airflow limitation is seldom completely
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Figure 1 Diagrammatic representation of vagal reflex pathways from irritant
receptors through vagal afferents, central nervous system, and vagal efferents to
effector cells in the airways. Source: From Ref. 3.

reversed by the use of anticholinergic agents in airways diseases suggests that
cholinergic vagal activity probably accounts for only a part of the airflow
obstruction in patients with asthma or COPD.

Anticholinergic agents do not affect the numerous other mechanisms
of airway obstruction in asthma and COPD. They have been shown to have
some anti-inflammatory properties in vitro (9,10); however, the relevance of
these to their clinical use is uncertain at present.

B. Muscarinic Receptor Subtypes in Airways

At least three muscarinic receptor subtypes, called M1, M2, and M3, are
expressed in human lung and they appear to have different physiologic
actions (Fig. 2). Current understanding is that M1 receptors, located in
peribronchial ganglia, facilitate cholinergic transmission and enhance
bronchoconstriction; M3 receptors, located on smooth muscle cells and
submucosal glands, mediate smooth muscle contraction and mucus secre-
tion. M2 receptors, located on the postganglionic fibers themselves, are,
in contrast, autoreceptors whose stimulation provides feedback inhibition
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Figure 2 Muscarinic receptor subtypes in airways. M1 receptors are localized to
parasympathetic ganglia, M2 receptors to postganglionic cholinergic nerves (auto-
receptors), and M3 receptors to airway smooth muscle.

of further acetylcholine release from cholinergic nerves, and thus tend to
limit vagally mediated bronchoconstriction (11).

This scheme has clinical implications. Traditional anticholinergics are
not selective for muscarinic receptor subtypes and may, therefore, be subopti-
mal. This provides an opportunity for the development of anticholinergic
agents that selectively inhibit M1 and M3 receptor subtypes but spare the M2
receptor. Additionally, M2 receptors are selectively damaged by certain viruses
as well as by some eosinophil products, which may contribute to the broncho-
spasm associated with viral infections and asthma, respectively (12,13).

lll. Pharmacology

Atropine-like alkaloids are classified as tertiary or quaternary ammonium
compounds, depending on whether the nitrogen atom on the tropane ring
is 3-valent or 5-valent, respectively (Fig. 3). All naturally occurring anti-
cholinergic agents such as atropine and scopolamine are tertiary ammo-
nium compounds. They are freely soluble in water and lipids and are well
absorbed from mucosal surfaces and the skin. Following administration by
the oral or inhalation route, they are rapidly absorbed and widely distri-
buted in the body, cross the blood-brain barrier, enter the breast milk,
and counteract parasympathetic activity in almost every system, producing
widespread dose-related systemic effects. Atropine, for example, in the
dose that results in bronchodilation (1.0-2.5 mg in adults) frequently pro-
duces skin flushing, dryness of the mouth, and some tachycardia. In
slightly higher doses, it produces blurred vision, urinary retention, and
mental effects such as irritability, confusion, and hallucinations. The ther-
apeutic margin of atropine and its natural congeners is thus small, making
these agents difficult to use. Tertiary ammonium compounds are no longer
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Figure 3 Structures of some anticholinergic agents.

used (or approved in the United States) for the treatment of obstructive
lung diseases.

All quaternary ammonium compounds, e.g., ipratropium bromide
(Atrovent®), are synthetic. Importantly, the charge associated with the
S-valent nitrogen atom renders these molecules poorly absorbable from
mucosal surfaces. Such agents retain their anticholinergic activity at the sites
of deposition and will, for example, dilate the pupil if delivered to the eye or
dilate the bronchi if inhaled. However, they are not sufficiently absorbed from
these sites to produce either significant blood levels or systemic effects, even
when delivered in supramaximal doses (14). Quaternary agents can thus be
regarded for practical purposes as topical forms of atropine. The group
includes, in addition to ipratropium, oxitropium bromide (Oxivent®), atro-
pine methonitrate, glycopyrrolate bromide (Robinul®), and most recently
tiotropium bromide (Spiriva®). Tiotropium is of particular interest in that
it is functionally selective for the M1 and M3 receptors, sparing the M2
receptor (15-17).

A. Pharmacokinetics

Radiolabeling studies of ipratropium in humans show that, following oral or
inhaled doses, the serum levels are very low, with a peak at about one to two
hours and a half-life of about four hours. Most of the drug is excreted
unchanged in the urine. Following inhalation, the bronchodilator effect is
somewhat longer than that of atropine, probably because it is not removed
from the airways by absorption. Most of an oral dose is recovered in the
feces, a small amount as inactive metabolites in the urine. Very little crosses
the blood-brain barrier to reach the central nervous system.

Tiotropium, whose chemical structure is similar to ipratropium and is
also lipophilic and very poorly absorbed, has a distribution that is similar to
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Table 1 Dissociation Half-Lifes of Ipratropium and Tiotropium
on Muscarinic Receptor Subtypes (Hours)

Ml M2 M3
Ipratropium 0.11 0.035 0.26
Tiotropium 14.6 3.6 34.7

Chinese hamster ovary cells.
Source: From Ref. 18.

ipratropium. However, its unique property is that its duration of action is very
long, considerably exceeding that of ipratropium. The in vitro dissociation
half-lifes of tiotropium and ipratropium on each muscarinic receptor subtype
are shown in Table 1 (18), from which two features are evident. Tiotropium
becomes dissociated from the (protective) M2 receptor relatively rapidly as
compared to its residence on the M1 and M3 receptors and, more impor-
tantly, the half-life of tiotropium on both the M1 and M3 receptors exceeds
that of ipratropium by a factor of more than a hundred. The latter indicates
the uniquely long duration of action of this agent, consistent with clinical
studies that show a duration of bronchodilator effect of more than one day,
making it ideally suited for once-daily use.

IV. Clinical Efficacy
A. Dose-Response

The dose-response of anticholinergic agents given by various inhalation
methods is provided in a previous review (19). For ipratropium bromide
by metered dose inhaler (MDI), the optimal dose in young adults with
asthma is 40-80 pg, but in older patients with COPD the optimal dose is
much higher, possibly 160 pg, particularly when airways obstruction is
severe. By nebulized solution, the optimal dose of ipratropium is 500 pg in
adults and 125-250 pg in children. Newer inhalers will employ a dry powder
form without propellants, rather than the suspension that is currently used.
The optimal dose of the dry powder form may be a little lower than that
for the suspension. Thus 10pug of ipratropium delivered by Turbuhaler®
was equipotent to 20 ug delivered by MDI (20). The optimal dose of oxitro-
pium MDI is approximately 200 ng. For less commonly used agents, the opti-
mal doses are as follows: atropine, 0.025-0.04 mg/kg; atropine methonitrate,
0.015-0.02 mg/kg; glycopyrrolate, 0.02mg/kg. In separate dose-ranging
studies (16,21), tiotropium dry powder was administered in doses from 4.5
to 80 pg; all doses of 9 ug and above showed similar improvements in airflow
and 18 pg once daily is both the approved dose for clinical use and the dose
that has been utilized in all subsequent clinical studies.
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B. Protection Against Specific Stimuli

The protection afforded by anticholinergic agents against specific broncho-
spastic stimuli in a research setting has been reviewed (3). When given in
advance of bronchospastic stimuli, anticholinergic agents provide variable
degrees of protection. Protection is more or less complete against cholinergic
agonists such as methacholine. In asthmatics, they can prevent bronchos-
pasm induced by B-blocking agents and by psychogenic factors. They provide
only partial protection against bronchospasm due to most other stimuli, e.g.,
histamine, prostaglandins, nonspecific dusts and irritant aerosols, exercise,
and hyperventilation due to cold, dry air in asthmatic subjects (22,23). Against
most of the latter stimuli, adrenergic agents usually provide greater protec-
tion. Ipratropium has no prophylactic effect against leukotriene-induced
bronchoconstriction (24).

C. Stable Asthma in Adults

A very large number of studies have compared the bronchodilator poten-
tial of various anticholinergic agents with that of adrenergic agents in
patients with asthma. (There are at present no definitive publications
of the effects of tiotropium in asthma, nor is this agent approved in the
United States for the treatment of asthma.) While many of these studies
are flawed by the fact that they used recommended doses rather than opti-
mal doses, they provide useful information about the comparative actions
of these bronchodilators (25). Figure 4, which is typical of most such stud-
ies, illustrates many of these points. Ipratropium bromide is slow to reach
peak effect, typically 30 to 60 minutes, compared with about 15 minutes
for short-acting adrenergic agents. Their peak effect is almost invariably
less than that of agents such as albuterol but their duration of action is
slightly longer. (Tiotropium bromide is even slower to reach peak effect
than ipratropium and is thus not appropriate for occasional use to relieve
bronchoconstriction.)

Neither ipratropium nor tiotropium, the only anticholinergic agents
available by inhalation in the United States, is indicated for the treatment
of asthma by the Food and Drug Administration (FDA). Among asthmatic
patients, however, there is substantial variation in responsiveness, and
although some patients respond very little to anticholinergic agents, others
respond almost as well to them as to adrenergic agents. Ipratropium, either
alone or in fixed combination with an adrenergic agent (below), is approved
for asthma in some other countries.

It has been difficult to identify subgroups of asthmatic patients who are
likely to have the greatest response to anticholinergic therapy. The broncho-
dilating effect of ipratropium may increase with age, in contrast to the decline
in response to albuterol (26). Individuals with intrinsic asthma and those
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Figure 4 Increase in FEV, of 25 patients with asthma after inhalation of 200 pug
salbutamol by metered dose inhaler (MDI) or 40 pg ipratropium by MDI on separate
days. All patients received an additional dose of salbutamol at 480 minutes. Asterisks
denote significant differences (p < 0.05). Source: From Ref. 25.

with longer duration of asthma may also respond better than individuals
with extrinsic asthma (27), although these factors appear to be poor predic-
tors of response. An individual trial remains the best way to identify respon-
siveness (28).

Recently, attention has focused on the role postnasal drip may play in
promoting asthma. Ipratropium nasal spray is commercially available, and
effective at reducing rhinorrhea (29), thus, in these patients, it may reduce
asthma symptoms.

D. Stable Asthma in Children

Evidence to support the use of an anticholinergic agent in stable childhood
asthma is unclear. Two consensus reports reviewed the published evidence
and concluded that although ipratropium was safe for the pediatric popula-
tion, its benefit compared with an adrenergic agent alone was slight at best
(30,31). However, there are reports that the addition of an anticholinergic
augmented the bronchodilation due to albuterol alone in children aged
10 to 18 years (32).

There are also scattered reports of ipratropium use in other pediatric
conditions such as cystic fibrosis, viral bronchiolitis, exercise-induced
bronchospasm, and bronchopulmonary dysplasia, but these do not provide
strong and consistent evidence for the benefit of ipratropium over alterna-
tive bronchodilators.
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E. Acute Severe Asthma (Status Asthmaticus) in Adults

Clinical studies suggest that [,-adrenergic agonists are more effective
bronchodilators in the setting of acute severe asthma, and that an anticholi-
nergic agent should not be used as the sole initial bronchodilator. The ques-
tion arises whether an anticholinergic agent can add to the bronchodilatation
achieved by the adrenergic agent. Rebuck et al. (33) found that the combina-
tion of 500 pg nebulized ipratropium with 1.25 mg nebulized fenoterol (a 3,-
adrenergic agent available outside the United States) resulted in significantly
more bronchodilation over the first 90 minutes of treatment than either agent
alone. Moreover, patients with more severe airway obstruction obtained the
greatest benefit from the combination. Other studies have addressed this
same question and a meta-analysis (34) of 10 such studies (total of 1377
patients) concluded that the addition of ipratropium reduced hospital
admissions (relative risk =0.73) and increased FEV; by 7.5% (on average
100 mL, 95% CI 50-149 mL) more than groups that received a ,-adrenergic
agent alone. These benefits were both statistically and clinically significant (35).

It seems appropriate to recommend that both classes of bronchodila-
tors be given in acute severe asthma, especially in the early hours of treat-
ment (35) and particularly in patients with more severe airflow obstruction.
They can be given separately, or in a fixed combination (e.g., Combivent®
by MDI with spacer, or DuoNeb® by nebulization). Conventionally, two
to three doses should be given in the first hour of treatment.

F. Acute Severe Asthma in Pediatric Patients

For acute severe asthma in children, two well-conducted trials in the 1980s
showed that the addition of ipratropium accelerated the rate of improvement
in airflow over albuterol alone (36,37). Subsequent studies (38—43) have
yielded conflicting results regarding the efficacy of combined therapy,
although some of these studies lacked statistical power. A systematic review
(44) of 10 studies concluded that combination therapy with multiple doses of
ipratropium was safe, improved lung function, and reduced hospitalization
rates, especially in children with severe asthma. As in adult status asthmati-
cus, therefore, an anticholinergic alone is not recommended in status but the
combination of ipratropium with an adrenergic agent is probably more
effective than albuterol monotherapy, particularly in severe exacerbations.

G. Stable COPD

Although patients with COPD usually do not exhibit as much response to
bronchodilators as do patients with asthma, most are indeed capable of
a bronchodilator response (45). A large number of studies have compared
anticholinergic agents with other bronchodilators in patients with COPD
(46,47). Most show that the anticholinergic agent is a more potent
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bronchodilator than other agents in COPD (48-50). After large cumulative
doses, the anticholinergic agent alone achieves all the available bronchodi-
latation (51). In this regard, COPD patients contrast sharply with asthmatic
patients. In studies where bronchodilator responsiveness was compared
between patients with asthma and COPD who had similar baseline airflows,
patients with bronchitis had a better response to ipratropium than to adre-
nergic agents, the reverse being true for patients with asthma [e.g., Fig. 5
(52)]. Why? Possibly because in asthma, airflow obstruction results from
airway inflammation that is, at least partially, modified by adrenergic agents
but not by anticholinergics; in COPD, the major reversible component is
bronchomotor tone, which is best reversed by anticholinergic agents (51).

Accordingly, ipratropium is currently recommended as first-line treat-
ment for stable COPD in most, if not all, current guidelines for COPD
(53,54). 1t should be noted, however, that the clinical utility of ipratropium
(and possibly all other bronchodilators) is limited to their short-term relief
of symptoms and that they have no demonstrated long-term effect on the
natural decline in lung function in COPD (55). Nor is there evidence to
suggest that their long-term effect would be different in asthma.

H. Acute Exacerbations of COPD

Four studies comparing the efficacy of bronchodilators in acute exacerba-
tions of COPD have failed to discern a difference among adrenergic agents,
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Figure 5 Increase in FEV, of 15 patients with asthma (left panel) and 15 patients
with chronic bronchitis (right panel). Abbreviations: P, placebo; I, ipratropium 40 pg
MDI; F +T, fenoterol 5Smg plus oxtriphylline 400 mg oral. Source: From Ref. 52.
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anticholinergic agents, or their combination (33,56-58). Current guidelines
recommend combination therapy with adrenergic and anticholinergic
agents (53,54).

I. Effects on Sleep Quality

Sleep disturbance is common among patients with chronic bronchitis and
asthma. Sleep disturbance in children with asthma is associated with psy-
chological problems and impairment of memory (59). Among patients with
COPD, 41% reported at least one symptom of disturbed sleep (60), possibly
contributing to nocturnal oxygen desaturation, the development of pulmon-
ary hypertension, polycythemia, and cardiac arrhythmias (61,62). A random-
ized double-blinded study involving 36 patients with moderate to severe
COPD showed that ipratropium increased total sleep time, decreased the
severity of nocturnal desaturation, and improved the patient’s perceptions
of sleep quality (63).

J. Combinations with Other Bronchodilators

Combinations of bronchodilators often result in greater bronchodilation
than do single agents. Possibly this is partly due to the fact that most
clinical studies are performed with recommended rather than optimal doses
of the agents. An additional consideration may be that anticholinergic,
adrenergic, and methylxanthine agents work by different mechanisms, affect
different-sized airways, and have different pharmacodynamic and pharma-
cokinetic properties, their combination is thus rational. No unfavorable
interactions between these three classes of agents have been reported, so
the greater bronchodilation achieved by their combination is achieved with-
out increasing the risk of side effects. In practice, it is common to use two or
even all of these agents concurrently in airways obstruction, particularly
when severe. Fixed combinations in a single-delivery device are more conve-
nient for patient’s use and thus likely to lead to greater compliance.

Single MDIs combining different classes of inhaled bronchodilators
have been in use since at least the 1950s. Fixed combinations of ipratro-
pium and the B,-adrenergic agent fenoterol (Berodual® and DuoVent®)
have been in wide use outside the United States since the 1980s. The com-
bination of ipratropium and albuterol, both in recommended dosage
(Combivent®), has been available for a decade. Clinical trials with this com-
bination in patients with COPD (64—66) suggest that it possesses all the
advantages mentioned above, and has been found to be cost-effective (67).
Bronchodilation is greater during the first four to five hours after adminis-
tration, but not much prolonged over that achieved by single agents, and
no increase in side effects is incurred. A combination solution of ipratro-
pium bromide and albuterol for nebulization (DuoNeb®) produced similar
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results (68). The co-administrations of ipratropium with salmeterol (69) or
formoterol (70,71) have also been explored.

V. Side Effects

As mentioned above, atropine and its natural congeners are absorbed and
produce numerous systemic side effects, which is the principal reason they
are no longer used as bronchodilators. Although the quaternary agents cur-
rently in use are very poorly absorbed, they have been carefully monitored
for atropine-like adverse effects, particularly for effects on the eye (narrow-
angle glaucoma) and the urinary tract (urinary retention in males), and
effects on respiratory mucus transport. Ipratropium was found to be essen-
tially free of such atropine-like effects after extensive investigation (72). It
can, for example, be given to patients with glaucoma without affecting
intraocular tension (73) (provided it is not sprayed directly into the eye).
It has been found not to affect urinary flow characteristics in older men.
Nor has it been found to alter the viscosity and elasticity of respiratory
mucus, or mucociliary clearance, as does atropine (74). It has negligible
effects on hemodynamics, minute ventilation (75), and the pulmonary circu-
lation (76). Consequently, quaternary anticholinergics do not carry the risk
of worsening hypoxemia, as do adrenergic agents (77-79), a theoretical con-
sideration in exacerbations of asthma and COPD. Even massive, inadvertent
overdosage of one such agent resulted in trivial effects (14).

In normal clinical use, the only side effects of ipratropium are dryness
of the mouth, a brief coughing spell, and paradoxical bronchoconstriction.
The latter occurs in perhaps 0.3% of patients and has been variously attri-
buted to hypotonicity of the nebulized solution, idiosyncrasy to the bromine
radical, or the benzalkonium preservative (80,81). Paradoxical bronchocon-
striction, which may also occur with other anticholinergic agents, warrants
withdrawing the drug from that patient. Other than these effects, very
extensive investigation and the worldwide use of ipratropium for over two
decades demonstrate a remarkably low incidence of untoward reactions.
To date, experience with tiotropium has been similar.

VI. Clinical Recommendations

The use of anticholinergic bronchodilators should be limited to the poorly
absorbed quaternary forms, e.g., ipratropium, oxitropium (where available),
and tiotropium, administered by inhalation. They are sometimes useful in
stable asthma as adjuncts to other bronchodilator therapy, and have a
demonstrated role in combination with adrenergic agents in the treatment
of acute severe asthma, but cannot be recommended as the sole broncho-
dilator for the latter condition. Their principal indication is the long-term
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management of stable COPD, where they are probably the most efficacious
bronchodilators. Because of their slow onset of action they are best used on
a regular, maintenance basis, rather than p.r.n. The usual dose of ipratro-
pium, two puffs of 20 ug each, may be adequate in asthmatics but is prob-
ably suboptimal for many patients with COPD (82) and can safely be
doubled or quadrupled (83).
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For over three decades inhaled corticosteroids (ICS) have been the most
effective disease-modifying therapy available in the management of adult
asthma and have represented the mainstay of long-term asthma treatment.
This chapter reviews the clinical issues, which are relevant to their optimal
use in individual patients with asthma, as well as the public health issues
relating to population-based prescribing.

. Reduction in Airways Inflammation

Corticosteroids not only have a wide range of anti-inflammatory effects
in vitro, but also cause a reduction in airways inflammation when inhaled
by asthmatic patients (1,2). This evidence comes primarily from bronchial
biopsy studies demonstrating that regular treatment with ICS such as beclo-
methasone dipropionate (BDP), budesonide, and fluticasone propionate
(FP) cause a marked reduction in the number of mast cells, T lymphocytes,
and eosinophils in the epithelium and submucosa (3-8). There is also a
reduction in inflammatory cell activation, as reflected by decreased concen-
trations of cell-derived mediators in bronchial lavage fluid (9-11).
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Figure 1 Schematic representation of the anti-inflammatory mechanisms of
inhaled corticosteroid therapy. Source: From Ref. 1.

At the cellular level, ICS suppress both acute and chronic inflammation,
irrespective of the underlying cause, by inhibiting many steps in the inflam-
matory process (Fig. 1). The disrupted epithelium is restored and the ciliated
cell/goblet cell ratio is normalized with long-term treatment (3). There is also
some evidence of a reduction in the thickness of the basement membrane,
leading to the suggestion that ICS may influence the process of airways
remodeling in asthma (6,7). The clinical efficacy of ICS is considered to be
primarily due to the reduction in airways inflammation.

Il. Reduction in Bronchial Responsiveness

It is well recognized that long-term treatment with ICS leads to a reduction
in bronchial hyper-responsiveness (BHR) to different stimuli, including
histamine, methacholine, allergen, and exercise (12,13). This occurs within
a few weeks of starting treatment, with continued improvement over a period
of months (14). For asthmatic individuals, this response means that a lesser
degree of bronchoconstriction occurs when exposed to provoking stimuli in
their daily lives. On a population level, it indicates that the widespread use of
ICS will result in a significant reduction in the proportion of severe asth-
matics within a community (15) (Fig. 2).

However, the inability of ICS to reverse the degree of hyper-
responsiveness to normal, and the return to previous baseline levels after
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Figure 2 A reduction in bronchial hyper-responsiveness through the use of inhaled
corticosteroid therapy will lead to a marked reduction in the proportion of severe
asthmatics within an asthmatic population. Source: From Ref. 15.

stopping therapy (16,17), indicates that they do not appear to affect the
long-term natural history of the disease, i.e., they do not lead to a ““cure.”
Furthermore, these observations indicate that the predominant structural
changes associated with remodeling cannot be reversed by ICS therapy.
However, there are some data suggesting that ICS limit the maximum
degree of airway narrowing in response to provoking stimuli in subjects
with mild asthma (18).

lll. Clinical Efficacy

Long-term clinical trials have shown that the regular use of ICS leads to a
reduction in symptoms such as nocturnal wakening, a reduced require-
ment for B-agonists, improved lung function, a reduction in the frequency
of severe exacerbations, including hospital and intensive care unit (ICU)
admissions, and mortality (1,19-22). Importantly, ICS represent the only
therapeutic agents used in the long-term management of asthma that reduce
the risk of life-threatening attacks, including those leading to hospital or
ICU admission (20,23-26), and those that lead to a fatal outcome (21—
23,27,28). From a public health perspective, it is these properties that form
the basis of the recommendations for the widespread use of ICS in asthma
and as such represent the greatest opportunity to reduce the global burden
of asthma.
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A. Hospital Admissions

The greatest reduction in risk of hospital admission with the regular use of
ICS is obtained with the heaviest users of B-agonist drugs, who represent a
particular high-risk group of asthmatics. The benefit has been shown to occur
within 15 days of starting treatment (20) and to be sustained over the long
term, for at least a four-year period (25). It has been calculated that the regular
use of ICS therapy could result in a reduction of five hospital admissions and
27 readmissions per 1000 asthma patients treated per year (25).

The clinical significance of the reduction in risk of hospital admission
is evident from studies that have observed that a hospital admission identi-
fies patients who are at increased risk of subsequent death from asthma, up
to 16-fold greater than an asthmatic without a recent hospital admission
(29,30). In addition to the considerable morbidity associated with hospital
admissions, the burden in terms of economic cost is also important, due to
its major contribution to the total cost of asthma care (31).

B. ICU Admissions

Regular use of ICS also reduces the risk of a life-threatening attack resulting
in ICU admission or intubation. A life-threatening attack of this severity is
recognized as the strongest risk factor that can be identified for death from
asthma (29,30), and following ICU discharge, risks of mortality of 3% to
10% per year have been reported (32,33).

C. Mortality

ICS are the only medications that have been associated with a decrease in
the risk of death due to asthma (21-23,27,28). These studies have shown
that the protective effects are substantial and that ICS have a relatively
greater effect in preventing mortality than reducing the risk of hospitaliza-
tion. It is likely that the differential impact of ICS on mortality compared
with hospital admission rates is due to differences in disease severity.
Furthermore, the risk of death is particularly high during the first few
months after stopping ICS therapy, an observation that illustrates the
importance of continuation of long-term ICS therapy (22).

The benefits in terms of reduced risk of mortality have also been
demonstrated in the elderly (23). This observation is important due to the
relatively greater risk of mortality in the elderly, compared with younger
adults or children and the tendency to under-prescribe ICS in this age group.

IV. Dose-Response Relationships

The most informative approach to the determination of the therapeutic
dose range of ICS has been to undertake meta-analyses of clinical studies
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of specific ICS, which have utilized a similar design (34-38). This approach
has provided sufficient power to investigate a comprehensive range of clin-
ical outcomes, including severe exacerbations, which arguably are the most
important measure of efficacy, from both an individual asthmatic and public
health perspective.

A. Clinical Outcome Measures

The first major meta-analysis of this kind was based on placebo-controlled
dose-response studies of the ICS FP in adults and adolescents with asthma
(34). This demonstrated that for different outcome measures, including lung
function, symptoms, -agonist use, and exacerbations, at least 90% of the
maximum efficacy can be achieved with a dose of FP of around 200 pg/day
(Fig. 3). In moderate to severe adult asthmatic patients the maximum effect
was achieved with a dose of FP of around 500 pug/day. This meta-analysis
challenged the dogma that existed at the time that higher doses were required
to achieve the maximal obtainable effect and that there were marked differ-
ences in the dose-response relationship for different clinical outcome
measures. In particular, the dose of FP required to reduce exacerbations
was similar to that required to reduce symptoms and improve lung function.
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Figure 3 Dose-response curve of fluticasone and budesonide in adult asthma for
the major clinical outcomes. Source: From Refs. 34, 37.
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The major limitation of this meta-analysis was the small number of
studies that included FP doses of 1000 ng/day or greater, due to the require-
ment for the studies to be placebo controlled. This led to a subsequent
meta-analysis that specifically focused on comparisons between the dose of
200 ug/day and higher doses to determine whether the 200 ug/day dose
regime provided most of the therapeutic benefit as suggested in the original
study (35). It was confirmed that most of the therapeutic benefit was achieved
with a dose of 200 pg/day, and that the mean further improvement for FEV,
and morning peak flow resulting from an increase in dose from 200 to
>500 pg/day was 0.07L (95% CI —0.01 to 0.14) and 5.9 L/min (95% CI
—3.0 to 15.3), respectively. The odds ratio for withdrawals with 200 ng/day
compared with >500 pg/day was 1.27 (0.78-2.07).

Similarly in a meta-analysis of eight placebo-controlled trials of FP, no
significant differences were noted in magnitude of change in morning peak
flow in patients receiving high (500 or 1000 ug/day) or low (<200 pg/day)
doses of FP (36). The time taken to reach either 50% or 100% of the best
observed effect was not any longer in the low-dose group, once again
demonstrating no reduction in different parameters of efficacy.

A similar meta-analysis with inhaled budesonide has shown that most
of the clinical efficacy for the same outcome measures is achieved with a
dose of around 400 pg/day (Fig. 3) (37). These findings are comparable
with those of FP when their relative potencies are considered [FP vs. bude-
sonide, BDP or triamcinolone (TAA) 2:1]. Consistent findings have also
been observed with studies of BDP and TAA in which a plateau in response
is observed between 400 and 800 pg/day, depending on the clinical outcome
variable (39,40). With regard to mometasone, which has a similar potency
to FP (41), the top of the dose-response curve for the major clinical
outcome variables is around 400 pg/day (42).

The clinical significance of these dose-response studies is that the
therapeutic range for the majority of adult asthmatics lies between 100
and 1000 pg/day of BDP, budesonide, or TAA and 50-500 pg/day of FP
or mometasone. As a result, there should be few patients who require doses
above this range, as minimal further improvement and clinically significant
adverse effects can be expected at higher doses.

This recommendation should be qualified by the recognition that there
is considerable interindividual variability in response to ICS in asthma, which
means that some patients may obtain a greater clinical benefit at higher doses,
just as some patients may obtain the maximum efficacy at lower doses (43).
Furthermore, there are some circumstances in which higher doses of ICS
may be indicated. These include oral steroid—dependent subjects in whom
there is evidence for increasing efficacy up to doses of 2000 g of FP or
equivalent (44—47). There is also preliminary data to suggest that high
doses of ICS (e.g., FP 2000 pg/day and budesonide 3200 ng/day) may be as
effective as oral steroids in the treatment of moderate to severe exacerbations
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of asthma (48,49). However, currently there is insufficient evidence to date to
recommend the use of such high doses in this situation (50).

B. Mortality

The major clinical outcome measure, which could not be assessed in these
ICS dose-response trials, is mortality due to its rare occurrence even in
patients with severe asthma. However, it is possible to obtain an indication
of the dose—response effect of ICS for reducing the risk of mortality from the
epidemiological study of Suissa et al. (22). In this study there was a progres-
sive reduction in risk of mortality with increasing use of ICS, with the rate of
death from asthma decreased by 21% with each additional canister of ICS
used in the previous year. While these findings primarily relate to compliance
and continuity of use of ICS, they also provide a crude assessment of the
dose-response relationship in terms of the ability of ICS to reduce the risk
of mortality. In the study population over 90% of the prescribed canisters
of ICS contained low-dose BDP and as a result it was possible to determine
a dose-response relationship in terms of an average daily dose over a
prolonged period. Using this approach, the rate of death from asthma among
users of ICS decreased by around 20% for each additional 33.3 ng/day of
BDP used during the year, up to 335 ug/day of BDP or equivalent. Consis-
tent with the major clinical outcome measures, at least 80% of the maximum
obtainable benefit (reduction in mortality) was achieved at around 200 pg of
BDP per day (adjusted odds ratio 0.15) (Fig. 4).

As a result, available evidence suggests that low doses of ICS are effec-
tive in reducing the risk of death from asthma, with a dose-response similar
to that of other major outcome variables such as symptoms, lung function,
and severe exacerbations. Furthermore, the observation that the risk of
death is particularly high during the first few months after stopping ICS ther-
apy illustrates the importance of compliance with and continuation of long-
term ICS therapy to obtain the therapeutic benefits associated with their use.

C. Airways Inflammation

The dose-response relationship for ICS in terms of modifying underlying
airways inflammation has also been determined. While most studies have
attempted to investigate this issue through measurement of surrogate mar-
kers, including inflammatory cells in sputum or exhaled gases, these are
indirect indices of uncertain relevance (51,52). A more informative method
has been to investigate the nature and magnitude of airways inflammation
through the detailed assessment of bronchial biopsies. Utilizing this
approach, Wallin et al. (53) found no significant difference in markers of
airway inflammation between a dose of 400 ug and 1000 pg/day of FP.
This finding was derived from the measurement of submucosal mast cell
and eosinophil numbers in bronchial mucosal biopsies after 12 weeks of
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Figure 4 Risk of death from asthma in relation to the number of canisters of
inhaled corticosteroids used. The equivalent mean daily dose of ICS was derived:
93% of the prescribed canisters of ICS contained low-dose beclomethasone (200
doses per canister with 50 ug of drug delivered per dose). Source: From Ref. 22.

treatment, together with measurement of adhesion molecules and cytokines in
the biopsies, and inflammatory cell activation and fibroblastic activity
measured in the supernatant of the bronchial wash and bronchoalveolar lavage
fluid. These observations are consistent with a similar bronchial biopsy study
in which the improvement in lung function and suppression of airways
inflammation were optimal at a dose of 500 ng/day of FP with no significant
further benefit at 2000 pg/day of FP (54). These studies indicate that the
dose-response relationship of ICS for airway anti-inflammatory effects are
similar to that for all major clinical outcome measures.

D. Summary

The dose-response relationship for ICS is similar for their effects in reducing
airways inflammation and improving clinical outcomes, including reduction
in symptoms and rescue [-agonist use, improvement in lung function, and
reduction in the frequency and severity of exacerbations, including the risk
of mortality. Most of the therapeutic efficacy is obtained at doses of around
400 pg/day of BDP or equivalent, with the mean dose achieving the maxi-
mum benefit at around 1000 pg/day. Notwithstanding the considerable indi-
vidual variability in response to ICS in asthma and the situations in which
higher doses are indicated, these findings suggest that reconsideration is
required of what are considered “low,” “medium,” and ‘“high” doses of ICS.
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A case can be made for changing the terminology to “moderate” for doses of
around 400 pg/day of BDP or equivalent, with “low” and “‘high” doses repre-
sented by doses lower and higher than this moderate dose, respectively.

V. Systemic Side Effects

A number of different systemic adverse effects have been observed with ICS,
including reduced bone mineral density and an increased risk of fracture,
adrenal suppression, cataracts, easy bruising, and thin skin (55-58). Of these
effects, the bone, adrenal, and eye effects are considered to be the most clini-
cally important and represent the primary systemic outcome measures con-
sidered in this review. The interpretation of the dose—response studies that
have investigated these effects have been limited by inadequate power with
small numbers of subjects, use of indirect measures of function or structure,
inadequate time periods of study, confounding by previous oral and ICS use,
and the lack of placebo-controlled, randomized studies in which more than
one dose of ICS has been investigated.

A. Effects on Bone

A number of different methods of assessment have been utilized to deter-
mine the effects of ICS on bone, including biochemical markers of bone
turnover such as osteocalcin and hydroxyproline, bone mineral density,
and the risk of fracture at various sites (59—63). Short-term changes in bio-
chemical markers are of uncertain clinical relevance and the limitations of
bone mineral density measurement have been increasingly recognized as
well. In particular, there is evidence that the adverse effects of cortico-
steroids are primarily a consequence of disruption of bone architecture and
collagen structure rather than demineralization (64,65) and that the increased
risk of fracture with steroid use is only partially due to the reduction in bone
mineral density (66). Furthermore, the correlation between corticosteroid use
and reduction in bone mineral density is poor and the size of the effect on
bone mineral density does not appear to explain the risk of fracture associated
with corticosteroid therapy (66). As a result changes in bone mineral density
can now be considered to be an indirect marker of the risk of fracture with the
use of ICS. A more clinical relevant approach for determining the adverse
effects of ICS on bone is the direct assessment of the risk of fracture.
Recently two large population-based case—control studies of ICS and
hip fracture have enabled the dose—response relationship of the effects on
bone of ICS to be determined (63,67). In the U.K. General Practice Research
Database study there was a small dose-dependent increase in the risk of
fracture up to a dose of 1600 pg/day, with the risk increasing more markedly
at higher doses (63). When adjustment was made for exposure to oral corti-
costeroids and other confounding factors, the relative risk increased from
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Figure 5 Dose-response relationship between mean daily dose of inhaled corticos-
teroids and hip fracture (adjusted for exposure to oral corticosteroids). Source: From
Ref. 63.

1.39 at the 800-1600 ug dose range with a further increase to 1.87 in the
1.6% of the population prescribed >1600 pg/day (Fig. 5). As 98% of sub-
jects were prescribed either BDP or budesonide, these doses can be consid-
ered to relate to BDP or equivalent. The data from this study relates to older
patients, and it could be proposed that the risk may be higher for future gen-
erations who will have been exposed to ICS from an earlier age, although
some of the increase in risk will potentially be offset if courses of oral
steroids are avoided.

Similar risks were observed in a cohort study in which a risk of
non-vertebral fracture of 1.28 was observed in asthmatic patients taking
>700 pg of ICS per day, compared with a non-asthmatic control group
(68). The other major study, of case-control design, examined the association
of ICS use and risk of fracture from a Canadian population-based cohort (67).
Among subjects followed for over eight years, the rate of hip fracture was only
elevated with daily doses of more than 2000 pg of BDP or equivalent (RR 1.61
95% CI 1.04-2.50). For upper extremity fracture, the rate increased by 12%
with every 1000 ng increase in the daily dose of ICS.

B. Adrenal Effects

The interpretation of studies of the effects of ICS on adrenal function
have proven difficult due to small numbers and insufficient periods to
determine effects of clinical relevance, and the use of single doses or lack of
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a placebo-group, thereby preventing the accurate assessment of the dose—
response relationship. In addition, most studies have reported single morning
plasma cortisol measurements, which is an insensitive and variable measure
for detecting adrenal suppression. A preferable method has been to use cosyn-
tropin stimulation tests as a sensitive measure of adrenal suppression (69).

This method was used in the largest dose-response study of adrenal
suppression due to budesonide, in which the reduction in cortisol levels
after cosyntropin stimulation was 4%, 13%, 11%, and 27% after four weeks
treatment with placebo and 800, 1600, and 3200 ng/day of budesonide,
compared with a 35% reduction for 10 mg of prednisone (70). The only dose—
response study with fluticasone, which examined a comparable dose range,
reported reductions in cortisol levels after cosyntopin stimulation of 9%,
21%, 24%, and 24% for 500, 1000, 1500, and 2000 ng/day of fluticasone
compared with placebo, and a 35% reduction for 10 mg of prednisone
(71). In the comparable study of mometasone, four weeks treatment with
800 and 1600 nig/day of mometasone resulted in a 10% and 21% reduction
in 24-hour serum cortisol levels compared with placebo, with a 64% reduc-
tion with 10 mg of prednisone (72).

These studies indicate that there is a relatively flat dose—response up
to around 1600 pg/day of budesonide (equivalent to around 800 pg of fluti-
casone or mometasone), although a greater increase in adrenal suppression
occurs at higher doses. While this observation is somewhat reassuring in
terms of the prescription of ICS within the therapeutic dose—response range
for efficacy, it is a concern when the widespread use of excessively high
doses of ICS is considered.

C. Cataracts

The importance of ICS increasing the risk of cataracts is evident when the
widespread use of ICS in the adult population is considered together with
the prevalence of cataracts, which represent the most common cause of
blindness in the world (73,74).

The dose-response relationship of ICS and cataracts has recently been
defined in the large population-based case—control study based on the U.K.
General Practice Research Database (75). Higher doses and longer duration
of exposure to ICS were associated with an increased risk of cataract, but
there was minimal risk associated with ICS prescribed within the therapeutic
dose-response range. After adjustment for systemic steroid use and consulta-
tion rate, the relative risk of cataract was 1.18 for the dose range 800-1600 pg/
day and 1.69 for the very high-dose range of asthmatic patients taking
>1600 pg/day of BDP or equivalent. For the relatively small proportion of
people prescribed daily doses of 1600 pg or more, 41% of their risk of cataract
could be attributed to ICS use, assuming the association between exposure
and cataracts was causal.
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These findings are consistent with the clinical studies, which have
examined the association between cumulative doses of ICS and risk of cat-
aract (76). In this study, higher cumulative lifetime doses of ICS were asso-
ciated with higher risks of posterior subcapsular cataracts, with the highest
prevalence (27%) found in subjects whose lifetime dose was over 2000 mg
of BDP or equivalent, which was associated with a fivefold increased risk.

D. Summary

The dose-response relationships for ICS and risk of fracture, adrenal sup-
pression, and cataracts are generally consistent in showing a small dose-
dependent increase in risk up to doses of around 2000 pg/day of BDP or
equivalent, with a more marked increase at doses higher than this level.
These data can be interpreted in a number of ways. Importantly, it demon-
strates that the risk of systemic adverse effects is very low with the use of
ICS within the therapeutic dose-response range for clinical efficacy. Con-
versely, when the widespread use of high-dose ICS beyond the established
therapeutic dose-response range is considered, the proportion of patients
who are at risk of systemic effects is of concern.

VI. Frequency of Administration

When ICS were first introduced it was recommended they should be taken
four times daily. Subsequently it was shown that similar efficacy could be
achieved in most patients with a twice-daily regimen (77), although there
may be a small benefit with a four-times-daily regimen in those with severe
or unstable asthma (78). The twice-daily regimen has major advantages in
terms of compliance, and as a result has become the preferred regimen.
However, even with a twice-daily regime, less than half of patients are likely
to comply with ICS therapy (79). Indeed, it has been reported that one-
third of patients prescribed regular ICS actually take them on a “prn” basis
(80). One strategy that may be employed to improve compliance is the use
of ICS according to a once-daily regime (81). This approach has recently
been assessed in mild asthma, for which it has been shown that once-daily
treatment may achieve similar control to a twice-daily regimen, and as a
result, this regime may be considered for such patients (8§2-85).

Vil. Starting Dose

A number of different approaches have been proposed for starting ICS in a
patient with asthma.

e Start with a high dose then step down once control has been
achieved (1,86).
e Start with a low dose then step up if required (87).
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e Start at the dose considered appropriate for the severity of disease,
normally 400 pg/day of BDP or equivalent (88).

These approaches have been the subject of recent research that
supports the recommendation of using doses of ICS of around 400 pg/
day of BDP or equivalent as initial treatment (89-95). Starting ICS at a
higher dose (>800 ug of BDP or equivalent) with or without a subsequent
step-down approach provides minimal additional benefit compared with a
standard moderate ICS dose. These findings are consistent with the studies,
which have shown that doses of ICS of around 400 pg of BDP or equivalent
result in most of the therapeutic benefit as maintenance therapy in adult
asthma (34—42). This is reassuring as the alternative start-high regime has
the potential risk of patients remaining on unnecessarily high doses if they
do not undergo regular medication review, or if such a review led to ongoing
use of high doses due to fear of provoking unstable asthma with a dose
reduction.

VIIl. Back Titration

One of the recommendations of asthma management guidelines is that
an attempt is made to reduce the dose of ICS once asthma control has
been achieved, a regime referred to as “back titration.” This recommenda-
tion applies particularly to patients receiving well in excess of the estab-
lished therapeutic range. This is an important issue as in western
countries, many adult patients with asthma are prescribed ICS doses well
beyond the top of the dose-response curve (96,97).

Many doctors and patients have been reluctant to reduce the ICS dose,
concerned that this might lead to a loss of control; however, there have been
numerous studies supporting the efficacy of such an approach. For example,
in a general practice-based study in Scotland, adult patients with asthma on a
mean baseline dose of around 1400 pg/day of BDP were able to reduce the
dose by an average of 350 pg/day without compromising asthma control
(98). The regime used in this 12-month randomized, controlled trial was a
50% reduction in dose if the patient met predetermined criteria for asthma
control over the previous two-week period. This study also showed that
this step-down management approach could be adopted easily by primary
care teams, which are responsible for the care of most asthmatic patients.

In the landmark study of the efficacy of initiating treatment with ICS,
after two years of budesonide at a dose of 1200 ng/day, maintenance therapy
could be given at a reduced dose of 400 ng/day without loss of control
(Fig. 6) (16). However, patients whose budesonide was stopped deteriorated
to a symptomatic level comparable to that prior to starting ICS. These
studies suggest that in many patients, a significant reduction in ICS dose
from above 1000 pg/day can be achieved without a loss of control, but that
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Figure 6 The changes in bronchial hyper-responsiveness associated with treatment
regimes: budesonide 1200 pg/day for two years followed by 400 pg/day for one year
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stopping ICS after a prolonged period of good control is likely to lead to
unstable asthma in most patients.

An alternative regime to the variable long-term dosing with ICS has
been to modify the dose in accordance with the level of BHR in conjunction
with optimizing symptoms and lung function (99). This approach has been
shown to lead to more effective control of asthma and a greater improve-
ment in chronic airways inflammation than adjustment of the dose based
solely on symptoms and lung function. While the repeat assessment of
BHR in the long-term assessment and management of asthma is not fea-
sible in routine practice, it does indicate the potential role of monitoring
surrogate markers of inflammation in the long-term management of asthma.

IX. Early Intervention

The concept of early intervention with ICS arose with the realization that
airways inflammation may be present in patients with clinically mild asthma
(100), and that such patients may develop an irreversible component to
their airflow obstruction early in the course of the disease (101,102). This
led to the question of whether the early introduction of ICS could improve
the long-term prognosis, and in particular prevent progressive deterioration
of lung function.
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The key evidence comes from a long-term study comparing initial
treatment with ICS or inhaled B,-agonist in patients with newly diagnosed
mild asthma (14,16). After two years subjects crossed over treatments and
were followed for a further year. Patients transferred to ICS therapy (bude-
sonide 1200 pg/day) did not obtain the same degree of improvement in lung
function, BHR, or symptoms as those who were treated with ICS at the
beginning of the study (Fig. 6).

An alternative approach has been to examine the association between
the duration of symptoms prior to initiating treatment with ICS and the
magnitude of the clinical response. Following treatment with ICS patients
who had experienced symptoms of asthma for less than two years prior
to initiation of ICS had better lung function that those who had experienced
symptoms for a longer period (103). These studies suggest that early inter-
vention with ICS therapy may lead to a better long-term clinical outcome,
including lung function and BHR. As a result, ICS should not be withheld
until patients develop moderate or severe asthma, but rather introduced
early in the course of the disease, once the patient has developed persistent
asthma.

X. Add-On Therapy with a Long-Acting p-Agonist

It is recommended that if a patient with asthma is inadequately controlled
on ICS therapy, a LABA should be prescribed as add-on therapy (Fig. 7)
(88,104). However, uncertainty exists as to the optimal ICS dose at which
a LABA is needed. This uncertainty is reflected by the British Management
Guidelines in which it is recommended that a LABA is added in poorly
controlled patients with moderately severe asthma receiving between 200
and 800 pg/day of BDP or equivalent (88). This recommendation is based
on clinical trials that have shown a dose-response relationship for ICS
within this therapeutic range (34-42), and efficacy with adding a LABA
to ICS within (and beyond) this range (105-110).

In the MIASMA meta-analysis of nine studies, the addition of the
LABA salmeterol was significantly more effective than increasing (at least
doubling) the baseline dose of ICS, which ranged from 400 to 1000 pg of
BDP or equivalent (105). While demonstrating the efficacy of this approach,
it did not determine whether there was a differential response to the
addition of LABA therapy across the ICS therapeutic range. In contrast,
the FACET study investigated a lower comparative ICS dose and demon-
strated that the addition of the LABA formoterol to 200 pug/day of budeso-
nide resulted in a lesser reduction in severe exacerbations (the primary
outcome variable) than the higher 800 pg/day budesonide dose (106). This
finding was in some respects not surprising as 200 pg of budesonide achieves
only about half the maximum obtainable benefit, whereas 800 pug/day is
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ONTINUOUS OR FREQUENT USE OF ORAL STEROIDS

Use daily steroid tablet in lowest dose providing adequote control
ST 1 Maintain high dose inhaled steroid at 2000 pg/day*
i Consider other treatments to minimise the use of steroid tablets

Refer patient for specialist care

STEP 4: PERSISTENT POOR CONTROL

Consider trials of:
= increasing inhaled steroid up to 2000 pg/day*
= addition of a fourth drug e.g. leukotriene receptor
antagenist, SR theophylline, B; agonist tablet

STEP 3: ADD-ON THERAPY
1. Add inhaled long acting fi; agonist (LABA)
2. Assess control of asthma:
- good response fo LABA - continue LABA
- benefit from LABA but control still inadequate - continue LABA and
increase inhaled steroid dose to 80O pg/day* (if not already on this dose)
* no response to LABA - stop LABA and increase inhaled steroid to
800 pg/day.” If control still inadequate, institute trial of other therapies,
e.g. leukofriene receptor antagonist or SR theophylline

\ STEP 2: REGULAR PREVENTER THERAPY

Add inhaled steroid 200-800 pg/day”
400 pg is an appropriate starting dose for many patients

STEP 1: MILD INTERMITTENT ASTHMA

*BDP or equivalent

Inhaled short acting P, agonist as required

Figure 7 British Thoracic Society guidelines on asthma management: summary of
the stepwise approach to asthma management in adults based on inhaled corticosteroid
therapy. Source: From Ref. §8.

close to the top of the dose—response curve (37). As a result, an increase to
this higher budesonide dose was likely to achieve a greater reduction in
severe exacerbations than the addition of LABA therapy to the lower dose.

It would seem logical that in a patient with unstable asthma, a LABA
should be added at a dose of ICS at which most of the therapeutic benefit
has already been obtained, rather than at a lower dose or a dose at or
beyond the top of the dose-response curve. This has recently been investi-
gated in a meta-analysis of studies, which have compared the clinical
benefit of adding salmeterol in patients not controlled on a dose of BDP of
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400 pg/day or equivalent with increasing the dose of ICS by at least twofold
(111). This analysis showed that the addition of salmeterol was superior to
increasing the dose of ICS for all major clinical outcome measures. For the
primary outcome variables of withdrawals due to asthma and moderate or
severe exacerbations, subjects receiving salmeterol had a 35% to 50%
reduced risk compared with high-dose ICS therapy. As a result, it can be
recommended that 400 pg/day of BDP or equivalent represents a suitable
level at which to add a LABA in a patient with asthma not well controlled
with ICS therapy. If a patient remains poorly controlled despite the addition
of a LABA, an increase in the dose of ICS in combination with the LABA
would be an appropriate next step. Conversely, in patients with asthma con-
trolled on high-dose ICS therapy, it is possible to markedly reduce the ICS
dose through the addition of a LABA while maintaining overall asthma
control (112,113).

The opportunity exists to prescribe the combination of ICS and LABA
therapy from separate inhalers or from a single combination inhaler (114).
The main advantage of a single combination inhaler is that it ensures that
the patient cannot take the LABA as sole therapy, which would inevitably
lead to a clinically significant loss of asthma control (115,116). In addition,
it has now been demonstrated that there is improved compliance with ICS
therapy through the use of a combination inhaler. This evidence comes from
arecent HMO-based study, which monitored patient medication refill persis-
tence over a 12-month period (117). The use of FP in a combination inhaler
with salmeterol was at least two-thirds higher than the prescription of FP
from a single inhaler, either as sole therapy or in combination with additional
therapy such as salmeterol in a separate inhaler. This greater compliance was
associated with a significantly lower use of short-acting -agonist therapy,
suggesting an overall improvement in asthma control. There is also some
evidence to suggest that, in the case of salmeterol and fluticasone, when
administered from a single combination inhaler, there may be increased
clinical efficacy over concurrent use from separate inhalers (118).

Two regimens have been proposed for the use of combination ICS/
LABA therapy. The standard regime is the use of a fixed dose twice daily
with the option of different dose combinations for patients of differing
asthma severity. The alternative is an adjustable dosing regime in which
patients step up or step down their therapy depending on changes in asthma
control. Pending long-term studies comparing these approaches, it is likely
that the regime chosen will depend on patient and doctor preference.

XI. Alternative Add-On Therapy

The option to add a LABA to ICS therapy in symptomatic patients may be
limited due to cost or availability, and as a result it is necessary to consider
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alternatives. Low-dose theophylline represents one option resulting in addi-
tional efficacy when used as add-on therapy with low to high doses of ICS
(119-121). When used in this way it is likely to result in both bronchodilator
and anti-inflammatory effects. However, a recent systematic review suggests
that the efficacy of this approach is relatively less than the addition of a
LABA, while being associated with greater side effects (122).

The main other option is to add a leukotriene receptor antagonist
(LTRA) drug (123). The addition of an LTRA is likely to result in variable
benefit when added to ICS (124-126). At least two studies have reported
similar efficacy with the addition of a LABA or LTRA to ICS in terms of
severe exacerbations (127,128), although this has not been confirmed in
other studies (129,130), and outcome variables such as lung function and
symptoms consistently favor the addition of a LABA.

XIl. Incorporation with an Asthma Self-Management
Plan System of Care

The asthma self-management plan system of care represents an approach
whereby patients are given the ability to recognize worsening asthma, and
are provided with written guidelines for the appropriate medical response
(131). Asthma self-management plans have been shown to be effective in
the treatment of asthma, leading to significant reductions in morbidity
and improved outcomes (132—134). ICS therapy forms the basis of long-
term management within this system, with patients taking twice-daily ICS
as regular therapy (in addition to an inhaled short-acting -agonist as re-
quired) and being instructed to increase the dose (or initiate therapy) for
worsening asthma (Table 1).

There is conflicting evidence as to whether the instruction to increase
the dose of ICS during an exacerbation contributes to the improvement in
asthma control noted with this system of care, and whether any such improve-
ment is due to the pharmacological effect of the higher dose, or through
changes in patient behavior such as improved compliance (135-137). Avail-
able evidence suggests that patients are more compliant with ICS therapy
because their self-management plan stresses its importance, in part through
the instruction to double the dose of ICS in unstable asthma (137). This inter-
pretation is supported by the study of Lahdensuo et al. (133), in which the
group following a self-management plan had strikingly better asthma control
than the group on standard management, despite almost identical prescribed
doses of ICS throughout the 12-month study period. Improved compliance
with ICS therapy, through implementation of the plan (which included the
provision to double the dose of ICS in unstable asthma) seems the most likely
explanation for the improvement in outcome seen. Indirect evidence for this
effect also comes from the Harrison et al. study (135), in which there was a
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Table 1 Prototype Asthma Self-Management Plan Based on Inhaled Corticosteroid
Therapy

Step Peak flow Symptoms Action®

1 80-100% best  Intermittent/few Continue regular inhaled
corticosteroids; use inhaled
beta agonist for relief of

symptoms

2 60-80% best Waking at night with Increase the dose of inhaled
asthma; symptoms of corticosteroid or start if not
a “cold” currently taking

3 40-60% best Increasing breathlessness Start oral corticosteroids and
Or poor response to contact a doctor
frequent use of
bronchodilator

4 <40% best Severe attack of asthma Call emergency doctor or

ambulance urgently

?At all stages, take beta agonist for relief of symptoms.

similar fivefold decrease in the number of courses of prednisone simply with
the instruction to double the dose of ICS therapy in worsening asthma, for
both placebo and active ICS “doubling” groups. Compliance with ICS
therapy is poor in clinical practice; self-management has the potential to
improve this.

Xlil. Other Issues
A. Potency vs. Efficacy

Potency reflects biological activity per unit weight, whereas efficacy reflects
the maximum biological activity of a drug; this difference is important when
comparative doses of different ICS are considered. Clinical studies suggest
that FP and mometasone are about twice as potent as BDP, budesonide, or
TAA (42,138). This means that FP or mometasone are likely to achieve the same
therapeutic effect at half the dose of BDP, budesonide, or TAA, but that at high
doses, the different ICS will have a similar maximum effect.

B. Spacers/inhaler Devices

A proportion of patients fail to coordinate actuation with inhalation when
using a standard metered dose inhaler (MDI) and greater deposition in the
airways can be achieved through the use of a spacer device (139). For this
reason spacers are recommended for most asthmatics receiving cortico-
steroid therapy delivered by MDI, and certainly those on high doses. Tech-
nique is still important with spacers. For example, multiple actuations
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before inhalation and a delay between actuation and inhalation may reduce
the proportion of drug inhaled. Frequent washing with a mild detergent,
rinsing in warm water, and then air-drying are also recommended to reduce
the accumulation of static electricity (which attracts drug particles), which
occurs with plastic spacers.

Over recent years there has been a proliferation of pressurized aerosol
and dry powder devices, in part due to the phasing out of the chlorofluoro-
carbon-containing MDIs. Although it has become extraordinarily difficult to
be familiar with the properties of each device and the dose equivalence when
compared with the standard MDI device, it is necessary that prescribers are
aware of this information in relation to the devices they commonly use.

C. Emergency Treatment of Severe Asthma

A clinical situation that has recently been investigated is the use of high doses
of ICS in the emergency treatment of severe attacks of asthma (48-50). The
rationale for such an approach includes the delivery of steroid directly to the
airways, lower systemic side effects, and a greater efficacy in reducing BHR
compared with oral steroids. A systematic review of the seven trials that have
investigated this indication identified that inhaled steroids may reduce hospital
admission rates by about half in patients with acute severe asthma (50). In con-
trast, ICS did not achieve clinically important changes in pulmonary function or
symptom scores. Furthermore, it was unclear if there was a benefit of ICS when
used in addition to systemic corticosteroids. As a result, further research is
required to determine the effects of ICS in acute severe asthma, in particular
comparing the use of ICS with oral steroids, the dose—response relationship,
and whether ICS have efficacy when used in addition to oral corticosteroids.
In the meantime it would be reasonable to prescribe repeated high doses of
ICS in the situation of severe asthma if for some reason oral steroids were not
available.

D. Oral Steroid Reduction

The original study of the efficacy of BDP demonstrated its ability to achieve
a reduction of oral steroids in patients with severe steroid-dependent
asthma (47). Since then ICS therapy across a wide dose range has been
shown to be effective in reducing the dose of oral steroids in patients requir-
ing continuous oral steroid treatment (44—46,140-142). While clinicians
have predominantly focused on this ability of such high doses of ICS to
allow oral steroid reduction or withdrawal, these results also suggest that
ICS may have greater effectiveness in the control of asthma than oral
prednisone in patients with chronic severe disease. This interpretation is
consistent with the greater efficacy of very high doses of ICS (FP
2000 pg/day) in improving BHR to both methacholine and AMP than oral
steroids (30 mg/day prednisolone) (143).
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E. Steroid Resistance

There is a very small subgroup of patients who do not respond clinically to
the beneficial effects or experience adverse systemic effects of high doses of
systemic and/or inhaled steroids, despite having marked airway variability
and being responsive to inhaled bronchodilators (144,145). In the workup
of such a patient it is important not only to determine that they fail to
respond to high-dose oral and inhaled steroids, but also that they do not
have another diagnosis such as paradoxical vocal cord dysfunction or
COPD. Reduced responsiveness to high doses of inhaled or oral steroids
is considerably more common than steroid resistance. This subgroup of
patients who deteriorate when the dose of oral steroids is reduced is
referred to as “‘steroid-dependent.” In this group, underlying causes such
as provoking or sensitizing factors associated with occupational or allergen
exposure should be investigated.

Another important factor that reduces responsiveness to ICS therapy
is tobacco smoking (146). Tobacco smoking markedly reduces the improve-
ments in lung function, BHR, and sputum eosinophils otherwise achieved
by ICS therapy in nonsmoking asthmatics (147,148). Smoking also impairs
the efficacy of short-term oral steroid treatment in asthma, with partial
recovery of responsiveness in ex-smokers (149). These observations are
important not only in terms of its clinical implications but also with respect
to the mechanisms of action of ICS in asthma. It has been proposed that
tobacco smoking may reduce histone deacetylase-2 expression and activity
in the airway wall and alveolar macrophages, thereby reducing the effect of
ICS (150).

F. Pregnancy

The recommendation to use ICS for the management of moderate or
severe asthma during pregnancy is based on studies that have established
both their safety and efficacy in this situation (88). The largest epidemio-
logical study undertaken to date, based on the Swedish Medical Birth
Register, reported that mothers who used budesonide during pregnancy
gave birth to infants of normal gestational age, birth weight, and length,
with no increased rate of stillbirths or multiple births (151). There is also
evidence that the use of BDP or budesonide during pregnancy is not asso-
ciated with an increase in major congenital malformations (152,153).

In contrast, uncontrolled asthma is associated with many maternal
and fetal complications, including hypertension, pre-eclampsia, compli-
cated labor, intrauterine growth restriction, preterm birth, and perinatal
mortality (154-157). However, ICS therapy has been shown to decrease
the risk of an acute attack of asthma in pregnancy (158) and the risk of read-
mission following an asthma exacerbation (159). As a result, pregnancy can
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be considered as an indication to optimize ICS therapy to reduce the risk of
unstable asthma and its complications.

XIV. Summary

ICS are the first-line anti-inflammatory therapy in the treatment of adult
asthma. ICS therapy is the only class of medication that can reduce the
risk of life-threatening attacks and mortality from asthma, in addition to
reducing symptoms and improving lung function and quality of life. Their
therapeutic dose range is 100-1000 pg/day of BDP, budesonide, or TAA;
50-500 ng/day of FP or mometasone. Doses in excess of this range are
not recommended for routine use as they are likely to result in clinically
significant systemic side effects without further increase in efficacy. Instead,
in those patients with poorly controlled asthma despite 400—-1000 ug BDP
or equivalent, it is recommended that a long-acting B-agonist is added,
preferably in a combination inhaler device.

There is evidence that the early introduction of ICS therapy in persis-
tent asthma leads to an improved outcome when compared with a delay in
treatment until more severe disease has developed. In stable patients on
higher doses of ICS it is worth back-titrating the dose as a substantial
dosage reduction can often be achieved. Finally, the greatest benefits with
long-term ICS are likely to be achieved when their use is incorporated
within the structure of an asthma self-management plan system of care.
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. Introduction

The optimal management of asthma involves control of symptoms, pre-
vention of variable obstruction to airflow, decrease of bronchial hyper-
responsiveness, and reversal of the underlying inflammation involved in its
pathogenesis. The ideal asthma therapy has a rational scientific basis, is ef-
fective in decreasing symptoms and maintaining lung function, is safe, is easy
to administer, and meets the expectations of patients who take the drug. Over
the last decade, leukotriene modifiers have emerged as one of the few new
therapeutic options for asthma that meets each of these criteria. Leukotri-
ene modifiers include both cysteinyl leukotriene receptor antagonists (such as
zafirlukast, montelukast, and pranlukast) and 5-lipoxygenase (5-LO) inhibi-
tors (such as zileuton). They are the first asthma therapies to evolve from our
understanding of the pathophysiology of the disease: They specifically target
a pathway of pathogenesis, rather than nonspecifically mediating inflamma-
tion and controlling symptoms. In this chapter, we discuss the attributes of
these medications that make them an excellent therapy for asthma and the
roles of these agents in the context of other asthma treatment modalities.
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Il. Historical Perspectives and the Rational Scientific
Basis for Leukotriene Modifiers in Asthma

A. Historical Perspectives

Leukotrienes are so named because they were initially isolated from leuko-
cytes and because their carbon backbone contained three double bonds in
series, constituting a triene. However, these molecules were recognized as dis-
tinct biological entities several decades before they were chemically defined
and purified in the late 1970s. Their role in asthma pathogenesis was first
implicated in 1938 after Feldberg and Kellaway noted that cobra venom
caused a slow-onset, sustained contraction of smooth muscle in Guinea pig
lung perfusate (1). Two years later, they became known as the slow-reacting
substances of anaphylaxis (SRS-A), when Kellaway and Trethewie revealed
that the time course of this contraction was distinct from that caused by his-
tamine (2). A role in asthma was further suggested in the 1960s when SRS-A
was found to be released from lung fragments of a subject with asthma who
was exposed to allergen (3) and in the 1970s, when Drazen and Austen
demonstrated the effect of intravenous SRS-A administration on pulmonary
mechanics in Guinea pigs (4). By 1980, SRS-A was finally chemically charac-
terized as a mixture of three specific cysteinyl leukotriene products derived
from the metabolism of arachidonic acid by the 5-LO pathway, whose
chemical structures were elucidated as 5(S)-hydroxy-6(R)-glutathionyl-7,
9-trans-11, 14-cis-eicosatetraenoic acid and its cysteinyl-glycyl and cysteinyl
congeners (leukotriene C4, D4, and E4, respectively) (5).

B. Leukotriene Biosynthesis

Leukotrienes are fatty acids and members of a larger group of biomolecules
known as eicosanoids, which also encompasses cyclooxygenase products
such as prostaglandins, thromboxanes, and prostacyclin and the products of
12- or 15-lipoxygenase (the lipoxins) and 5- and 15-lipoxygenase (5,6). Leu-
kotrienes are synthesized in mast cells, eosinophils, and alveolar macro-
phages (7-9), all of which have been implicated as critical effector cells
in the pathobiology of asthma. Airway epithelial cells (10,11) and pulmon-
ary vascular endothelial cells (12) may also produce leukotrienes via trans-
cellular metabolism (13,14). Leukotriene synthesis is initiated following
trauma, infection, inflammation, and a variety of stimuli, including the acti-
vation of mast cell antigen-specific IgE bound to Fc receptors (15,16);
hyperventilation of cold, dry air (17); aspirin ingestion by aspirin-intolerant
individuals (18-20); hypoxia (21); hyperoxia (22); and exposure to platelet-
activating factor (23). In these circumstances, cytosolic phospholipase A2
selectively cleaves arachidonic acid from perinuclear cell membranes,
which is converted sequentially to 5-hydroperoxyeicosatetraenoic acid
(5-HPETE) and then to leukotriene A4 (LTA4) (5,6-oxido-7,9-trans 11,
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14-cis-eicosatetraenoic acid) by a catalytic complex consisting of 5-LO and
the 5-LO activating protein (FLAP), which binds arachidonic acid and is
critical to leukotriene synthesis (24) (Fig. 1). LTA4 is unstable and may
be transformed through the action of the enzyme LTA4 epoxide hydrolase
in polymorphonuclear leukocytes into LTB4, which is involved in eosino-
phil and neutrophil chemotaxis. Alternatively, in the presence of LTC4
synthase, glutathione is adducted to the C6 position of LTA4 in eosinophils,
mast cells, and alveolar macrophages to yield the molecule known as
leukotriene C4 (LTC4). The glutamic acid moiety of LTC4 is cleaved by
v-glutamyltranspeptidase to form the active entity leukotriene D4 (LTD4)
whose glycine moiety may be cleaved by a variety of dipeptidases, resulting
in the formation of leukotriene E4 (LTE4). LTC4, LTD4, and LTE4 are all
known as the cysteinyl leukotrienes, as each one contains a cysteine.
Leukotrienes exert their biologic activities by binding to specific
receptors that have been characterized functionally through comparisons
of the activity of various agonists and antagonists. While leukotriene B4
(LTB4) binds to the B-leukotriene receptor (BLT), a G-protein-coupled
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Figure 1 Leukotriene biosynthesis, effects, and points of therapeutic interruption.
Leukotrienes are synthesized from arachidonic acid via the action of 5-LO and
FLAP and help mediate airway inflammation. Leukotriene modifiers include both
5-LO inhibitors and cysteinyl leukotriene antagonists. FLAP inhibitors and LTB4
antagonists are currently under investigation. Source: Adapted from Ref. 196.
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receptor cell surface protein that predominantly transduces chemotaxis and
cellular activation (25-28), the cysteinyl leukotrienes bind to two distinct
receptors that have been identified pharmacologically as CysLT1 and
CysLT2. Previously known as the LTD4 receptor LTRD, CysLT1 is a 45-
kDa membrane protein found in airway smooth muscle. Stimulation of this
receptor by phosphoinositide-stimulated signal transduction causes smooth
muscle constriction (29-32). LTD4 is the preferred ligand, but LTC4 and
LTE4 also bind to this receptor, albeit with less biopotency (33—-36). The
CysLT2 receptor was previously known as the LTC4 receptor or LTRc. Stim-
ulation of this pulmonary vascular smooth muscle receptor results in
smooth muscle constriction and chemotaxis.

C. Biologic Effects of Leukotrienes: Rationale for a Role
in Asthma

Since elucidating the structure and biosynthetic pathway of leukotrienes,
researchers have further demonstrated their potency in smooth muscle con-
striction in both human and animal models, in vitro and in vivo, and have
shown that 5-LO products stimulate smooth muscle proliferation (37-39).
For example, inhaled LTC4 and LTD4 resulted in potent airway obstruc-
tion as manifest by decreased specific airway conductance (Sgaw) (40), and
Bisgaard et al. (41) demonstrated that asthmatic subjects were 100 to 1000
times more responsive to LTD4 than controls. Subsequent studies demon-
strated that prior inhalation of leukotrienes caused an increase in airway
responsiveness to both histamine and methacholine that lasted as long as
one week. 5-LO products may also cause tissue edema (42,43) and stimulate
smooth muscle proliferation (44-46) as well as eosinophil and neutrophil
recruitment and activation (47-50). Invoked as causative agents in a host
of inflammatory conditions such as inflammatory bowel disease, psoriasis,
rheumatoid arthritis, and glomerulonephritis (51), leukotrienes are particu-
larly implicated in the airway inflammatory pathway of asthma. For instance,
cysteinyl leukotrienes have been shown to be potent mucus secretagogues
and to modulate the activity of several components of the immune system.
Furthermore, a variety of physical, chemical, and immunological stimuli
(including activation of mast cell antigen-specific IgE bound to Fc recep-
tors; hyperventilation of cold, dry air; and aspirin ingestion by aspirin-
intolerant individuals) (52-54) activate many of the critical effector cells
implicated in asthma pathobiology (mast cells, eosinophils, and alveolar
macrophages) to produce leukotrienes (55-58).

Despite their rapid metabolism and degradation, leukotrienes have
been identified in plasma, nasal and bronchoalveolar lavage (BAL) fluids,
and urine. LTC4 and LTD4 have been found in greater levels in the plasma
and BAL fluids of patients with stable asthma than in controls (59). Lam
et al. (60) identified LTC4 and LTB4 in the sputum of patients with asthma,
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but not in that of patients with other lung diseases. Following endobronchial
allergen challenge of normal subjects, BAL LTC4 levels are increased, as
are urine LTE4 levels (61-63). Urine LTE4 levels are also increased among
many (but not all) patients having spontaneous asthma attacks (64) and in
subjects with nocturnal asthma (65), exercise-induced asthma, and aspirin-
induced asthma (66,67). At baseline, urinary LTE4 levels are approximately
sixfold higher in aspirin-sensitive than in aspirin-tolerant asthmatics; this
aspirin-sensitive population also has increased levels of LTC4 in nasal
lavage and demonstrates a fourfold increase in urinary LTE4 six hours
after aspirin challenge; similar findings are not seen in aspirin-tolerant
asthmatics (68,69).

As asthma pathogenesis is characterized by many features attributable
to the actions of leukotrienes—namely, bronchoconstriction, hyper-respon-
siveness, increased microvascular permeability with tissue edema, hyper-
secretion of mucus, and eosinophil recruitment—and because leukotrienes
have been recovered in greater quantities in the plasma, urine, sputum,
exhaled breath condensate, and BAL fluid of asthmatics than in controls
(70-73), several medications directed at the 5-LO pathway were developed
over the last decade to treat asthma. Currently, one 5-LO inhibitor and
three distinct cysteinyl leukotriene receptor antagonists are available
throughout the world as treatment for asthma.

lll. Leukotriene Modifiers Are Effective in Several Types
of Asthma

A number of agents developed to interrupt the 5-LO pathway are available
in many countries around the world as treatments for asthma (Fig. 1). Initial
studies with these drugs focused on their ability to decrease leukotriene pro-
duction (as measured by urinary leukotriene production) (74) and inhibit
bronchoconstriction induced by inhalation of leukotrienes such as LTD4
(75-79). Because all of these studies demonstrated that each of the leuko-
triene modifiers had a substantial impact on either leukotriene synthesis or
CysLT1 receptor-mediated bronchoconstriction, as well as on many of the
mediators of inflammation produced in asthma by eosinophils, alveolar mac-
rophages, and lymphocytes (80), these drugs were subsequently tested in
cohorts of asthmatics in a variety of settings: (1) laboratory-induced asthma,
(2) asthmatic bronchoconstriction and airway inflammation, and (3) chronic
persistent asthma.

A. Laboratory-Induced Asthma

Laboratory-induced asthma includes asthma that is induced by challenge
with cold air, exercise, aspirin, or antigen.
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Cold Air-Induced Asthma

When asthmatic subjects hyperventilate cold, dry air, bronchospasm is
often induced by a mechanism thought to be similar to that responsible for
exercise-induced asthma. Israel and colleagues demonstrated that zileuton
attenuated the bronchoconstrictor response to cold air (81). Similarly,
Fischer et al. (82) demonstrated that regular treatment with zileuton for
13 weeks improved airway responsiveness to cold air—-induced airway ob-
struction for as long as 10 days after completion of treatment, suggesting that
inhibition of leukotriene generation can improve airway hyper-responsive-
ness. In addition, zafirlukast has been shown to similarly attenuate both
cold-induced response as well as exercise-induced bronchoconstriction.
These observations led to the proposal that the cooling and drying of air-
ways provoked by these challenges results in leukotriene generation, which,
in turn, results in bronchoconstriction. However, the variable response to
leukotriene modifiers among some subjects challenged by cold air and the
variable urinary leukotriene production in response to exercise (83) suggest
that cold-air or exercise-induced bronchospasm is not leukotriene mediated
in all such subjects.

Exercise-Induced Asthma

Exercise-induced bronchoconstriction occurs in approximately 80% of
asthma patients (84); although there have been negative studies, several
studies demonstrate increased levels of urinary leukotrienes following
exercise (85,86). Several different leukotriene modifiers have been shown to
inhibit the maximal bronchoconstrictor response after exercise by up to
70% (87-92). In 30% to 50% of subjects receiving these drugs, this response
was completely inhibited, while in others, time to recovery of normal lung
function was significantly shortened. While the bronchoprotective effect of
B-agonists in exercise-induced asthma is lost with recurrent use (93), leuko-
triene modifiers maintain their bronchoprotective effects over many weeks of
treatment (94). Edelman et al. (95) compared montelukast with salmeterol
in a double-blind, placebo-controlled study of 191 adults with exercise-
induced bronchoconstriction. Patients treated with montelukast had sus-
tained improvement in symptoms, and 67% had a maximal decrease in
FEV, of less than 20% throughout the eight weeks of the study. The broncho-
protective effect of salmeterol decreased significantly, and only 46% of
patients had less than a 20% decrease in FEV, at the end of the study period.

Aspirin-Induced Asthma

Aspirin-induced asthma affects 5% to 8% of asthmatics and may cause life-
threatening bronchospasm as well as dermal, nasoocular, and gastroin-
testinal symptoms. Patients with this susceptibility have elevated levels of
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urinary leukotrienes at baseline and even higher levels following aspirin
challenge (18). An increase in the number of cells that are immunopositive
for LTC4 synthase in bronchial biopsies suggests that this enzyme is
involved in the pathogenesis of this syndrome (96). The physiological ef-
fects of aspirin challenge in aspirin-sensitive patients pretreated with zileu-
ton is almost completely blocked, as such patients failed to develop any
clinically significant adverse effects and urinary LTE4 levels were reduced
by 68% (19). Dahlen et al. (97) subsequently demonstrated that administra-
tion of the cysteinyl leukotriene receptor antagonist montelukast to subjects
with aspirin-sensitive asthma resulted in improved lung function even in the
absence of aspirin provocation; the magnitude of FEV; improvement in-
creased while urinary leukotriene levels decreased. These data suggest that
the bronchospasm related to aspirin-sensitive asthma is mediated by leuko-
trienes and that leukotriene modifiers are the treatment of choice for these
patients. However, while these agents are effective therapy for these indivi-
duals and modulate the response to subclinical doses of anti-inflammatory
agents, they may not completely prevent the response to higher doses of
aspirin or other anti-inflammatory agents in some highly sensitive subjects.
For example, one patient developed an anaphylactic response to ibuprofen
despite treatment with zafirlukast (98) and another patient receiving mon-
telukast had an anaphylactic response to diclofenac (99).

Allergen-Associated Asthma

Leukotrienes have also been implicated in the bronchoconstriction and air-
way hyper-responsiveness characteristic of the early and late response in
allergen-induced asthma. Urinary leukotrienes are elevated during the early
asthmatic response, and a number of leukotriene receptor antagonists have
been shown to inhibit bronchoconstriction during this response by as much
84% (100-103). However, one study with zileuton showed no significant
response, and other studies with 5-LO inhibitors have had mixed results.
Furthermore, these drugs have demonstrated only limited efficacy in the
late response (104,105) and none of the agents studied to date has com-
pletely prevented the bronchoconstrictor response (particularly of the late
response) elicited by antigen stimulation. While it appears that leukotrienes
play a partial role in modulating the asthmatic allergic response, other medi-
ators are clearly involved. Interestingly, patients with allergen-induced
bronchospasm who were treated with both an antihistamine (loratidine)
and a leukotriene receptor antagonist (zafirlukast) had almost complete
inhibition of the early and late phase response (106).

B. Asthmatic Bronchoconstriction and Airway Inflammation

A major attribute of any asthma medication is its ability to counteract the
spontaneous reversible bronchoconstriction that may develop in patients
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with mild to moderate asthma who withhold bronchodilator therapy. To
assess the role of leukotrienes in the spontaneous airway narrowing of
asthma, several leukotriene modifiers have been administered to patients
with varying degrees of asthma, and spirometry has been performed. Each
of the leukotriene modifiers has produced acute bronchodilatation and
improvement in airway function within one to three hours. While the mag-
nitude of bronchodilatation is often not as great as that with (-agonist
therapy, FEV, is generally increased by 5% to 30%; the bronchodilator
effect is also greater in patients with greater degrees of airway obstruction.
Furthermore, the effects of the leukotriene modifier were additive to the
effect of the P-agonist, suggesting that distinct contractile mechanisms
are involved in each response (107-112). Because similar studies of non-
asthmatic subjects have shown no reversal of airway tone, the reversal of
asthmatic bronchoconstriction by leukotriene modifiers suggests that a sig-
nificant component of asthmatic bronchoconstriction and basal airway tone
in patients with asthma is mediated by the effect of leukotrienes produced
by ongoing leukotriene synthesis by 5-LO at the CysLT1 receptor.

Leukotriene modifiers also have a significant preventive effect on bron-
chial hyper-responsiveness and airway inflammation (113). In one study,
pranlukast given orally for one week to patients with stable asthma pro-
duced a small but significant reduction in bronchial hyper-responsiveness
to methacholine (114). In another study, pranlukast given twice daily was
associated with improvement in clinical symptoms, as well as improved his-
tamine reactivity by bronchial challenge at 12 and 24 weeks after treatment.
In a crossover trial, 21 patients received montelukast and the inhaled
corticosteroid trimacinolone; both of these agents resulted not only in
significant improvement in peak expiratory flow, but also in comparable
significant improvements in methacholine and AMP responsiveness (115).
Hence, cysteinyl leukotrienes are involved in hyper-responsiveness in
chronic asthma and in allergen challenge—induced asthma.

Two important markers of airway inflammation, sputum eosinophils
and exhaled nitric oxide (NO), are both affected by treatment with leu-
kotriene modifier. Pranlukast caused a significant reduction in activated
eosinophils in bronchial biopsy specimens by decreasing bone marrow eosi-
nophilopoiesis and airway chemotactic and eosinophilopoictic cytokines,
including eotaxin and interleukin-5 (116). Furthermore, both zafirlukast and
montelukast significantly reduce sputum as well as peripheral blood eosino-
phil counts in conjunction with an improvement in peak flow and a suppres-
sion of sputum eosinophilic cationic protein production (117,118). Several
studies show that leukotriene modifiers effectively reduce levels of exhaled
NO, even in infants and in children with asthma aged two to five (119-125).

How do leukotriene modifiers affect airway remodeling, the airway
structural changes that occur in patients with asthma in response to persis-
tent inflammation resulting in airway wall thickening, subepithelial fibrosis,
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and hyperplasia of mucus glands, myofibroblasts, smooth muscle, and
vasculature? To date, there have been no studies assessing the ability of
leukotriene modifiers to affect remodeling. However, Henderson and col-
leagues used an acute-murine model of human asthma to show that specific
inhibitors of 5-LO and FLAP that prevent leukotriene formation block
airway mucus release and infiltration by eosinophils, indicating the impor-
tance of leukotrienes in these features of allergic pulmonary inflammation
(126). They subsequently used a chronic model of allergic airway inflam-
mation in mice with subepithelial fibrosis and found that montelukast
significantly reduced the airway eosinophil infiltration, mucus plugging,
smooth muscle hyperplasia, and subepithelial fibrosis in Ovalbumin (OVA)-
sensitized/challenged mice, suggesting an important role for cysteinyl
leukotrienes in the pathogenesis of chronic allergic airway inflammation
with fibrosis and a potentially important role for leukotriene modifiers in
preventing key features of airway remodeling (127).

C. Chronic Stable Asthma

In addition to their anti-inflammatory effects and benefits in patients with
a variety of lab-induced models of asthma, leukotriene modifiers have
significant efficacy in patients with chronic persistent asthma, compared
with placebo, both as monotherapy and as add-on therapy to other
controllers.

Leukotriene Modifiers as Monotherapy

Multiple studies have shown that, when asthma patients who used inhaled
[-agonists as their only asthma medication were treated with a leukotriene
modifier (pranlukast, zafirlukast, montelukast, or zileuton), asthma im-
proved such that they had improvement in airway obstruction, decreased
need for rescue treatment with -agonists, relief of asthma symptoms, and
decreased frequency of asthma exacerbations that required systemic cortico-
steroid therapy (111,112,128,129).

In studies of four to six weeks duration, patients with moderate
asthma (mean FEV, of 65% predicted) treated only with -agonists were
given placebo in a single-blind manner for a run-in period of 7 to 14 days,
followed by an active treatment period of four to six weeks (followed in
some cases by a withdrawal period). In most of the trials, during the first
month of treatment, the FEV, improved significantly by 10% to 15% and
the degree of improvement was statistically significant with active agent
compared with placebo. Improvement encompassed decreases in asthma
symptoms, nighttime awakenings, and -agonist use and increases in morn-
ing and evening peak flow rates. In the trials with zileuton (112) and
zafirlukast (128), patients receiving higher doses of either drug had a
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significantly greater increase in FEV; than did patients receiving placebo;
patients receiving lower doses had an increase of intermediate magnitude.

Long-term studies with each of the leukotriene modifiers have had
similar findings. For instance, when 401 patients were randomized in a
double-blind fashion to three months of therapy with placebo or with one
of two doses of zileuton, there was a significant increase in FEV, with zileu-
ton compared with placebo (16% with zileuton 600 mg four times a day vs.
8% with placebo), a significant decrease in asthma symptoms, a significant
decrease in B-agonist use, and a significantly lower percentage of patients
who required treatment with corticosteroids (6% vs. 16%). Furthermore,
six months of treatment with zileuton reduced peripheral eosinophil counts
by more than 20% (108). Although most of the improvement in airway
function occurs within two to four weeks after the initiation of drug therapy,
the improvement in FEV, was maintained over the course of the trial,
extending previous findings that patients do not become tolerant of the
effects of 5-LO inhibition or blockade.

The effect on FEV, also appears to be greater in patients with more
severe airway obstruction. Zafirlukast improved FEV, by only 40 mL in
patients whose baseline FEV; was more than 80% predicted, compared
with an increase of 800 mL in those whose FEV, was less than 45% pre-
dicted (128). Among patients using inhaled corticosteroids, pranlukast
allowed a 50% reduction in the dose of inhaled corticosteroid compared
with placebo, without loss of asthma control (130). In general these agents
have been shown to improve asthma control and can reduce days lost from
school or work, unscheduled medical care episodes, and days with asthma
symptoms (131-133).

Treatment once daily with montelukast appears to confer the same
benefit as more frequent treatment with other agents (134). Furthermore,
the leukotriene receptor antagonists have been systemically studied in chil-
dren and are approved for use in children as young as two years of age
(135-137). In children with moderate persistent asthma, treatment with
montelukast (one 5-mg tablet at bedtime) was associated with improved
lung function at baseline, decreased asthma symptoms, and decreased need
for asthma rescue medication use. Asthma-specific quality of life improved a
“clinically significant” amount in children receiving active treatment, while
such an effect was not observed in children treated with placebo. These
effects were present in patients also receiving inhaled corticosteroids as an
asthma treatment. Montelukast, given as a single 5-mg tablet daily, inhibited
the bronchospasm induced by exercise by an average of 50%; these effects
were observed up to 24 hours after the last medication dose, indicating a
prolonged effect. In children with exercise-induced asthma, zafirlukast,
40 mg/day, was effective in preventing exercise-induced bronchospasm (138).

How do leukotriene modifiers fare as monotherapy in comparison to
other controller therapies? Several studies have compared the effectiveness
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of leukotriene modifiers and inhaled corticosteroids (124,139,140). In a
study comparing montelukast and beclomethasone as monotherapy in
patients with moderate asthma, there were greater peak expiratory flow rate
and quality of life, fewer nocturnal awakenings and asthma attacks, more
asthma-control days, and fewer days with asthma exacerbations following
treatment with either active agent than with placebo (141). Both classes
of therapy caused similar decreases in peripheral blood eosinophil counts.
Although beclomethasone in general had a greater mean effect on FEV,
than montelukast (percentage change from baseline in FEV, was 13.1%
with beclomethasone, 7.4% with montelukast), montelukast had a faster
onset of action and a greater initial effect. While other studies corroborate
the findings that inhaled corticosteroids show greater improvement in
FEV, and peak flow than leukotriene modifiers, they demonstrate no signif-
icant difference in exacerbation rates or days of asthma control (140,142-
145). While inhaled corticosteroids often demonstrated greater effects on
inflammatory indicators, several investigators found that both of these
agents were effective at reducing airway inflammation and airway hyper-
responsiveness (146); inhaled steroid use resulted in greater adrenal sup-
pression and a rise in osteocalcin levels, an important marker of bone
turnover (115).

Studies by Edelman et al. (95) and Villaran et al. (147) showed mon-
telukast to be more effective than the long-acting -agonist salmeterol in the
acute and chronic treatment of exercise-induced asthma. In a four-week
study comparing zafirlukast and salmeterol in patients with persistent
asthma with established B-adrenergic responsiveness, both salmeterol and
montelukast improved pulmonary function, asthma symptoms, and supple-
mental albuterol use (148). While salmeterol treatment resulted in signifi-
cantly greater improvements from baseline than zafirlukast for morning
peak flow (29.6 vs. 13.0 L/min), percentage of symptom-free days (22.4%
vs. 8.8), and percentage of days and nights with no supplemental albuterol
use (30.5% vs. 11.3), there was no significant difference in the improvement
in FEV;. In another study comparing salmeterol with zafirlukast over four
weeks in 301 patients with persistent asthma, salmeterol was more effective
than zafirlukast in improving pulmonary function and symptom control.
However, asthma exacerbation rates and adverse event profiles were similar
between the two drugs (149).

When zileuton was compared with twice-daily theophylline in a three-
month trial, the two drugs resulted in similar increases in FEV; and had simi-
lar safety profiles. Theophylline gave somewhat greater symptomatic relief
in the first two months of the trial, but there was no significant difference
in maximal effect (150). When zafirlukast and cromolyn were compared
to each other and to placebo in the treatment of patients with mild asthma,
the medications were found to be superior to placebo but comparable to
each other in terms of symptom scores and B-agonist usage (151,152).
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Leukotriene Modifiers as Add-On Therapy

Several investigators have demonstrated that leukotriene modifiers decrease
the need for oral corticosteroid rescue therapy and permit the safe reduc-
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tory flow in 368 adults who had persistent asthma symptoms despite >1200 pg of
inhaled corticosteroids. Zafirlukast significantly improved aM. and p.m. peak flows.
Source: From Ref. 155.
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tion of inhaled glucocorticoid doses (153,154). Virchow and colleagues (155)
showed that zafirlukast improves both pulmonary function and asthma sym-
ptoms in patients taking high-dose inhaled corticosteroids, and also resul-
ted in a reduction in asthma exacerbations (Fig. 2). Laviolette et al. (156)
demonstrated that the addition of montelukast to inhaled beclomethasone
in patients marginally controlled with beclomethasone alone led to a signifi-
cant improvement in FEV, daytime asthma symptom scores, and nocturnal
awakenings (Fig. 3). For patients with asthma and persistent symptoms des-
pite budesonide treatment, concomitant therapy with montelukast signifi-
cantly improves asthma control with fewer nighttime awakenings, and results
in greater improvements in rescue -agonist use (157). Another double-blind,
16-week study compared the clinical benefits of adding montelukast to
budesonide with doubling the budesonide dose in adults with asthma
(158). The addition of montelukast was an effective and well-tolerated alter-
native to doubling budesonide dose with respect to peak flow, symptoms,
exacerbations, and asthma-specific quality of life.

How does the combination of a leukotriene modifier and an inhaled
corticosteroid compare with combination therapy of a long-acting $-agonist
and an inhaled corticosteroid? While the LABA/ICS combination gener-
ally results in greater improvements in FEV, and peak flow, there were no
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Figure 3 Mean FEV, percent change from baseline in subjects receiving montelu-
kast + beclomethasone (closed diamonds), beclomethasone alone (closed triangles),
montelukast alone (closed circles), or placebo (open squares). Both montelukast
and beclomethasone resulted in greater improvement in FEV; than placebo. The
addition of montelukast to beclomethasone yielded greater results than the use of
either agent alone. Source: From Ref. 156.
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Figure 4 Percentage of patients experiencing an asthma exacerbation during treat-
ment with either montelukast plus fluticasone versus salmeterol plus fluticasone.
There was no significant difference in exacerbation rates between the two groups.
Source: From Ref. 159.

differences between groups with respect to asthma exacerbations (159,160)
(Fig. 4). Wilson et al. (161) also compared the efficacy of salmeterol and
montelukast as second-line therapy in patients with asthma not controlled
by inhaled steroids. While both montelukast and salmeterol produced sig-
nificant improvements in asthma control when given with inhaled cortico-
steroid therapy, montelukast also produced significant effects on adenosine
monophosphate bronchial challenge and blood cosinophil count, suggest-
ing additive anti-inflammatory activity. This benefit was even observed when
montelukast was added to the combination of long-acting B-agonist and
inhaled corticosteroid (120).

IV. Leukotriene Modifiers: Safety Considerations

Standard asthma treatments may be complicated by several adverse effects.
For instance, B-agonists may cause tachycardia, palpitations, and head-
aches. Theophylline has a very narrow toxic-therapeutic window, interacts
with many medications, and may cause tremors, nausea, and several other
ill effects. While systemic corticosteroids have a myriad of adverse effects,
including hyperglycemia, growth retardation, hypertension, insomnia, and
edema, even inhaled corticosteroids pose risks, including cataracts,
thrush, adrenal suppression, and bone loss (162,163). In contrast, the leu-
kotriene modifiers continue to have an excellent safety profile and offer the
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opportunity to minimize dosage and potential risks of many of the afore-
mentioned medications. In the clinical trials leading to the approval of
zileuton, zafirlukast, montelukast, and pranlukast, these drugs were very
well tolerated and had side-effect profiles similar to those of placebo. The
most common adverse effects included headache, dyspepsia, nausea, diar-
rhea, nonspecific pain, and myalgia (164). Nevertheless, as the number of
patients taking these medications has increased, systemic adverse effects
have been reported with these medications. For instance, in long-term
safety studies of zileuton, approximately 5% of patients receiving the drug
had clinically significant increases in transaminases within the first few
months of therapy, while only 2% of patients in the usual-care group had
an increase. These effects reversed with drug withdrawal, but it is generally
felt that patients receiving the drug require monitoring of liver function at
the onset of treatment and periodically thereafter (165). This complication
does not occur with zafirlukast at the recommended dose of 20 mg twice
daily, but it does occur at an appreciable frequency with higher doses. There
has been no report of elevated liver function tests with montelukast therapy.

There have been single-case reports of drug-induced lupus (166) and
of tubulointerstitial nephritis (167) with some of these drugs, but of most
concern is the potential association with the Churg—Strauss syndrome
(CSS). Within six months after the release of zafirlukast, eight patients who
received the drug for moderate to severe asthma developed eosinophilia,
pulmonary infiltrates, cardiomyopathy, and other signs of vasculitis, which
are characteristic of CSS (168). All of the patients had discontinued high-
dose corticosteroid use within three months of presentation, and all devel-
oped the syndrome within four months of zafirlukast initiation; the syndrome
dramatically improved in each patient upon reinitiation of corticosteroid
therapy. Since that report, there have been several similar cases in other
patients receiving zafirlukast (169—171), as well as with montelukast (172—175)
and pranlukast (176). While many potential mechanisms for this associa-
tion have been postulated, including increased syndrome reporting due to
bias, potential for allergic reaction, and leukotriene imbalance resulting
from leukotriene receptor blockade, careful analysis of all reported cases
suggests that the CSS developed only in those patients taking leukotriene
modifiers who had an underlying eosinophilic disorder that was being
masked by corticosteroid treatment and unmasked by leukotriene receptor
antagonist-mediated steroid withdrawal, similar to the “forme fruste” of
CSS (177). Since that time there have been numerous reports of CSS in
asthma patients not receiving leukotriene modifiers (178), and overall it app-
ears that there has been no increase in the incidence of CSS and that none of
these drugs are directly causative of this rare syndrome. Although physicians
must be alert for the signs and symptoms of CSS, particularly in patients
with moderate-to-severe asthma in whom corticosteroids are tapered, the
leukotriene modifiers remain safe and effective for the treatment of asthma.
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V. Conclusions: The Role of Leukotriene Modifiers in the
Treatment of Asthma and Future Directions

A. What Is the Role of Leukotriene Modifiers in the
Treatment of Asthma?

On the basis of their relative effectiveness in mediating asthma symptoms
and maintaining lung function, their comparative efficacy with respect to
other asthma treatment modalities, their excellent safety profile, and most
important their ease of administration, each of the leukotriene modifiers
has earned an important place in the treatment of asthma. But where do
these medications fit in the complex treatment paradigms that physicians
use in treating this disease? In addition to their clear benefits in patients
with aspirin-sensitive asthma, exercise-induced asthma, and cold-sensitive
asthma, and their synergistic benefits in allergen-associated asthma, these
drugs may be used as first-line therapy for mild persistent asthma and as
add-on treatment for those patients whose asthma is not controlled by
inhaled corticosteroids.

First-Line Asthma Treatment

First-line asthma treatment is medication given to a patient whose asthma is
no longer controlled by rescue use of inhaled -agonists, i.e., when the use
of rescue treatment exceeds 120 puffs/mo or 8 inhalers/yr. The goals of
first-line asthma therapy have been defined by the National Asthma Educa-
tion and Prevention Program: asthma control with near normal airway
function, absence of asthma symptoms, maintenance of activity without
limitation, prevention of exacerbations, and an acceptable tolerability pro-
file (179). However, a study demonstrated that the outpatient management
of most asthma patients did not comply with the consensus guidelines and
that asthma knowledge was quite poor (180). Furthermore, many patients
with persistent asthma cannot attain these treatment goals with a single
controller medication even at high doses (181), and the use of multiple
therapies often complicates treatment regimens (182). For instance, despite
the fact that inhaled corticosteroids have been advocated as the principal
maintenance treatment for all degrees of asthma, one report indicated that
multiple daily administration contributed to poor patient compliance and
that compliance with inhaled medications (30-60%) was less than that with
oral medications (70-80%) (182). One important therapeutic advantage of
the leukotriene modifiers is that all marketed forms of these drugs are taken
orally. Not only are these medications easier to take and less fraught with
potential technical and coordination problems that may arise with inhalers,
the limited compliance that patients have demonstrated with inhaled med-
ications makes any pill form of asthma treatment a more desirable one.
In the same vein, the availability of a once-daily medication (montelukast)
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enhances patient compliance even further. While inhaled steroids have been
demonstrated to be more potent than leukotriene modifiers, the leukotriene
modifiers may have greater overall effectiveness in real-world use due to
enhanced patient compliance and simpler medication administration in
the pill form. Furthermore, leukotriene modifiers more than adequately
meet the requirements for efficacy and patient expectations as outlined by
the NAEP. In addition to reducing symptoms and B-agonist use, agents
active on the leukotriene pathway reduce exacerbations by 60% to 80%
(183) and nearly double symptom-free days and days without asthma, while
halving absence from school and work (131). Now that these medications
are approved for children as young as age two, physicians have a safe alter-
native to inhaled corticosteroids. Given their effectiveness, safety record,
and convenience of administration with expected superior compliance,
the leukotriene modifiers have emerged as an excellent choice for first-line
therapy in patients with mild persistent asthma.

Add-On Treatment to Inhaled Corticosteroids or
ICS/LABA Combinations

Before the availability of leukotriene modifiers, one of the challenges of
physicians who treat patients with moderate to severe asthma was minimiz-
ing corticosteroid dose and adverse effects while maintaining control of
symptoms. Several investigators have demonstrated that leukotriene modi-
fiers decrease the need for oral corticosteroid rescue therapy and permit
the safe reduction of inhaled glucocorticoid doses (153,184,185). In Lof-
dahl’s study (184), 226 subjects receiving high doses of inhaled corticoster-
oids were randomized to receive montelukast or placebo. Compared with
placebo, montelukast allowed significant reduction in the inhaled cortico-
steroid dose (montelukast 47% vs. placebo 30%), and fewer patients on mon-
telukast [18 (16%) vs. 34 (30%) placebo] required discontinuation because of
failed rescue. For severe asthmatics who receive oral corticosteroid therapy,
leukotriene modifiers may help minimize corticosteroid risks by allowing
for reduction of dose or conversion to inhaled formulations. In severely asth-
matic patients in whom steroids are being tapered, it is important to be alert
for signs of potential underlying Churg—Strauss vasculitis that was being
masked by corticosteroid use.

B. Future Directions: Pharmacogenetics and Novel Therapies
Leukotriene Modifiers and Pharmacogenetics

For any given disease, including asthma, there is variability of a given indi-
vidual’s response to a given pharmacotherapy (interindividual variability)
and there is variability of a given individual’s response to a given therapy on
repeated occasions (intraindividual repeatability). Pharmacogenetics is the
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term applied to the study of the contribution of genetic differences among
individuals to the wvariability in the responses to pharmacotherapy
among individuals (186—188). As the response to leukotriene modifiers is not
uniform across all asthmatics, and not every asthmatic responds to these
medications to the same degree (189), it is hypothesized that an important
determinant of responsiveness to these therapies is genetic. Several of the
genes involved in the regulation of leukotriene synthesis and degradation
have been studied and assessed for functional polymorphic variants that
could account for differences in therapeutic responses to these agents. Poly-
morphisms of the 5-LO promoter gene and the LTC4 synthase gene have
been studied and have been determined to play important roles in the
response to leukotriene modifier therapy.

For example, Drazen and colleagues (190) postulated that since asthma
patients harboring mutant forms of the 5-LO core promoter might have
diminished 5-LO gene transcription, their asthma may be less dependent
on leukotriene formation, and therefore they may be less sensitive to the
antiasthma effects of 5-LO inhibition. To test this hypothesis, they strati-
fied, by genotype at the 5-LO promoter, a cohort of 221 mild-to-moderate
asthmatics who had completed a double-blind, randomized, placebo-
controlled trial with a 5-LO inhibitor, ABT-761, which is clinically similar
to zileuton (190). After 84 days of treatment, the 64 patients with wild-
type genotype at the 5-LO core promoter locus who had received treat-
ment with the 5-LO inhibitor had a substantially greater improvement
in FEV, than that in the 10 patients with no wild-type allele at the 5-
LO core promoter receiving the same dose of medication (18.8%
improvement vs. 1.1% decline p < 0.0001) (Fig. 5). They also had a sig-
nificantly greater improvement than the 69 patients with the same geno-
type who received placebo (only 5.1% improvement, p =0.0037). This
was the first demonstration in which genotype at a locus in a gene was
of value in prospectively identifying a group of patients with an altered
response to treatment and provided a rationale for the pharmacogenetic
tailoring of medication regimens to the genetic makeup of the patient
receiving treatment. In addition to studies of the 5-LO promoter, poly-
morphisms of other enzymes in the leukotriene pathway have been exam-
ined, including polymorphisms of the LTC4 synthase gene (191). Sampson
and colleagues demonstrated that in a small group of asthmatic subjects
with variant LTC4 synthase genotypes, administration of the leukotriene
receptor antagonist zafirlukast for two weeks resulted in an increase in
FEV, by 9%, while patients with wild-type genotype had a 12% decrease
in FEV; (192). While these results failed to have statistical significance
(likely due to the small sample size), the trend in differential response
based on LTC4 synthase polymorphisms suggests that this locus, too, may
have a role in determining response to asthma therapy. These findings are
important as they highlight the fact that in the future, one may be able to
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Figure 5 Percent change in FEV, from baseline in subjects with wild-type geno-
type at the 5-LO core promoter locus treated with the 5-LO inhibitor ABT-761 or
placebo and for patients with no wild-type alleles treated with ABT-761. Source:
From Ref. 190.

utilize pharmacogenetics to determine which patients may be responders
to these therapies and, perhaps, which individuals may develop particular
side effects from these therapies.

Novel Therapies and Indications

Future directions of research regarding leukotriene modifiers will revolve
around novel therapies and new indications. An active area of investigation
is the search for new medications that target specific areas of the 5-LO cas-
cade. Current research involves the development and clinical evaluation of
new 5-LO inhibitors and cysteinyl leukotriene receptor antagonists, as well
as PLA2 inhibitors, FLAP inhibitors, and LTB4 receptor antagonists. For
instance, the FLAP inhibitor MK-0591 was given to patients with moder-
ately severe asthma who required treatment with inhaled corticosteroids,
and those who received 125 mg of the drug twice daily had a significantly
greater rise in mean FEV, and peak flow rates compared to those receiving
placebo and also had fewer asthma symptoms and no adverse events (193).
Similarly, when another FLAP inhibitor, BAYx1005, was given to 67
patients with moderate chronic asthma receiving corticosteroids, there were
small but significant increases in FEV, after four weeks of treatment (194).
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These classes of promising drugs may contribute significantly to asthma
therapy in the future. While the potential role of these agents is very excit-
ing, so is the potential use of current leukotriene modifiers, which have been
shown to cause rapid benefit in the setting of acute asthma in the emergency
department (195).

Leukotriene modifiers are currently being prescribed to patients with
COPD, rhinosinusitis, and RSV infection. While there might be some the-
oretical and anecdotal basis for their use in these conditions, there have
been no clinical trials to date documenting definitive efficacy or safety in
these populations, and no drugs involved in the 5-LO pathway are currently
approved for these or other inflammatory conditions. As we learn more
about leukotrienes and their functions through further investigation, we will
undoubtedly uncover much about the pathobiology of asthma and other
inflammatory entities.

VI. Summary

Leukotrienes play an important role in asthmatic bronchoconstriction. Cys-
teinyl leukotriene receptor antagonists and 5-LO inhibitors are important
medications that have been developed to specifically target this pathologic
pathway. While these medications are particularly useful in the treatment of
aspirin-sensitive asthma, exercise-induced asthma, and allergen-mediated
asthma, their safety profile, efficacy, and ease of administration make leuko-
triene modifiers an excellent choice for first-line therapy in patients with
mild persistent asthma. In more severe asthma, these medications allow
for tapering of systemic and high-dose inhaled corticosteroids and minimize
adverse effects while maintaining good lung function. As new, more potent
leukotriene modifiers are developed, and as the burgeoning field of pharma-
cogenetics develops, the role of these important compounds in combating
asthma will undoubtedly further evolve.
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l. History

For decades theophylline was used as a bronchodilator for the relief of
acute asthmatic symptoms, initially in patients unresponsive to injected epi-
nephrine (1), and subsequently as an oral agent in fixed dose combination
with a weak sympathomimetic bronchodilator, ephedrine (2). It had also
been used as a respiratory stimulant for Cheyne-Stokes respirations (3),
as a diuretic in the treatment of acute pulmonary edema (4,5), to prevent
episodes of apnea and bradycardia in premature newborns (6,7), as an aid
in weaning very low birth weight infants from mechanical ventilation (8),
and extensively in the treatment of chronic obstructive pulmonary disease
(COPD) (9,10). It’s most important use eventually became as maintenance
therapy for controlling the symptoms of chronic asthma (11). Studies of
the pharmacodynamic and pharmacokinetic characteristics of theophylline,
the development of reliably absorbed slow-release formulations, and the
availability of rapid, specific serum assays improved both the efficacy and
safety of this drug (12). Identification of anti-inflammatory effects for
theophylline has increased current interest in this venerable medication (13).
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Il. Pharmacological Activities Potentially Relevant
for Asthma

Although traditionally classified as a bronchodilator and initially used pri-
marily for acute bronchodilatation, the ability of theophylline as maintenance
therapy to control chronic asthma has always appeared disproportionately
greater than was explainable by its modest degree of bronchodilator activity
alone (14-22). In addition to bronchodilatation, theophylline has broncho-
protective (23-26), anti-inflammatory (27-30), and immunomodulatory (22)
effects that potentially contribute to its efficacy as a maintenance medication
for controlling chronic asthma.

Theophylline attenuates airway responsiveness to histamine (23), metha-
choline (23), allergen (27), sulfur dioxide (24), distilled water (25), toluene
diisocyanate (31), and adenosine (32). While the degree of attenuation is modest
for most of these bronchoconstrictors, theophylline can completely inhibit
airway responsiveness to exercise at serum concentration of >15 pg/mL (26),
the upper half of the 10-20 ug/mL range shown to provide optimal control of
chronic asthma (14,33-35). None of these bronchoprotective effects correlate
well with the degree of bronchodilatation produced by theophylline before the
challenge. For substances such as methacholine and histamine that directly
stimulate bronchial smooth muscle contraction, the bronchoprotection may
be effected by direct inhibition of smooth muscle contraction, i.e., functional
antagonism. In contrast, attenuation of the early response to allergen by theo-
phylline may involve inhibition of synthesis or release of leukotrienes from the
mast cells (36), attenuation of the effects of cysteinyl leukotrienes at the Cyst
LT, receptor (37), or blocking of adenosine enhancement of mediator release
from mast cells (38).

Theophylline down-regulates inflammatory and immune cell function
in vitro and in vivo in animals with airway inflammation (39,40). In patients
with allergic asthma, it attenuates the late phase increase in airway obstruc-
tion and airway responsiveness to histamine (27) and decreases allergen-
induced migration of activated cosinophils into the bronchial mucosa
(30). Moreover, withdrawal of theophylline from 27 adults with severe
chronic asthma receiving high doses of inhaled corticosteroid therapy
resulted in increased symptoms of asthma, especially at night, accompanied
by an increase in the number of activated cytotoxic T lymphocytes in the
bronchial mucosa and an increase in helper T lymphocytes in the airway
epithelium (22). The decrease in lung function that occurs at night in many
patients with asthma is reduced by theophylline, and this reduction has
been associated with both a decrease in the percentage of neutrophils
and a decrease in stimulated leukotriene B4 from macrophages in early
morning bronchoalveolar lavage fluid (41). These anti-inflammatory effects
have been identified at serum concentrations over 5 ug/mL (22,30), but it is
not known if the anti-inflammatory effect is greater at serum concentrations
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over 10 ug/mL, where optimal clinical effect has been demonstrated in
other studies (14,33-35).

These findings suggest that theophylline has anti-inflammatory, immu-
nomodulatory, and bronchoprotective effects that contribute to its efficacy
as maintenance prophylactic therapy for chronic asthma. Theophylline also
decreases fatigue of diaphragmatic muscles (42), increases mucociliary
clearance (43), acts centrally to block the decrease in ventilation that occurs
with sustained hypoxia (44), and decreases microvascular leakage of plasma
into the airways (45). While unlikely to be important in chronic asthma,
some of these actions may provide a rationale for the addition of theophyl-
line in the treatment of acute asthma unresponsive to vigorous use of
inhaled B,-adrenergic agonist drugs and systemically administered cortico-
steroids. These latter actions may also be relevant to the use of theophylline
in other clinical situations where clinical efficacy has been reported, such as
chronic obstructive pulmonary disease, apnea of prematurity, or ventilator
weaning in premature infants.

Ill. Molecular Mechanisms

Although several molecular mechanisms have been proposed to explain the
actions of theophylline, nonspecific inhibition of phosphodiesterase (PDE)
isozymes and non-selective antagonism of specific cell-surface receptors for
adenosine are the only ones known to occur at clinically relevant drug con-
centrations. Theophylline increases the intracellular concentration of cyclic
nucleotides in airway smooth muscle and inflammatory cells by inhibiting
PDE-mediated hydrolysis. Several distinct isoenzyme families have now been
distinguished, based on substrate specificity and the development of selective
inhibitors (46). Theophylline is a nonspecific PDE inhibitor that inhibits
activation of inflammatory cell types, including T lymphocytes, eosinophils,
mast cells, and macrophages, in vitro (47). Inhibition of PDE types 3 and 4
have been reported to relax smooth muscles in pulmonary arteries and in
airways (48), while anti-inflammatory and immunomodulatory actions appear
to result largely from inhibition of the type IV isoenzymes (40,49).

In vitro studies have demonstrated effects on mononuclear cells and
lymphocytes that may be relevant to its anti-inflammatory effect. Inhibition
of the L-arginine-dependent production of nitric oxide (50) and suppression
of interleukin-4 production (51) has been demonstrated in peripheral blood
mononuclear cells of asthmatics. Dust mite—induced lymphocyte proliferation
and production of proinflammatory Th2 cytokines, interleukins 5 and 13, were
suppressed by theophylline in another report (52).

Theophylline’s bronchoprotective effects against the early response
to antigen- and leukotriene Dy—induced bronchoconstriction appear to be
mediated by a common, but unknown, molecular mechanism that does not
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involve PDE inhibition or adenosine receptor antagonism (37). In contrast,
centrally mediated stimulation of respiration (53), nausea and vomiting
(54), and ventricular arrhythmias that result from toxic serum concentra-
tions are probably mediated by PDE inhibition, but it is unknown which
isozymes are involved.

While theophylline inhibits adenosine receptors that act as a broncho-
constrictor (32), it is unlikely that adenosine receptor antagonism is involved
in the bronchodilator action of theophylline. Enprofylline, a methylxanthine
that does not antagonize adenosine receptors, is a more potent inhibitor
of PDE and a more potent bronchodilator than theophylline, while 8-
phenyltheophylline, a potent adenosine receptor antagonist that does not
inhibit PDE, does not relax bronchial smooth muscle in vivo (37). However,
nonspecific adenosine receptor antagonism appears to be the mechanism by
which theophylline increases ventilation during hypoxia, decreases fatigue of
diaphragmatic muscles, and decreases adenosine enhancement of mediator
release from mast cells (37). Some adverse effects of theophylline, such as
increased psychomotor activity, sinus tachycardia, gastric acid secretion,
diuresis, and antagonism of gamma aminobutyric acid-benzodiazepine
receptors in the brain, probably also result from adenosine receptor antagon-
ism (37). Adenosine antagonism also may be responsible for the modest
decrease in cerebral blood flow observed after a single dose of theophylline
(55), although no evidence indicates that this effect is clinically important,
especially after multiple doses when adenosine A; receptors are upregulated.

Theophylline activates histone deacetylase, the activity of which is
reduced in asthmatic airways. This suppresses the expression of inflamma-
tory genes (56). The mechanism by which theophylline at low doses acti-
vates histone deacetylase has not been identified, but it is not mediated
by either PDE inhibition or adenosine receptor antagonism. This activity
of theophylline appears to require activated glucocorticoid receptors. Low
concentrations of theophylline markedly potentiate the anti-inflammatory
effects of corticosteroids in vitro, with 100- to 1000-fold potentiation, and
this may be the explanation for the benefit of low-dose theophylline added
to inhaled corticosteroids seen in clinical studies of patients with asthma.
Furthermore, theophylline, through direct activation of histone deacetylase,
has been shown to reverse the effect of oxidative stress and cigarette smoke
with the consequent restoration of corticosteroid responsiveness (13).

IV. Pharmacodynamics
A. Efficacy for Treating Acute Symptoms from Asthma

The traditional role of theophylline as an acute intervention measure has
changed with more aggressive use of inhaled P,-agonists and systemic
corticosteroids. A controlled clinical trial of 44 adults seen for acute asthma
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in an emergency department showed no greater benefit from theophylline
(as intravenous aminophylline) than placebo when added to vigorous use
of inhaled B,-adrenergic agonist drugs and systemic corticosteroids (57).
In patients with severe exacerbations requiring hospitalization, data on
the value of adding theophylline are conflicting (58-61). In one study of
39 hospitalized adults, the addition of theophylline to inhaled albuterol
(salbutamol) and oral prednisone was not beneficial (58). In contrast,
another study of 21 adults treated with inhaled albuterol, intravenous
methylprednisolone, and theophylline or placebo found that the theophyl-
line-treated patients had greater improvement in FEV, at 3 and 48 hours
and needed rescue therapy with inhaled albuterol less often; there was no
accompanying increase in the frequency of adverse effects (59). Using the
same protocol, theophylline was not beneficial in children treated at the
same institution (60). The author common to these two reports speculated
that the difference in results was the more vigorous use of inhaled ,-ago-
nists on the pediatric service.

Theophylline thus appears superfluous for routine use during acute
exacerbations of asthma when inhaled ,-adrenergic agonists and cortico-
steroids are used optimally. However, patients with respiratory failure were
excluded from these studies, a precaution that was necessary for ethical
reasons, and addition of theophylline may yet be justified for patients with
severe acute symptoms not rapidly responding to these measures. In this
situation, a single loading dose can be given; a continuous infusion can then
be instituted if benefit is observed.

B. Efficacy as Maintenance Therapy for Chronic Asthma

Theophylline has been repeatedly demonstrated to be effective as a single
maintenance medication in the management of chronic asthma. The first
studies of this in the early 1970s demonstrated that symptoms were mark-
edly diminished, and need for intervention with measures to treat acute
symptoms were virtually eliminated for most patients (14,15). Subsequent
studies compared theophylline with alternative medications. Theophylline
was associated with more asymptomatic days than cromolyn sodium (diso-
dium cromoglycate) when both were used as monotherapy in patients with
severe chronic asthma (16), although efficacy appeared similar in patients
with milder asthma (62—64).

Comparison with oral ,-agonists have shown clinical advantage for
theophylline, especially for nocturnal symptoms (65,66). Although inhaled
albuterol is far more potent for acute bronchodilatation than theophylline, a
controlled clinical trial demonstrated that theophylline nonetheless provided
more stable clinical effect (19). In contrast, longer acting 3,-agonists, salme-
terol and formoterol, are used as twice-daily maintenance medications for
chronic asthma. In a two-week comparison study with theophylline (67),
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salmeterol was more effective than theophylline, but only 98 of 141 patients
(median age 51) completed the trial, and over half the patients had serum
theophylline concentrations below the 10-20 pg/mL range despite initially
determined dosage that attained serum concentrations of 10-20 pug/mlL,
where maximal efficacy is most likely (14,34,35). Other large-scale multicen-
ter trials have suffered from the same problem with most patients having
serum concentrations consistently below 10 pg/mL during the trial (68,69).
A study of 15 patients reported little difference between salmeterol and theo-
phylline on nocturnal asthma during a two-week study with a range of serum
theophylline concentrations from less than 8 to greater than 15 ug/mL (med-
ian 11 pg/mL) (70). Although several large trials have reported sustained
bronchodilatation and clinical efficacy with long-term use of salmeterol
(71), there is concern regarding loss of bronchoprotective effect against chal-
lenge with methacholine (72), exercise (73,74), and allergen inhalation (75)
after as little as two weeks. The effect from continuous use of B,-agonists
may be particularly important for certain genetic polymorphisms of the
Ba-receptor (76). In contrast, attenuation of airway responsiveness to
exercise is sustained with theophylline (77).

Theophylline has substantial additive effect with inhaled (17,20,22) or
alternate morning oral corticosteroids (17), reducing symptoms (Fig. 1),
improving exercise tolerance, and decreasing requirements for inhaled
bronchodilator and the need for short courses of corticosteroids because
of bronchodilator subresponsiveness (17). Moreover, abrupt discontinua-
tion of theophylline in patients with severe asthma results in precipitous
deterioration even though other drugs such as cromolyn, inhaled steroids,
and [,-agonists are continued (20). This has been observed even among
patients receiving a mean of 1500 pg/day of beclomethasone (22). In
contrast, cromolyn sodium (disodium cromoglycate) has not shown addi-
tive effect with either theophylline (16) or inhaled corticosteroids in three
placebo-controlled studies (78—80). Trials of nedocromil in adults at doses
of 4mg (81) and 8 mg (82) four times daily showed only a small additive
effect with inhaled corticosteroids. A small additive effect with inhaled cor-
ticosteroids has been observed for a leukotriene antagonist, montelukast
(83), but this appears to be less than is seen from adding salmeterol (84).
Of currently marketed non-steroidal medications, only salmeterol has had
additive benefit of a magnitude similar to theophylline for patients already
receiving an inhaled corticosteroid (85,86).

The degree of clinical effect from theophylline described above is most
readily apparent when serum concentrations are maintained between 10 and
20 ng/mL (14,33-35), and the magnitude of effect can be demonstrated to
relate to serum concentration (26,35,87,88). Measures of effect on airway
hyper-responsiveness to histamine (23), methacholine (23,89), or exercise
(26) relate closely to serum concentration. Inhibition of exercise-induced
bronchospasm relates to serum concentration, with clinically important
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Figure 1 Mean frequency of symptoms in 21 children with asthma receiving a
constant dose of beclomethasone dipropionate (mean of 550 ug/day, 11 puffs per
day) and treated in randomized sequence for four weeks with each of placebo (P)
or theophylline at dosage previously individualized to achieve a peak serum concen-
tration of 10-20 ng/mL (7). Nocturnal symptoms of cough, wheeze, or dyspnea that
disturbed sleep were recorded each morning, and interference with activity, cough,
and wheeze during the day were recorded each evening as absent, transient, repeated,
or continuous. In addition to significantly fewer symptoms, theophylline was also
associated with significantly less airway responsiveness to exercise and significantly
fewer interventions with both inhaled f,-adrenergic agonists and short courses of
oral corticosteroids. Source: From Ref. 17.

effects most apparent above 10 pg/mL and even greater effects above 15 pug/
mL (26). At these concentrations theophylline is more effective than cromo-
lyn in attenuating exercise-induced bronchospasm (26), although it generally
does not match the acute benefits from an inhaled 3,-receptor agonist.

C. Toxicity

The therapeutic benefit from theophylline has required consideration for its
use in a manner that minimizes its potential for adverse effects (90).
Drug interactions or alterations in clearance for other reasons have the
potential to cause toxicity. However, toxicity has occurred most commonly
from errors in dosage (91,92). Fortunately, most cases of toxicity are mild
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and readily reversible without residual effects. In virtually every case where
there has been serious toxicity such as seizures with neurological damage,
serious errors in dosage occurred, often compounded by other factors such
as drug interactions or failing to be alert for early signs of toxicity such as
nausea, vomiting, central nervous stimulation, or tachycardia.

Some adverse effects from theophylline have been overplayed, particu-
larly in the lay news media where headlines have proclaimed “Asthma Drug
Hard on Kids” (US4 Today, December 2, 1986, 1), and an advertisement for
an ABC Television news show, Prime Time Live, ominously described “An
Asthma Drug that Can Take Your Breath Away, Permanently\” (TV Guide
advertisement for Prime Time Live, American Broadcasting Company)
aired February 7, 1991. In actuality, severe toxic effects from theophylline
are quite rare in clinical practice. In a study as part of the Boston Collabora-
tive Drug Surveillance Program, the frequency of toxicity was assessed
among 36,000 patients who filled 225,000 prescriptions for theophylline over
nine years. Severe toxicity occurred in only one patient per 1000 patient
years of exposure, and seizures occurred in only two patients (one child
and one adult) with serum concentrations of about 50 pg/mL. Nonetheless,
the prescribing clinician needs to be aware that theophylline has the greatest
potential for serious acute toxicity of any medication used for asthma.
Extensive reviews of the world’s English language literature of reported cases
of theophylline toxicity are recorded elsewhere (93-95).

Initiation of treatment is commonly associated with caffeine-like side
effects, including a minor degree of central nervous system (CNS), stimula-
tion and/or nausea. These occur frequently after a loading dose and appear
to have little direct relationship to serum concentration (96). Although few
complaints are elicited from the acutely ill patient in need of a rapid
bronchodilator effect, these minor side effects can be troublesome in many
ambulatory patients with chronic asthma. They can generally be avoided by
beginning with low doses and slowly attaining full therapeutic doses over a
period of 7 to 10 days. When this procedure is followed and serum concentra-
tions do not exceed 20 ng/mL, adverse effects are rare and minor (Table 1)
(97). Even subclinical effects are difficult to detect. Sleep, for example appears
to be unaffected during chronic therapy (70,98,99), despite the common com-
plaint of insomnia during initiation of therapy. On the other hand, subclinical
tremor, without patient awareness, is detectable in association with theophyl-
line use (100), and potentiation of tremor is seen when theophylline is used
concomitantly with oral ,-agonists (101).

Behavioral and learning problems have been attributed to theophyl-
line, but with more concern than reason (102). In point of fact, a controlled
evaluation of various behavior and psychologic variables showed a pattern
of small but statistically significant effects similar to those associated with
dietary caffeine ingestion. These effects were not clinically apparent to
the patients, and not all of them were ‘“adverse” effects (e.g., patients
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Table 1 Frequency of Apparent Adverse Effects from Theophylline Among
404 Patients Under Care of the University of Iowa Pediatric Allergy and
Pulmonary Clinic

Frequency of adverse effects
[no. subjects affected/no. subjects
studied (%)]

Serum concentration (pg/mL) Children Adults
<10 0/29 0/12

10-19.9 5/258 (2) 3/38 (8)
>20 17/61 (28) 4/6 (67)

Data obtained by questioning patients at time initial blood sample was collected in sequentially
treated ambulatory patients whose dose had been titrated over nine days, according to
previously prescribed published guidelines. Source: From Ref. 97.

demonstrated significantly improved ability to memorize number sequences
during theophylline therapy). Several well-controlled studies have failed to
confirm earlier suggestions or even parents’ impressions of effects on beha-
vior and learning (103-106). The performance on standardized achieve-
ment tests of asthmatic children in Iowa receiving theophylline has been
compared with non-asthmatic sibling controls, demonstrating that mean
scores of the children with asthma were well above the national average
and no different, on average, from their siblings (106). In that study, 85%
of children with chronic symptoms of asthma requiring maintenance medi-
cation seen over a one-year period at two clinical settings were receiving
theophylline for greater than three months, most for greater than one year.
Nevertheless, there may be a small subpopulation of children in whom theo-
phylline therapy may cause unacceptable persistent central nervous system
side effects at therapeutic serum concentrations. Alternative therapy should
be used in such patients.

The risk of actual toxicity from theophylline increases in likelihood and
severity as concentrations exceed 20 ng/mL and include nausea, vomiting,
headache, diarrhea, irritability, and insomnia (107-109). In one report
adverse effects were documented retrospectively among 75% of patients with
serum concentrations over 25 pug/mL, but were uncommon at concentrations
between 15 and 20 pg/mL and absent below 15pg/mL (109). At higher
serum levels, there is a progressively increasing risk of toxic encephalopathy
with hyperthermia, seizures, brain damage, and death; hyperglycemia, hypo-
kalemia, hypotension, and cardiac arrhythmias may also be observed at these
higher levels (107-113). However, there is considerable variability in the toxic
response to theophylline.

Severe toxicity and death most often have been the result of therapeutic
misadventure in which multiple excessive doses were administered; in early
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reports, this was commonly associated with the use of suppositories in
infants and small children (114-116). Irritability, vomiting of material
resembling coffee grounds, and seizures from which the patient never
regained consciousness characterized the clinical course in many such cases.
Age over 60 appears to be associated with increased risk for theophylline-
induced seizures when serum concentrations are excessive during repeated
dosing (117). Serious theophylline intoxication has frequently been reported
with cardiac decompensation or hepatic dysfunction (107,118,119). In these
individuals clearance of the drug was impaired and excessive serum concen-
trations accumulated (107,108,119). Administration of a 0.9 mg/kg/hr con-
stant intravenous infusion of aminophylline (equivalent to 0.7 mg/kg/hr
anhydrous theophylline) was common among these and other reports of
toxicity associated with theophylline in adults during the 1970s and early
1980s (107-109,118-120). A report from a major inner-city hospital identi-
fied greater than 10-hour delays in house officers responding to excessive
serum concentrations as the most common cause of theophylline toxicity
(92). Other common causes of toxicity include failure to recognize the need
for reduced dosage in patients with physiologic conditions or concomitant
drug therapy that slows theophylline elimination, failure to recognize
obvious early signs of toxicity, failure to recognize previous toxicity at the
administered dose, and inappropriate increases in dosage.

Theophylline-induced seizures can occur in patients without a
previous history of neurologic disease when serum concentrations are
excessive (107,108,112,121,122). Zwillich et al. (108) reported a mean
serum concentration of 54 pg/mL among eight patients with seizures, com-
pared with 35 pg/mL for those with minor adverse effects, and a mean con-
centration of 19 pg/mL in patients in a medical intensive care unit for
severe respiratory symptoms without symptoms of toxicity. Four of the
eight patients with seizures died without regaining consciousness. Most
noteworthy was the failure to recognize minor adverse effects in seven of
these eight severely ill patients in an intensive care unit prior to the seizure.
Although typically present when looked for, minor symptoms of toxicity
such as nausea and vomiting cannot be relied upon as a dosing end point;
only serum theophylline measurements can reliably forewarn the physician of
impending life-threatening toxicity.

Two distinct clinical patterns of theophylline-induced seizures have been
reported. In patients with an underlying neurologic disorder, transient focal sei-
zures, with or without generalization and without neurologic sequelae, have
been reported at serum concentrations as low as 15-25 ug/mL (123). This is
rare in patients without a history of neurologic disease (124). In contrast, at
higher serum concentrations theophylline-induced seizures appear to be a man-
ifestation of a toxic encephalopathy. They are then typically generalized, persis-
tent, resistant to anticonvulsant therapy, and followed by a comatose period with
cerebral edema that frequently produces permanent brain damage or death. An
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electroencephalogram (EEG) obtained at the time of the seizure often demon-
strates a pattern of periodic epileptiform discharges. Neurologic sequelae from
theophylline toxicity appear not to occur in the absence of seizures (125,126).

Interestingly, one report indicated asymptomatic abnormal paroxys-
mal EEG activity at serum concentrations at or somewhat above the upper
end of the therapeutic range in a greater proportion of asthmatic patients
than would be expected to occur in a group of individuals of similar age
(127). This suggests that theophylline lowers the seizure threshold. Brain
injury or disease has also been suggested as a risk factor for prolonged
seizures and death from theophylline at serum concentrations not usually
associated with such severe outcomes (128).

The duration of an excessive serum concentration appears to play
a major role in the severity of CNS toxicity from theophylline. There is a
progressive risk of seizures in association with serum concentrations greater
than 30-40 pg/mL when the intoxication occurred after multiple doses.
However, seizures are uncommon from a single overdose in an ingestion
such as a suicide attempt, unless concentrations are greater than 100 pg/
mL (117,122,129). These findings suggest that the amount of theophylline
accumulating in brain tissue may be a more important determinant of
seizure activity than serum concentration. The mechanism of this toxic
effect has not been defined, but findings consistent with brain anoxia and
neuronal loss have been found at necropsy in patients who died of theophyl-
line-induced seizures (111).

Another difference between acute and chronic overdoses is the elec-
trolyte abnormalities, particularly hypokalemia, associated commonly with
acute but much less frequently with chronic overdoses (130). Other meta-
bolic and electrolyte abnormalities that commonly accompany hypokalemia
include hypophosphatemia, hypomagnesemia, hyperglycemia, and acidosis
(113,131). Some of these effects may be, in part, due to elevated levels of
norepinephrine and epinephrine transiently released by very high levels
of theophylline (132). Potentiation of hypokalemia and hyperglycemia
have been described from combined systemic administration of a 3,-agonist
and theophylline (133,134) but not from combined use of theophylline and
an inhaled B,-agonist (135). The hypokalemia induced by theophylline over-
dose appears to be transient and is considerably less in patients presenting
to an emergency room more than six hours after ingestion than those pre-
senting earlier, even at similar serum theophylline concentrations (136).
Since the hypokalemia occurs early in the course of theophylline prior to
sufficient vomiting to account for gastrointestinal loss, intracellular seques-
tration is the most likely mechanism. Aggressive potassium administration
is therefore not indicated and may, in fact, lead to subsequent hyperkalemia
with associated electrocardiographic changes (137).

Arrhythmias from theophylline have been most evident in adults (117,
122,129). Although tachycardia commonly occurs in premature newborns
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at concentrations above 10 pug/mL, most other patients experience this effect
only at concentrations greater than 20 pg/mL (107,110,117,122). In patients
with COPD, however, theophylline serum concentrations in the range of 15—
20 ng/mL may increase the frequency of ventricular arrhythmias (138) or
multifocal atrial tachycardia (139). At higher concentrations, ventricular
tachycardia or runs of premature ventricular contractions may occur in
patients with no prior history of cardiac arrhythmias (107,110,117,122).
Hypotension and sudden cardiac arrest have been associated with rapid
administration of intravenous theophylline, particularly when injected dir-
ectly into a central venous catheter (140). Adverse effects on the electric sta-
bility of the heart are probably an accentuation of the positive chronotropic
action of theophylline, which is mediated by a direct effect on the myocar-
dium, a release of local norepinephrine, and, to a lesser extent, a transient
diminution of peripheral vagal control (141).

Other adverse reactions from theophylline are uncommon. Dehydration
in children has resulted from a combination of a loss of fluids caused by
vomiting, decreased fluid intake, and the transient diuretic action of the drug.
In fact, when diabetic ketoacidosis has been excluded, the combination of
persistent vomiting and diuresis may be pathognomonic of theophylline intox-
ication, since oliguria would be expected to result from dehydration (142). In
patients with ulcer disease, theophylline may stimulate gastric acid secretion
(143) and increase epigastric pain. It has been suggested that xanthines,
including theophylline, may increase the risk of fibrocystic breast disease
(144-146), but case—controlled studies supported neither this (147,148) nor
a hypothesized effect on breast epithelial cells (145). There have been isolated
reports of theophylline causing urinary retention in elderly men with benign
prostatic hypertrophy (149), hypercalcemia (150), rhabdomyolysis after an
overdose (151), and esophageal ulcerations from incomplete swallowing of a
slow-release tablet (152).

We have observed, in an uncontrolled manner, the suggestion that
patients with migraine may have an increased frequency of acute migraine
symptoms in association with therapeutic use of theophylline. A possible
mechanism for this may relate to the evidence that theophylline can inhibit
adenine-related vasodilatation of cerebrovasculature (153). Although there
have been no published reports, let alone controlled studies, of this associa-
tion, alternative therapy to theophylline should be used if an increased
frequency of headaches occurs in the absence of excessive serum concentra-
tions.

Allergic reactions to theophylline have been reported only in associa-
tion with the administration of aminophylline, presumably to the ethylene-
diamine component, and have included urticaria and exfoliative dermatitis
(154,155). Asthmatic symptoms in these patients can be safely treated with
an oral or intravenous theophylline formulation that does not contain
ethylenediamine.
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V. Biopharmaceutics and Pharmacokinetics
A. Absorption

Theophylline is rapidly, consistently, and completely absorbed from oral
liquids and plain uncoated tablets (96,156). Absorption of theophylline
may be somewhat slowed by concurrent ingestion of food (157,158), anta-
cids (aluminum or magnesium hydroxide) (159,160), the recumbent posi-
tion (161,162), or when the dose is increased (156,163). However, the
extent of absorption is unchanged and these alterations are unimportant
clinically with preparations that undergo rapid dissolution. The rate of dis-
integration and dissolution in the stomach is the major determinant of the
rate and completeness of absorption from rapid-release formulations.
Absorption of theophylline lags at night during sleep with more rapid
absorption in the early morning hours resulting in higher morning trough
concentrations (164-166).

Since maximal solubility of theophylline in water is about 8 mg/mL at
physiologic pH and temperature, intramuscular administration results in
precipitation of the drug at the injection site and slow absorption (167).
Moreover, this route is painful and irritating, since these solutions have a
pH of about nine. The rate and extent of absorption of theophylline from
rectal solutions (168) approaches that of oral solutions, but commercially
available rectal suppositories made from a cocoa butter base have repeatedly
been associated with slow and erratic absorption (167,169,170). While rectal
solutions were frequently used in the past for acute care, there is currently
little indication for these formulations.

Slow release preparations became the formulations of choice for theo-
phylline as maintenance therapy for chronic asthma. The extent and rate of
absorption differed among the various slow-release formulations (171-175)
and occasionally between lots (172) or different strengths (171) of the same
brand. Even among completely absorbed products, differences in rates of
absorption were sufficient to be of clinical importance since effect from
theophylline related directly to the blood level at any given point in time
(175). Absorption of some formulations were shown to differ markedly in
rate and/or completeness of absorption when taken fasting or following
food (176-185). This issue was of particular importance for some products
marketed for once-daily dosing.

B. Distribution

Once theophylline enters the systemic circulation, about 40% becomes
bound to plasma protein (186), while the remaining free drug distributes
throughout body water. Although earlier studies had reported 60% protein
binding (187,188), this was an artifact of failing to recognize the pH and
temperature dependency of protein binding and the consequent need to
simulate in vivo conditions (186).
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Distribution is sufficiently rapid that serum concentrations are in
equilibrium with tissue concentrations of the drug within one hour after
an intravenous injection (87). The apparent volume of distribution, the
space into which theophylline distributes, ranges from 0.3 to 0.7 L/kg
(30-70% of ideal body weight) (189,190) and averages about 0.45 L/kg in
both children (191,192) and adults (96,191,193). The mean volume of dis-
tribution for premature newborns (194), adults with hepatic cirrhosis
(195,196), uncorrected acidemia (197), the elderly (198), acutely ill patients
with COPD (199), and in women during the third trimester of pregnancy
(200) is slightly larger, since protein binding is reduced in these patients.
In most other circumstances, even when theophylline clearance is altered,
volume of distribution remains relatively unaffected.

Theophylline freely crosses the placenta (201,202) and passes into
breast milk (203,204), although only minor adverse effects have been
reported for infants indirectly receiving the drug in this manner
(201,202). Theophylline crosses the blood—brain barrier more slowly than
caffeine, but cerebrospinal fluid concentrations were reported to be 90%
of serum concentrations in premature infants after distribution (205). In
contrast, cerebrospinal fluid theophylline concentrations in older children
are approximately 50% of the serum concentration (206). Concentrations
in saliva average about 60% of serum levels (187,207,208), corresponding
to the amount of unbound drug in the blood.

C. Metabolism

Theophylline is eliminated from the body by hepatic biotransformation into
relatively inactive metabolites that are rapidly excreted in the urine (209).
About 85% to 90% of a dose is metabolized (210) primarily by cytochrome
P450 1A2 and to a lesser extent by 3A3 and 2E1 (211). This occurs over
multiple parallel pathways by both first-order and capacity-limited kinetic
processes (163,210,212). The major metabolite, 1,3-dimethyluric acid, is
formed by hydroxylation in the C-8 position, whereas 3-methylxanthine and
the intermediate metabolite, 1-methylxanthine, result from N-demethylation
(210). The intermediate metabolite, 1-methylxanthine, is rapidly converted
by xanthine oxidase to 1-methyluric acid (213). Since the rate of formation
of 1-methylxanthine is slower than the conversion to 1-methyluric acid, highly
sensitive assays are able to detect only small amounts of 1-methylxanthine in
blood and urine (210). About 6% of a dose of theophylline is N-methylated
to caffeine in adults, which in turn is converted to paraxanthine (214).

Since the hepatic extraction ratio for theophylline is only about 10%
(215), there is little loss of available drug from first-pass metabolism; serum
concentration—time curves are similar after both oral and intravenous
administration (96). Renal clearance of theophylline is dependent upon
urine flow rate (216), but less than 15% of a dose is excreted in the urine
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unchanged beyond the neonatal period (210,216). Therefore, dosage
adjustments are not generally required because of renal dysfunction (217)
except in neonates during the first few months of life when renal clearance
plays a larger role because of hepatic immaturity (218). In patients with
normal renal function, the renal clearance of theophylline metabolites far
exceeds the normal glomerular filtration rate, suggesting that tubular secre-
tion plays a role in their elimination (210). This relationship explains why
3-methylxanthine, the only active metabolite, does not exert pharmacologic
effects.

In the premature infant, about 50% of the dose is excreted in the
urine unchanged, and the remainder undergoes N-methylation to caffeine
and C-8 hydroxylation to 1,3-demethyluric acid (211,219). As only small
amounts of 3-methylxanthine and 1-methyluric acid have been recovered
in urine from premature newborns, cytochrome P450 2A2 activity, which
mediates the N-demethylation pathway (211), seems to be relatively defi-
cient in this patient population (219,220). The conversion of theophylline
to caffeine is not unique to neonates, but it is clinically more important
because of the extremely long half-life of caffeine in this population, which
results in accumulation. Caffeine serum concentrations average 30% of the
theophylline concentration but may be substantially higher in some
neonates (221,222). However, measurement of caffeine serum levels in a
neonate receiving theophylline is necessary only when adverse effects
appear and the theophylline concentration is within the 5-10 pg/mL thera-
peutic range. Theophylline is only a minor metabolite of caffeine in the
neonate (221).

The various metabolic pathways of theophylline undergo capacity-
limited kinetics, i.e., clearance is more rapid at lower serum concentrations
than at higher, as a consequence of saturation of enzyme systems (210).
Since values for the Michalis—Menten constants that describe enzyme
kinetics, K, and V., for 1,3-dimethyluric acid, the major metabolite,
are high relative to the other metabolites, this pathway saturates enzyme
systems at higher serum concentrations, and thus elimination appears more
linear at usually attained serum concentrations than other major pathways
for theophylline metabolism.

D. Elimination

In 1972, Jenne et al. (33) first described the interpatient variation in
theophylline elimination rate, dosage requirements, and serum concentra-
tion. A fixed dose of oral medication administered continuously to a group
of asthmatic adults resulted in a wide range of serum concentrations.
When dosage was adjusted to maintain serum concentrations within the
10-20 ug/mL range, defined as providing maximum likelihood of effective-
ness without risk of toxicity, requirements varied from 400 to 2000 mg/day.
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A similar variability in rate of elimination was demonstrated for children (223).
However, since children, on average, metabolize theophylline at a faster rate
than do adults, weight-adjusted dosage requirements to achieve a therapeutic
serum concentration are higher in children (Fig. 2) (224). Interestingly, dose
requirements to attain peak serum concentrations of 10-20 ug/mL examined
during the period from 1990 to 1995 averaged about 25% lower than when
dose requirements were examined from 1978 to 1983 (97) (Fig. 3).

While theophylline elimination was initially described as first order,
i.e., the rate of elimination appeared proportional to the concentration
(191-193), dose dependency of elimination rate has been repeatedly demon-
strated (225-228). This tendency is clinically relevant in that changes in
dosage can result in disproportionate changes in serum concentration
(Fig. 4).

E. Physiologic Factors Associated with Alteration in
Theophylline Disposition

Total body clearance, the product of volume of distribution and elimination
rate constant, quantifies theophylline removal from the body. While intrapa-
tient variability in clearance is small (223,229), interpatient variability is
large and appears to be from differences in the rate of hepatic biotransfor-
mation, which changes with age, concurrent illness, smoking, pregnancy,
aberrations in diet, and intake of other drugs. The volume of distribution
is a somewhat larger fraction of body weight in infancy and varies inversely
with body fat. However, the major variable of the two components of clear-
ance is the elimination rate, often expressed as a half-life of elimination.
Because of immature hepatic enzymes, metabolic clearance of theophylline
is very slow in the neonate, and even more so in the premature, with elim-
ination half-lives averaging greater than 24 hours. Consequently, dosage
requirements are markedly reduced in neonates (194,255) and increase
during the first year of life (230). Maturation occurs over the course of
the first year of life, so that elimination half-lives average the same from
age one to nine and then slowly decrease until mean elimination half-lives
in adults average twice that seen in children from one to nine years. Girls
begin to have decreased weight-adjusted dosage requirements at a some-
what earlier age than males (97); this decrease in clearance appears to be
related to sexual maturation that begins earlier in girls (231).

Conflicting reports have been published on the influence of obesity
(189,190,232-235), old age (198,236,237), and gender (238-240) on theo-
phylline clearance. Available evidence suggests that there is no clinically
important difference in theophylline clearance between males and females
of comparable age and/or development (97,238). Free-drug clearance
appears to be lower in elderly patients than in younger adults, because of
decreased protein binding (198). The decrease in theophylline clearance
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Figure 2 Distribution of dosage requirements needed to attain serum theophylline

concentrations at various ages. Source: From Ref. 224.

associated with hepatic cirrhosis (195,196), acute hepatitis (241), cholesta-
sis (241), cardiac decompensation (242-244), cor pulmonale (245),
hypothyroidism (246), and sepsis with multiorgan failure (247) can be large

and of major clinical importance.

Clearance is also reduced during febrile illnesses of various etiology
(223,248-251). Fever experimentally induced with etiocholanolone has been
shown to reduce the clearance of antipyrine, another drug N-demethylated by
cytochrome P450 1A2 (252). Increased theophylline serum concentrations



168 Weinberger

M lowo 1978-83
B lowa 1990-94
1 Florida 1992-95

Theophylline dose (mg/kg/ day)

12-15.9 years
Patient oge

16+ years

Figure 3 Comparison of mean dosage requirements needed to attain serum
theophylline concentrations between 10 and 20 pg/mL (mean 14pg/mL) in Iowa
during the period from 1978 to 1983 and from 1990 to 1995 at two clinics. The shift
to lower doses among all groups indicates decreased population clearance of theo-
phylline, presumably from some difference in environmental stimulus of theophylline
metabolism; the difference in exposure to active and passive cigarette smoke during
these two time periods is postulated to be in the cause of this. Source: From Ref. 224.

have also been associated with herpes simplex viral infection (253). While
there has been speculation that viral respiratory infections can reduce
theophylline elimination in the absence of fever, extensive clinical experi-
ence in young children who got multiple viral respiratory infections while
on maintenance therapy with theophylline and controlled studies in adults
(254) and children with respiratory syncytial virus infection (255) have not
supported any clinically important role for viral infections in the absence
of sustained high fever, e.g., >102°F for > 24 hours.

In studies of non-asthmatic volunteers, increased clearance rates have
been reported for cigarette and marijuana smokers (239,256). Compared
with adolescents of similar age, patients with cystic fibrosis have a greater
clearance and shorter elimination half-life of theophylline (261). This could
be because of some aspect of their diet or delayed maturation compared
with age-matched controls rather than inherently faster metabolism. A high
protein, low-carbohydrate diet increases the rate of theophylline elimina-
tion, whereas a low protein, high-carbohydrate diet decreases theophylline
clearance compared with a normal diet (257,258). Ingestion of charcoal-
broiled beef also can increase clearance (259). However, the changes in
clearance caused by diet are, on average, not large and are unlikely to
require changes in dosage requirements except when radical and persistent
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Figure 4 Relationship between changes in steady-state concentration and change
in dose among 42 patients who had at least two serum concentration measurements
at different doses of the same product (from 200 charts reviewed). In 30 of these chil-
dren, percent change in serum concentration was at least 50% greater than percent
change in dose (% change in concentration divided by % change in dose > 1.5). Thus,
dose-dependent kinetics of a sufficient magnitude to be of potential clinical
importance occurred in at least 15% of 200 children. Source: From Ref. 226.

alterations in diet occur (e.g., a heavy meat eater adopting a high-carbohy-
drate vegetarian diet or a low protein, hypocaloric diet) (260).

Chronic hypoxia in patients with severe COPD requiring supplemental
oxygen was associated with a significantly lower theophylline clearance
among patients with a PaO, of less than 45 mmHg while breathing room
air for 48 hours (261). However, administration of supplemental oxygen
did not result in an increase in theophylline clearance in those patients,
suggesting that the decreased clearance is a function of the disease for which
the oxygen is being used rather than the oxygen itself.

F. Drugs That Alter Theophylline Disposition

Most commonly used drugs do not interact adversely with theophylline.
Amoxicillin (262,263), ampicillin with (264) or without sulbactam (265),
cefaclor (266,267), metronidazole (268), co-trimoxazole (269), tetracycline
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(270), azithromycin (271), terfenadine (272), and montelukast (data on file,
Merck Pharmaceuticals) have been specifically studied and have no effect
on theophylline clearance, nor is there evidence that other related medica-
tions have drug interactions with theophylline. On the other hand, while the
quinolone antibiotics ofloxacin (273,274), norfloxacin (275,276), lomefloxa-
cin (277-281), and flosequinan (282) have little or no effect on theophylline
clearance, ciprofloxacin, enoxacin, and perfloxacin do slow theophylline
elimination. Similarly, the H, blockers famotidine (283), ranitidine (284),
and nizatidine (285) have no effect on theophylline clearance, while cimeti-
dine, uniquely in that class, can substantially slow theophylline clearance.
Controlled clinical studies have demonstrated little or no effect of cortico-
steroids on theophylline elimination (286,287). Several drugs that do have
some effect on theophylline clearance (288,289) cause sufficiently small
effect to be of little clinical relevance. However, there is a growing list of
medications that have sufficient effect on the hepatic P450 1A2 enzyme
responsible for theophylline metabolism to cause at least a 20% change in
the rate of elimination for theophylline (Table 2) (290). In contrast, thera-
peutic serum concentrations of theophylline lower drug levels of erythromy-
cin (291), zafirlukast (data on file, Zeneca Pharmaceuticals), and lithium
(292). There are also drug interactions with theophylline that involve altera-
tion of pharmacologic effects without affecting serum concentrations of
either drug. Theophylline is likely to antagonize the cardiac antiarrhythmic
effect of adenosine (Adenogard product information, Fujisawa USA Inc.),
decrease the CNS depressant effect of benzodiazepines (293), and antago-
nize the neuromuscular blocking effects of pancuronium (294). Ephedrine
(15) and, to a lesser extent, more selective oral ,-agonsists (295) increase
the adverse effects of theophylline. There is an increased risk of ventricular
arrhythmias when halothane and theophylline are used concurrently (296),
and ketamine may lower the seizure threshold to theophylline (297).
Influenza vaccine, once suggested to slow theophylline elimination
and thus potentially cause toxicity (298), has subsequently been shown to
have little (299) or no effect (300-305). Kramer and McClain (306)
reported that hepatic metabolism of aminopyrine, a sensitive indirect mea-
surement of N-demethylation, was reduced in 12 afebrile volunteers two to
seven days after immunization with trivalent influenza vaccine; the effect lasted
as long as 21days in many subjects. They proposed that vaccination
stimulated the production of interferon, which decreased cytochrome P45
activity, as the mechanism for this interaction. Trivalent influenza vaccine
has been reported to slow theophylline elimination (298,307,308), but in
subsequent studies the interaction could not be demonstrated (309-312).
The discrepancies in these reports probably relate to the timing of the
theophylline clearance measurement and the pre-vaccination clearance value
in the subjects. Meredith et al. (301) demonstrated a small but transient
decrease in clearance after vaccination in subjects with a higher prevaccination
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Table 2 Pharmacokinetic Drug Interactions with Theophylline Likely to Cause at
Least a 20% Change in Serum Concentration (Using Usual Dose Unless
Otherwise Specified)

Mean % increase in Mean % decrease in
Interacting drug clearance concentration®

Drugs that increase theophylline clearance

Aminoglutethimide 32 24
Carbamazepine 50 34
Moricizine 32 25
Phenobarbital 34 25
Phenytoin 60 40
Rifampin 80 40
Sulfinpyrazone 22 20
Mean % decrease in Mean % increase in
Interacting drug clearance concentration®

Drugs that decrease theophylline clearance

Alcohol 25 34
Allopurinol (high dose) 21 26
Cimetidine 40 70
Ciprofloxacin 30 40
Clarithromycin 20 25
Disulfiram 32 50
Enoxacin 75 300
Erythromycin 26 35
Estrogen-containing 25 34
oral contraceptives
Fluvoxamine 30 40
Interferon 50 100
Methotrexate 19 20
Mexiletine 45 80
Pentoxifylline Not measured 30
Propafenone 31 40
Propranolol 50 100
Tacrine 48 90
Thiabendazole 66 190
Ticlopidine 37 60
Troleandomycin 25-50 depending 33-100 depending
on dose on dose
Verapamil 18 20
Zileuton 50 100

*New C,, = (original Cg) [1 + (1 — fractional change in clearance)].
Source: From Ref. 290.
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clearance. The effect was present 24 hours after vaccination in association with
elevated serum concentrations but was gone seven days later. Thus, there does
not appear to be a need to reduce theophylline dosage routinely after influenza
vaccination.

VI. Clinical Usage
A. Dosage for Acute Bronchodilatation

When theophylline is used as an acute bronchodilator, the goal of obtaining
a therapeutic serum concentration is best accomplished with an intravenous
loading dose (118,313). Because of rapid distribution into body fluids, the
serum concentration obtained from an initial loading dose is related primar-
ily to the volume of distribution, the apparent space into which the drug
diffuses. If a mean volume of distribution of about 0.5 L/kg is assumed
(actual range is 0.3-0.7 L/kg), each mg/kg (ideal body weight) of theophyl-
line administered in a rapidly absorbed form results in an average 2 ug/mL
increase in serum concentration. Thus a 15- to 30-minute infusion of
7.5 mg/kg results in a mean peak serum theophylline concentration increase
of approximately 15 pg/mL with a range of 11-25 pg/mL (96).

B. Dosage for Maintenance Therapy of Chronic Asthma

The interpatient variability in clearance, combined with the narrow
therapeutic index of theophylline, results in an overlap of therapeutic and
potentially toxic doses, i.e., doses optimal for some patients may be exces-
sive for patients with slower clearance. Furthermore, initiation of therapy
with theophylline may be associated with mild, transient caffeine-like side
effects such as nausea, headache, nervousness, and insomnia even at low
serum concentrations (96). These symptoms can generally be avoided or
minimized by beginning with low doses, no more than about two-thirds
of average dosage for age and size, and increasing only slowly as tolerated
at intervals no more frequent than three-days, approaching but not exceed-
ing average doses for age (Table 3).

VII. Indications for Theophylline

Medications for asthma include those used for intervention to relieve acute
symptoms of asthma when they occur, and those used for maintenance to
prevent symptoms of chronic asthma. The use of theophylline as interven-
tion for acute bronchodilatation has largely been supplanted by the current
generation of inhaled bronchodilators, such as albuterol, which are specific
for B,-adrenergic agonist receptors and can safely be given in higher doses
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Table 3 Theophylline Dosage Guidelines for Children Beyond Early Infancy® and
Adults Who Have No Risk Factors for Decreased Theophylline Clearance®

Weight-adjusted dose and

maximum dose Comments
Initial dose ~10mg/kg/day maximum If initial dose is tolerated,
of 300 mg/day increase dose no sooner
than three days to the first
increment
First increment ~13mg/kg/day maximum If the first incremental
of 450 mg/day increase is tolerated,

increase dose no sooner
than three days to the
second increment

Second increment ~16mg/kg/day maximum If the second incremental

of 600 mg/day increase is tolerated,

measure an estimate of the
peak serum concentration®
after at least three days

Serum theophylline concentration Dose adjustment

<10 pg/mL Increase dose ~25%

10 to 15.9 pg/mL Maintain dose if tolerated

16 to 19.9 png/mL Consider ~10% dose reduction®

20-25 pg/mL Hold next dose, then resume first
incremental dose

>25pug/mL Hold next two doses, then resume

initial dose

These are based on the principle of beginning with about two-thirds of average doses and

increasing slowly, only as tolerated, approaching but not exceeding average doses for age.

?For infants 6-26 weeks of age, the initial daily dosage is expressed by the regression equation:
dose (in milligrams per kilogram per day) = (0.2) (age in weeks) + 5.0; this is 2/3 of the median
dose. Subsequent dosage increases in this age group should be based on a peak serum concen-
tration measurement no sooner than three days after the start of therapy.

This schedule uses dosage that is lower than previous (97) and current FDA approved dosing
guidelines, to account for the most recent assessment of population dosage requirements, and
to further minimize risk of even minor adverse effects. Using these guidelines, one to two mea-
surements of serum theophylline concentration are usually sufficient to determine dose
requirement; annual recheck is than adequate unless clinically indicated sooner.

°The time to peak serum concentration depends on the rate of absorption, rate of elimination,
and dosing interval.

9This decreases the likelihood of side effects from fluctuations in absorption or elimination rate
that may result in serum concentrations >20 ug/mL and is especially important for patients
who require doses higher than the second increment.
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than older adrenergic bronchodilators. However, a therapeutic trial of
theophylline may be justified in selected patients inadequately responsive
to an inhaled B,-adrenergic agonist and systemic corticosteroid.

The low cost of theophylline has resulted in some continued
enthusiasm for its use as maintenance therapy in third-world countries.
However, the relative value of that without the ready ability to monitor
serum theophylline concentrations is likely to limit its efficacy or safety,
depending on the choice of dosage. The primary indication for theophylline
currently is then as additive therapy to low-dose inhaled corticosteroids as
an occasional alternative to a long-acting (3,-agonist such as salmeterol or
formoterol (76).

VIIl. Post-theophylline Phosphodiesterase Inhibitors

More selective PDE inhibitors have been under investigation for their
antiasthmatic potential. Rolipram is a specific inhibitor of PDE 4 that did
not match theophylline in anti-inflammatory effects, whereas a dual selective
inhibitor of PDEs 3 and 4, zardaverine, exhibited greater effect in vitro
(314). Another specific inhibitor of PDEs 3 and 4, identified as Org
20241, both relaxes airways smooth muscle and inhibits eosinophil activa-
tion in various in vitro systems to a greater degree than rolipram (315). How-
ever, a report examining theophylline and rolipram on antigen-induced
airway responses in neonatally immunized rabbits demonstrated prevention
of airway hyper-responsiveness following allergen aerosol from rolipram but
not theophylline, although both inhibited eosinophil recruitment (316).
Another agent, identified as CDP840, is a specific inhibitor of PDE 4 that
was more active than rolipram in reducing antigen-induced bronchocon-
striction and pulmonary eosinophilic inflammation (317).

An inhaled PDE 3 inhibitor, olprinone, was reported to have broncho-
dilator effect in asthmatic patients of a magnitude similar to albuterol (318).
A later report indicated that olprinone given intravenously produced more
bronchodilatation then theophylline at doses that produced a mean concen-
tration of about 10 ug/mL (319). Identified as a second generation PDE4
inhibitor, cilomilast is an oral agent that has demonstrated some improved
lung function in asthmatics (320). Roflumilast, another PDE 4 inhibitor,
demonstrated a reduction in exercise-induced asthma in association with
a reduction of tumor necrosis factor alpha, a surrogate marker
for the inhibition of inflammatory cell activation (321). Despite the efforts
to investigate these more specific PDE inhibitors in an attempt to find an
alternative to theophylline without the potential for adverse effects, the
more specific agents have thus far not been free from the nausea and emetic
potential that characterizes higher serum concentrations of theophylline
(322). Investigations are therefore continuing.
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IX. Summary

Theophylline is an old drug that is demonstrably efficacious for asthma.
Originally classified as a bronchodilator, considerable data has demon-
strated anti-inflammatory effect that appears to contribute to its role as
maintenance therapy in the management of chronic asthma. A narrow ther-
apeutic index and the development of alternatives have greatly decreased its
use and indications. Its primary indication currently is as an alternative to
long-acting B,-agonists added to an inhaled corticosteroid. Optimal safety
and efficacy requires therapeutic drug monitoring. Theophylline is a non-
specific PDE inhibitor. Because its mechanism of anti-inflammatory effect
appears to be mediated through inhibition of PDE 4, more specific PDE 4
inhibitors have been developed and investigated in an attempt to find an
agent with improved efficacy and safety over theophylline. While investiga-
tions are ongoing, no such product has yet been identified with distinct
advantage over theophylline.
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. Introduction

The current consensus in the scientific medical community is that asthma
is a chronic inflammatory condition of the bronchial mucosa that may lead to
basement membrane thickening, collagen deposition, and airway remodel-
ing. It is a disease characterized by airflow obstruction and bronchial hyper-
responsiveness. In 2002, the National Institutes of Health National Heart,
Lung, and Blood Institute revised the asthma guidelines (1). The revised guide-
lines recommend daily use of a low-dose inhaled corticosteroid (ICS) or an
alternative inhaled anti-inflammatory medication including cromolyn or a
leukotriene receptor antagonist for the management of mild persistent asthma
in children <5 years. For adults and children >5 years the recommendations
include the additional alternative use of nedocromil or sustained-release
theophylline treatment for mild persistent asthma.

Traditionally many physician who have treated pediatric patients used
cromolyn sodium (CS) as a first-line treatment in mild persistent asthma.
Several studies have demonstrated the benefit of cromolyn and nedocromil in
the daily symptom control of asthma. In many cases this course of treatment
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was chosen secondary to concerns by medical practitioners and parents of
children with asthma because of the theoretic risk of untoward effects that
ICS might have on longitudinal growth and development. More recently
several studies have demonstrated that the use of ICS does not have any
long-term effects on growth despite short-term reductions in growth veloc-
ity. As a result, the widespread use of cromolyn has been supplanted by ICS
and the availability of leukotriene antagonists.

Cromolyn is available in multiple delivery devices or forms, including
an oral inhaler, nebulization solution, nasal inhaler, ocular eye drops, and
oral capsules. Thus, cromolyn has been available for use in the treatment
of asthma, allergic rhinitis, allergic conjunctivitis, chronic idiopathic urti-
caria, mastocytosis, and idiopathic anaphylaxis. Nedocromil has only been
available as a metered dose inhaler (MDI), which has limited its use to
primary pulmonary problems of asthma and chronic cough. In addition,
exercise-induced bronchospasm and allergen-induced early- and late-phase
declines in expiratory airflow may be prevented with the use of cromolyn
and nedocromil. The action of these agents can be categorized as effects on
mast cells, neuromodulatory actions, and anti-inflammatory activity. This
chapter will review the chemistry, mechanisms of action, physiochemical
properties, clinical trials and comparative trials, clinical administration,
toxicity, benefits, and limitations of cromolyn and nedocromil.

Il. Historical Background

Cromolyn and nedocromil are members of the chromone group of chemical
compounds. The chemical formula for chromone is 5:6 benz-1:4 pyrone (2)
(Fig. 1). In 1968, disodium cromoglycate (DSCG) or CS combined with iso-
proterenol was introduced in the United Kingdom as the first anti-inflamma-
tory medication used in asthma (3-5). The addition of the bronchodilator
was done to prevent bronchoconstriction that can occur with inhalation of
a sodium salt (4). By 1973, cromolyn was approved by the Food and Drug
Administration (FDA) for the treatment of asthma and in 1983 for the treat-
ment of allergic rhinitis (5). Khellin (2) was the first identified chromone,
which was extracted from seeds of the plant Amni visnaga, the same plant
from which cromolyn was derived. It was used as a diuretic and smooth mus-
cle relaxant, especially for the relief of ureteric colic. In 1947, Anrep et al. (6)
reported the clinical utility of khellin for the treatment of asthma. Multiple
compounds were synthesized using the khellin molecular structure as a start-
ing point. Two other chromones, K18 and GR4 (Fig. 2), used in the sensi-
tized guinea pig lung with antigen challenge prevented the release of
histamine and slow-releasing substances of anaphylaxis (SRS-A) (7).

Dr. Roger Altounyan discovered cromolyn in 1964 after many trials
with other chromone compounds. As a young child he had a history of atopy
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Figure 1 The chromone chemical structure.
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Figure 2 Chemical structure of early chromones: K18, GR4, and K84.
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and eczema, and later he developed severe chronic asthma (2). In his early
experiments he performed bronchial allergen challenges on himself to
induce bronchoconstriction. Pretreatment of himself with K18 and GR4
demonstrated a 50% and 70% protection, respectively, against allergen chal-
lenge. In 1963, a K84 compound provided 57% protection when adminis-
tered one hour prior to allergen challenge, but subsequent studies failed to
reproduce these observations. This discovery led to a desire to perform
human trials aimed at clarifying any therapeutic effectiveness of this com-
pound to treat asthmatics. Since the drug was effective prior to inhalation
of antigen in the preliminary observations, the first human trial involved pro-
longed administration of K84 prior to antigen challenge. Disappointingly,
this trial of K84 in one adult patient showed no improvement in his asthma
symptoms. Further analysis determined that the protection from allergen
challenge in the initial K84 experiments might be due to an “impurity” in
the compound. Eventually it was determined that two K84 molecules, joined

Khellin

O OCH,CHOHCH,0 O

NaOOC 0 0 COONa

Cromolyn sodium

0] 0]

NaOOC N 0 COONa
1
CzHs CgHy

Nedocromil sodium

Figure 3 Chemical structure of khellin, cromolyn sodium, and nedocromil sodium.



Cromolyn and Nedocromil 199

at the —5 position (Fig. 3), were responsible for the clinical observations.
Thus, a new bischromone, CS, was brought to clinical medicine (7). A second
molecule known as GR4 was the starting compound that led to the syn-
thesis of the monochromone, nedocromil sodium.

Ill. Pharmacokinetics
A. Cromolyn

At physiological pH both cromolyn and nedocromil are small, water-soluble,
highly ionized compounds with negligible fat solubility that are poorly
absorbed from the gastrointestinal (GI) tract (8). These properties are respon-
sible for the inability of these drugs to enter the intracellular space of cells
leading to their excretion in the urine (80%) and feces after biliary secretion
(20%) (8). CS binding to plasma proteins is poor and reversible, which
accounts for the extremely low incidence of adverse drug interactions (7).
Less than 1% of an oral dose of CS is absorbed from the gastrointestinal
tract, but approximately 7% to 9% of an inhaled dose reaches the systemic
circulation with peak plasma levels achieved 10 to 15 minutes after inhala-
tion (9). Relatively rapid clearance occurs from the lung with up to 75%
of the inhaled dose being removed by two hours. Only 2% of the inhaled
dose may remain in the lung for 24 hours (7-9). Plasma half-life is less than
two hours and is nearly undetectable for four hours, suggesting that a rapid
clearance from the vascular space occurs.

B. Nedocromil

Nedocromil belongs to the structural class of pyranoquinolines (3). As
noted above nedocromil is water soluble, rapidly absorbed from the lung,
has negligible fat accumulation, and has minimal absorption from the GI
tract. Similar to CS, adverse drug reactions occur infrequently due to the
low to moderate protein binding capacity of nedocromil. Drugs that do
bind proteins readily are not displaced by nedocromil, resulting in no chan-
ges in half-life or clearance of these other compounds. Nedocromil has only
one available vehicle of medication-inhalation, a 2 mg per actuation MDI,
with <10% deposition of the total dose in the lung. The peak plasma con-
centration is reached at 15 minutes in asthmatic patients and the drug is
excreted after pulmonary absorption in the urine and GI tract from swal-
lowing (90%) and biliary excretion (7,10).

IV. Drug Distribution in the Lung

The total delivered dosage and distribution of chromones in the lung are
important factors in determining efficacy in the treatment of asthma.
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The inhalation airflow rate as well as the method of inhalation will deter-
mine the amount of drug reaching the lung (7). Cromolyn is available as
an MDI (Img and 5mg), Spinhaler® and nebulizer solution (20 mg/
2mlL). An inhalation rate of 30 L/min delivers a dose of 5.5% and 11.8%
with the 5 mg and 1 mg MDI, respectively, to the lung (11,12). This propor-
tion increases to 16.1% with the addition of a 10 cm spacer using the 1 mg
MDI. Therefore, using a large volume spacer will increase the amount of
drug delivered to the lung. Laube et al. (13) reported an increase of 8.6%
to 11.8% (a nearly 40% increase) of drug delivery to the lung when the
inhalation rate was reduced from 70 L/min to 30 L/min. This increased
drug deposition in the lung resulted in protection against allergen challenge.
The use of a spinhaler at lower rates of inspiratory airflow reduces deposi-
tion in the lung. This requires the clinician to give specific instruction on
the use of each delivery device for optimal drug effect.

The peak plasma level reflects the dose of drug delivered to the lung
(7). The peak plasma concentration with 1% aqueous cromolyn solution in
healthy volunteers was 8.8 ng/mL using 2 mL cromolyn alone, 17.2 ng/mL
with 5 mL of cromolyn and isotonic saline, and 24.5 ng/mL with 0.3 mL of a
B,-agonist (procaterol), cromolyn, and isotonic saline (14). The addition of
a B,-agonist to cromolyn increased drug delivery to the lung. This has been
interpreted that the bronchodilation effect will enhance drug deposition
into the lung.

The amount of cromolyn delivered to the lung can be measured by the
24-hour urinary excretion of DSCG. The addition of a large-volume spacer
with DSCG MDI increased from 1.82% to 6.13% of the delivered dose as
measured by the 24-hour urinary excretion of DSCG (15). The 24-hour
urinary excretion of DSCG increased by a factor of 1.53 with the addition
of salbutamol in children with moderate to severe asthma (16).

V. Cromone Mechanism of Action

The exact mechanism of action of cromolyn and nedocromil has not been
determined. Multiple mechanisms involving ion channel blockade, blockade
of signaling of heat shock protein or G-protein, or even blockade of capsaicin
receptor have been identified. However, the final common mechanism appears
to be an inhibition of mast cell activation.

Studies have reported that the phosphorylation of a 78-kDa-molecular-
weight protein prevents mediator release in mast cells (17). More specifically
in rat peritoneal mast cells, both medications are reported to phosphorylate
a 78-kDa protein from the  and y subunits of the IgE binding protein
(FCeRI), which may impair a cell volume—dependent chloride current
(17,18). Wang et al. (19) reported that protein kinase C inhibitors prevented
phosphorylation of the 78-kDa protein by cromolyn and that this protein was
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insensitive to protein kinase C activators and Ca®". This suggests that regu-
lation of an atypical protein kinase C may be involved as an additional
mechanism where cromolyn inhibits mast cell activation. The protein kinase
C isoenzymes are an important step in signaling cascade involved in the
process of mast cell degranulation. Other proteins with molecular weights
of 42, 59, and 68-kDa are activated in 10 seconds after the mast cell is chal-
lenged with allergen or compound 48/80, whereas the 78-kDa protein
responds after 30 to 60 seconds (8). It is possible that termination of mediator
release may be associated with phosphorylation of this 78-kDa protein (7).
More recently this 78-kDa protein has been identified as moesin, a member
of the 4.1 ERM superfamily, which includes ezrin, radixin, and merlin
(20,21). These ERM proteins possess actin-binding domains and co-localize
with actin at the plasma membrane surface (2). Thus, it is possible that
moesin may interact with the cytoskeleton and prevent mast cell activation
and secretion of mediators (7).

Furthermore, Garland and Mongor reported that cromolyn inhibited
histamine release from rat peritoneal mast cells using phosphatidylserine
and calcium (22). Both calcium and phosphatidylserine are required for the
action of protein kinase C (8). This suggests that cromolyn may inhibit pro-
tein kinase C, which prevents mediator release in the mast cell.

Another study reported that chromones act to inhibit the activation
of a chloride current in cells undergoing shape and volume changes (23).
Both cromolyn and nedocromil can inhibit chloride transport (24). In rat
mucosal mast cells cromolyn has been reported to block an “intermediate
conductance” chloride channel, which may inhibit the antigen-induced
mediator secretion (25). In addition Heinke et al. (23) reported that both
medications inhibit chloride current in activated pulmonary endothelial
cells exposed to hypotonic saline and reduce open-channel availability of
single chloride channels in sheep airway epithelial cells (Fig. 4). Thus if
the chloride current isn’t activated the membrane will not be hyperpolar-
ized to allow for subsequent mast cell degranulation.

Kay et al. (27) have reported that cromolyn can prevent extracellular
calcium influx into the cytoplasm of the mast cell. The calcium channel acti-
vation that occurs after cross-linking membrane-bound IgE by antigen can
be inhibited when mast cells are incubated with cromolyn (28). Thus, by
inhibiting calcium influx and mediator release cromolyn may prevent aller-
gic inflammatory responses.

As previously described, cromolyn and nedocromil do not enter the
intracellular space due to their physiochemical properties. It is likely that
the effects of cromolyn are due to the binding of a membrane receptor at
the cell surface. A specific binding site has been reported on rat basophil
leukemia cells (RBL-2H3) for cromolyn by Mazurek et al. (28). Later work
by other investigators reported that these RBL-2H3 cells were insensitive to
the inhibitory effects of CS (8).
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Figure 4 Concentration-dependence of the effects of intracellular and extracellular
sodium cromoglycate. (A) Hypotonic saline (HTS)-activated current from three differ-
ent cells under control conditions (o) and after intracellular loading with 5 (V) and
50 uM (A) sodium cromoglycate. Currents are expressed per unit membrane capaci-
tance (measured before HTS). Note the slower activation of the current in the presence
of sodium cromoglycate. (B) Synopsis of the data with extracellular sodium cromogly-
cate (SCG m) and nedocromil sodium (o), as well as those by intracellular loading with
sodium cromoglycate (¢). For extracellular sodium cromoglycate, a K; value of
310 uM was obtained (see text). The value for intracellular sodium cromoglycate is
in the range of 5-10 uM, i.e., nearly two orders of magnitude smaller.

The inhalation of adenosine results in bronchoconstriction in asthma-
tic patients. Tamaoki et al. (29) reported that inhaled adenosine also caused
microvascular leakage in sensitized rats. Pretreatment with capsaicin or the
tachykinin neurokinin-1 receptor antagonist FK888 prevents this microvas-
cular leakage with inhaled adenosine. Moreover, cromolyn also prevents
this adenosine-induced vascular extravasation of fluid (29).

Okada et al. (30) reported that cromolyn inhibited part of the heat
shock protein 90 (Hsp 90) complex in vitro. The Hsp90 protein may be
involved in signaling cascade, leading to mast cell degranulation. This pro-
tein can act to prevent protein aggregation and promote refolding in vitro.

Both morphine and certain anesthetic muscle relaxants are known
mast cell activators, but the mechanism of this effect has not been com-
pletely elucidated. One possible mechanism of morphine and d-Tubocurarine
mast cell activation may be through activation of G-proteins. At concen-
trations of 10 uM and 100 uM DSCG reduced the stimulation of these



Cromolyn and Nedocromil 203

G-proteins by morphine by 50% and 80%, respectively, possibly through
direct inhibition of the G-proteins and resultant suppression of mast cell
activation (31).

Another possible mechanism for cromolyn may involve guanosine 3/,
5" cyclic monophosphate (¢cGMP). A study with rat peritoneal mast cells
showed that exogenously applied cGMP and treatment with DSCG pro-
duced a potent inhibition of histamine release (32).

VI. Immunoregulatory Effects

Cromolyn and nedocromil have a wide spectrum of activity that includes:
inhibition of mediator release from mast cells, cosinophils, and neutrophils;
protection against allergen-induced and exercise-induced bronchospasm,;
and prevention of the early- and late-phase asthmatic response (3).
Sheard and Blair were the first to report that CS prevented the anti-
gen-induced release of histamine and SRS-A (leukotrienes) from passively
sensitized human lung (33). More recently, pretreatment of rat peritoneal
mast cells with DSCG prior to anti-DNP exposure resulted in significant
inhibition of histamine release in a dose-dependent manner (34) (Fig. 5).

80 T *

40 -

Inhibition (%)

20

0 - T T T T |
\ A A
00900\ 000 od Q- A

Concentration (mg/mL)

Figure 5 Effect of disodium cromoglycate (DSCG) on IgE production by T cell-
depleted, B cell-enriched populations of cells in the presence of IL-4 (50 ug/mL)
and anti-CD40 mAb (5pg/mL). Cells were cultured at a concentration of
10 cells/mL for 10 days with different concentrations of DSCG. Supernatants were
harvested after 10 days and IgE levels were measured by radioimmunoassay. Results
represent mean + SE net synthesis IgE (pg/mL) of five experiments.
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Both cromolyn and nedocromil inhibit histamine and PGD2 release
from human mast cells; block activation of human eosinophils; inhibit
activation, chemotaxis, and mediator release from neutrophils; inhibit IgE
antibody function from mononuclear cells; inhibit the S, to S, switch;
inhibit TNF-o release; and reduce mRNA for TNF-a from rat peritoneal
cells (Table 1, Fig. 6) (27, 36-42).

When atopic asthmatic patients are stimulated with Dermatophagoides
farinae, cromolyn has been shown to inhibit the production of IL-5 and
IFN-v by sensitized human peripheral blood mononuclear cells (43). A sig-
nificant decrease in TNF-o and IL-5 was reported in sensitized human lung
specimens from atopic patients (43). In addition to IL-5, Oh et al. (44) re-
ported that DSCG reduced secretion of IL-4 and IL-13 in PBMC from
atopic patients. In bronchoalveolar lavage (BAL) and nasal lavage fluid, cro-
molyn reduced the increase in neutrophils, myeloperoxidase, soluble inter-
cellular adhesion molecule-1 (ICAM-1), 1L-6, and TNF-a (46) (Fig. 7). In
patients with bronchopulmonary dysplasia (BPD), cromolyn was reported
to decrease TNF-a and IL-8 in lung lavage fluid (45,46). Shin et al. (34)
reported significant inhibition of TNF-a release in the rat mast cell line
RBL-2H3 pretreated with DSCG prior to antigen challenge.

In 1969, Kennedy reported a reduction in sputum eosinophils with
cromolyn treatment compared to placebo (48). More recently bronchial
biopsy specimens had a reduction in EG2+ eosinophils, AA1+ mast cells,
and CD4+-, CD8+, CD3+, and CD68+ lymphocytes in patients treated with
12 weeks of cromolyn (49) (Fig. 8). Furthermore, a reduced expression of
ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1) were seen on bron-
chial epithelium and vascular endothelium after treatment with cromolyn (49).

CS has been beneficial in the treatment of aspirin-sensitive asthma
(ASA) subjects. Amayasu et al. (50) reported that ASA patients treated with
cromolyn for one week resulted in an improvement in asthma symptoms,
and demonstrated a significant decrease in blood and sputum eosinophils
and sputum eosinophilic cationic protein (ECP) levels compared with
placebo. Furthermore, there was an improvement in bronchial hypersensi-
tivity in almost all patients.

In addition to their effects on mast cells, cromolyn and nedocromil
inhibit the expression of membrane receptors for complement (C3b) and
IgG (Fc) in human neutrophils (8). Both medications have been reported
to inhibit activation of human neutrophils by platelet-activating factor
(PAF) or zymosan-activated serum (51). Cromolyn treatment decreases
oxygen radical production in guinea-pig alveolar macrophages in response
to zymosan in a concentration-dependent manner by 72% (52). The com-
bination medication reproterol (p,-agonist) and DSCG is used in Europe
for the treatment of asthma. The combined reproterol and DSCG showed
a significant inhibition of histamine release compared to another 3,-agonist
(salbutamol) in rat mast cells (53).



Cromolyn and Nedocromil 205

Table 1 Immunologic Effects of Cromolyn and Nedocromil

Action (Ref)) Cromolyn  Nedocromil
Inhibits histamine (35) v v
Inhibit PGD2 release from human mast cells (36) v %
Inhibit TNFa release and decrease mRNA for TNFa v

from peritoneal rat mast cells (37)
Inhibit production of IL-5 from human PBMCs (43) v

Reduce the increase in neutrophils, myeloperoxidase,
ICAM-1, IL-6, TNFo in BAL and nasal lavage fluid

(46)

Decrease TNFa and IL-8 in lung lavage fluid of BPD v
patients (47)

Decrease in IL-6 in human airway macrophages (166) v

Decreases lysosomal enzyme release from human v
alveolar macrophages (56)

Decreases oxygen radical release from human v
monocytes (56)

Block activation of human blood eosinophils (27,39) v v

Inhibits release of pre-formed (granule-associated) v
newly generated eicosanoid medications (51,54)

Blocks chemotactic response of eosinophils to PAF v
and LTB4 (57)

Blocks survival of eosinophils in presence of I1L-5 %
167)

Inhibits release of ECP from eosinophils (168) v

Decreases the release of TNFa, IL-8, soluble ICAM-1 v
from human bronchial epithelial cells (169)

Inhibits GMCSF and IL-8 (170,171) v

Inhibits cell surface ICAM-1 expression (172) v

Inhibits release of cytotoxic mediators from platelets v
taken from patient with ASA (173)

Inhibits urinary LTE4 in ASA patients (174) %

Inhibits generation of TBX2 and IP3 from
thromboxane stimulated patients (175)

Inhibits activation, chemotaxis, and mediator release v v
from neutrophils (56,176-179)

Inhibit IgE antibody function from mononuclear cells v v
(38,39)

Inhibits s, to s; switch (41) v 4

Inhibits allergen-induced and mitogen induced %

proliferation and IL-2 release from mouse
lymphocytes (180)
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Figure 6 Effect of cramolyn sodium on immunoglobulin E (IgE) production by
T cell-depleted, B cell-enriched populations of cells (10°cells/mL) in the presence
of interleukin-4 (IL-4, 50 U/mL) and anti-CD40 monoclonal antibody (mAb,
5png/mL). Results represent mean + SE for net synthesis of IgE (pg/mL) from five
experiments. Source: From Ref. 41.
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Figure 7 Effect of concentration of tumor necrosis factor alpha (TNF-a) in BAL
fluid after two weeks of treatment with cramolyn sodium (n = 16) or placebo (n=16)
before (B) and after (A4) exposure to swine dust; median values and 25th to 75th per-
centiles. Difference between groups is significant (p = 0.0003). Source: From Ref. 46.
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Figure 8 Effect of cromolyn sodium (CS) on individual cell counts of EG2+ eosino-
phils, NP 57+ neutrophils, and AA1+ mast cells expressed as number of cells per square
millimeter of lamina propria in bronchial mucosa before and after treatment with CS.
Symbol: —, mean values. Abbreviation: NS, not significant. Source: From Ref. 49.

A study in human lung mast cells demonstrated that CS is a weak
inhibitor of histamine release when given 15 minutes before allergen chal-
lenge. CS effectiveness is inversely related to the intensity of immunologic
stimulation (8). At a concentration of 1000 uM, cromolyn inhibits hista-
mine release by 25% and PGD?2 release by 85%. Since PGD2 is a potent
bronchoconstrictor, this may be an important effect of cromolyn. Church
et al. (8) reported that the inhibitory effects of cromolyn on human mast
cells are increased with a longer preincubation time. However, human skin
mast cells are unresponsive to cromolyn, which is further supported by pre-
vious observations that cromolyn does not inhibit mast cell degranulation
or the wheal and flare response in vivo.

Nedocromil and cromolyn have been shown to inhibit the release of
preformed (granule associated) and newly generated eicosanoid mediators
from activated eosinophils. These specific proteins are eosinophil granule-
associated peroxidase and eosinophilic cationic protein (54). In rat mono-
cytes and peritoneal macrophages, as well as in human monocytes and
alveolar macrophages, nedocromil has been reported to inhibit FceR2-
mediated activation (55,56). Bruijnzeel et al. (57) reported that nedocromil
blocked the chemotactic response of eosinophils to PAF and leukotriene B4
(LTB4). In the human airway, nedocromil has been reported to decrease
IL-6 and lysosomal enzyme release from alveolar macrophages (7). In



208 Lowery and Kelly

addition, nedocromil reduces histamine and tryptase release five minutes
after allergen challenge in bronchial segments of allergic asthmatic patients.
This is accompanied by a reduction of eosinophils in BAL fluid 48 hours
after challenge (58). A longer-term study comparing 16 weeks of treatment
with nedocromil versus regular albuterol showed a reduction in the number
of activated eosinophils in those patients treated with nedocromil on bron-
chial biopsy (59). Furthermore, nedocromil decreases the release of TNF-a,
IL-8, and soluble ICAM-1 from human bronchial epithelial cells (7).

VIl. Neurogenic Mechanisms of Chromones

The bronchoconstriction induced by sulfur dioxide and bradykinin is inhib-
ited by both cromolyn and nedocromil (Table 2) (60). Inhaled sodium meta-
bisulfate generates sulfur dioxide in the airways with both of these agents
causing bronchoconstriction in asthma subjects. The mechanism of action
of sulfur dioxide may be through stimulation of laryngeal afferent nerve
fibers in experimental animals (61). Nedocromil has been shown to prevent
the bronchial hyper-responsiveness in dogs exposed to sulfur dioxide (62).
Bradykinin may have broader effects than sulfur dioxide by causing vascular
vasodilatation and increased vascular permeability in addition to the
bronchoconstrictor effect. The cough and dyspnea induced by bradykinin
is blocked by cromolyn and nedocromil (63). In experimental animals,
bradykinin has been reported to stimulate afferent C-fibers to release sub-
stance P (a mast cell histamine releaser), neurokinin A, and calcitonin gene-
related peptide, which all have bronchoconstrictor properties (64). In fact,
Chatterjee et al. (65) reported that nedocromil decreased cough in asth-
matic patients and was initially marketed specifically for cough-related
asthma. The angiotensin-converting enzyme (ACE) inhibitor—induced cough,
a known complication of this class of medications, is inhibited by CS (66).

Table 2 Neurogenic Mechanisms of Chromone Action

Action (Ref.) Cromolyn Nedocromil

Inhibits bronchoconstriction induced by v v
sulfur dioxide and bradykinin (60,63)

Blocks myelinated and non-myelinated v
fiber transmission is canine airways
(64,71)

Decreases cough and dyspnea induced by v v
bradykinin (63)

Inhibits ACE inhibitor cough (66) v

Inhibits substance-P induced histamine v

release from human mast cells (67)
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Thus, the inhibition of bradykinin by chromones is likely to be the
mechanism of action in preventing ACE inhibitor—induced cough. The
substance P-induced histamine release from human mast cells is inhibited
with nedocromil (67).

There are a few case reports of successful treatment of ACE inhibitor—
induced cough with inhaled cromolyn. The case reports involve a total of
13 patients of whom most had cromolyn added and continued on the
ACE inhibitor (68). Four of the 13 patients had the ACE inhibitor stopped
and were given cromolyn for seven days before the ACE inhibitor was
resumed. The cough resolved in three of these patients (68). Only one trial
evaluated the efficacy of cromolyn for treatment of the ACE inhibitor—
induced cough. This was a double-blind crossover study of 10 patients.
The median cough score decreased significantly in the cromolyn treated
group (69). Alternatively, another small study with six diabetic patients
on ACE inhibitors treated with nedocromil reported only one patient with
cough relief (70).

In canine airways, cromolyn has been shown to block both myelinated
and non-myelinated (C) fibers (64,71). It is important to note that C-fibers
respond to chemical irritants rather than mechanical stimulation and this
may be a factor in the nonspecific irritation of the airways in asthma (8).
Jackson (72) reported that the stimulation of the cough reflex with inha-
lation of citric acid in a dog model is blocked by nedocromil but not
cromolyn. In contrast, nedocromil was ineffective in the inhibition of citric
acid-induced cough in asthmatic patients (73).

Adenosine and adenosine 5’ monophosphate (AMP) result in broncho-
constriction in asthmatic patients by not normal subjects (8). Both CS
and nedocromil inhibit adenosine-induced bronchoconstriction, although
various studies show nedocromil to be more effective (8).

The inhalation of hypertonic saline (5-15%) produced microvascular
leakage in rat trachea (9). Yamawaki et al. (74) reported that pretreatment
with DSCG reduced this extravasation in a dose-dependent manner. In
addition, pretreatment with DSCG inhibited the microvascular extravasa-
tion from inhaled substance P in this study.

VIil. Allergen Challenge Clinical Trials

Both cromolyn and nedocromil have been shown to have a protective effect
in exercise-induced bronchospasm in both children and adults (75,76). Also,
these medications have an equal protective effect in response to cold air and
bradykinin, substance P, neurokinin A, adenosine, and hypertonic saline
(61,77-82). However, nedocromil has been shown to be more effective
against sulfur dioxide and sodium metabisulfate (60). On the other hand,
Altounyan showed that 10 times the dose of cromolyn is needed to provide
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50% protection against sulfur dioxide challenge as compared to the dose
needed for allergen challenge (83). An important clinical observation, poten-
tially useful to allergic asthma subjects acutely exposed to allergen, was
demonstrated when three doses of nedocromil given acutely over 90 minutes
prior to antigen challenge resulted in the inhibition of the late asthmatic
response (84). Furthermore, neither cromolyn nor nedocromil prevent the
bronchoconstrictor response to inhaled histamine or methacholine. How-
ever, prolonged treatment may reduce bronchial hyper-reactivity (3).

The use of cromolyn in allergen challenge studies has given variable
results. As previously described in this chapter, Laube et al. CI,13 reported
greater protection to allergen challenge (76% vs. 43%) with a slower inspira-
tory rate and use of a spacer device when cromolyn was taken 30 minutes
before allergen challenge. This is likely to due to a dose-dependent delivery
of active drug. Similarly, exercise challenge studies have produced variable
results. Tullett et al. (85) showed a protective effect with cromolyn of 38%,
56%, and 68% with doses of two puffs of 1 mg, two puffs of 5 mg, and four
puffs of 5mg, respectively, given 30 minutes before exercise (85), whereas
no difference between the 1 mg and 5 mg dose of cromolyn was demonstrated
in another study (86). Alternatively, Schoeffel et al. (87) showed that two
puffs of the 1 mg cromolyn dose provided >50% protection in nine patients,
which increased to 13 patients when four puffs of the 1 mg dose were given.

IX. Cromolyn for Asthma

Several studies have shown that ICS are more effective than cromolyn
in patients with severe asthma (88-90). However, some studies in mild to
moderate asthmatics have shown either comparable efficacy (91-93) or
an even better response to ICS (94,95). On the other hand, the addition
of cromolyn to ICS failed to show any beneficial effect (96). A more recent
review of 24 placebo-controlled trials of cromolyn concluded, ‘“there is
insufficient evidence for a beneficial effect of CS as maintenance treatment
in children with asthma.” Further review of this study shows that cromolyn
is more effective in older children (97). In addition, a recent review reported
no significant difference between DSCG and placebo in children with
asthma (98). The use of cromolyn versus placebo administered via face
mask with spacer device in 167 children aged one to four years found no
difference in the primary outcome measure of symptom-free asthma days
between the two groups (99). Long-term studies with cromolyn have
reported good asthma control and improvement in lung function with a
lower dosage of cromolyn (100,101).

Konig and Shaffer reported that children on cromolyn and ICS
for prolonged periods had no evidence of irreversible airway changes in
a retrospective study in 175 infants in three treatment groups (102).
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One group of mild asthmatics was treated with as needed bronchodilators,
moderate asthmatics were treated with CS, and the severe asthmatics were
treated with ICS (102). In this study the final pulmonary function tests (PFT)
improved in both the cromolyn and ICS groups compared to bronchodila-
tors alone (Fig. 9) (102). However, the overall change in pulmonary func-
tion from start to end of a study showed a significant improvement of
FVC only in the ICS group (Fig. 10) (103). Overall, the clinical outcomes
showed improvements in the frequency of hospitalizations (p < 0.05) in both
the cromolyn group and the ICS-treated group. Likewise, a reduction in
emergency department (ED) visits (p <0.05) was observed in the ICS-
treated group when compared to the bronchodilator group, despite the
perceived mild severity of the latter group. Furthermore, a delay in starting
cromolyn was associated with an unfavorable effect in clinical outcomes,
whereas no effects were observed with delay of initiation of ICS (102).

A Finnish cross-sectional study of school children was divided into
three groups—bronchodilators only, cromolyn, and ICS—reported improved
PFT in the cromolyn group (104). This study involved 297 children: 60/297
(20%) on bronchodilators as needed for symptoms, 169/297 (57%) on
cromolyn (97/169) or nedocromil (72/169), and 68/297 (23%) or ICS
with budesonide (65/68) or beclomethasone (3/68). Thus, the majority
of children in this study were on chromones medication. The decrease
in at least one of the parameters of pulmonary function (PEF, FVC, FEV,,
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Figure 9 Change in pulmonary function from start to end of initial treatment with
either B-agonists, sodium cromolyn, or inhaled cartiosteroid. All values are pre-
bronchodilator use. Abbreviations: FVC, forced vital capacity; FEF,s 75, forced
expiratory flow; PRN, as needed. Source: From Ref. 103.
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Figure 10 Mean (£SD) within treatment changes in prebronchodilator pulmonary
function test results reported as percentage of predicted normal value. Data represent
start to end of treatment, regardless of whether the end of treatment was the end of
the study or represented a change in therapeutic agent, 3-agonist, n =44; cramolyn
sodium, n=28; inhaled cartiosteroid, n =26. Open bars, start of treatment results;
shaded bars, end of treatment test results. “p < 0.05. Source: From Ref. (102).

or the MMEF) was highest in the ICS group and lowest in the chromone
group (104). Analysis of the chromone group demonstrated that the FVC
and FEV; were higher in the cromoglycate group (p <0.05). This study
only followed spirometry over one year and had disproportionate numbers
of participants in the study groups. Today the ICS have proven to be
beneficial and asthma guidelines have changed. The percentage of patients
with mild, moderate, and severe asthma on ICS has steadily increased in
the last decade.

De Baets et al. (105) compared cromolyn to budesonide in a small
double-blind crossover study. This study involved 13 subjects (43-66
months) given inhaled cromolyn 10 mg tid or budesonide 100 pg tid for
two months. A significant difference in morning peak flows was demon-
strated in the ICS group [160L/min vs. 150 L/min (p <0.03)]. Fewer
asthma exacerbations were reported in the ICS group as well, 7 versus 16
on cromolyn (p < 0.005). However, there were no differences in bronchial
hyper-responsiveness observed.

The use of cromolyn therapy in early infancy and childhood has given
conflicting data. While some studies have suggested that cromolyn may not
be effective in the first year of life, one report verified that children under
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one year did show improvement with cromolyn (106-108). A reduction in
symptoms and bronchodilator use has been observed with the use of
cromolyn in a group of premature infants and children (109). In contrast,
a recent review by the Cochrane database concluded that ‘“‘cromolyn
sodium cannot be recommended for the prevention of chronic lung
disease in preterm infants” (110). The enigma of persistent wheezing after
bronchiolitis has led investigators to experiment with preventive therapy
during active disease. Reijonen et al. (111) reported that a single subsequent
wheezing episode was lower in a group of children with bronchiolitis treated
with cromolyn or budesonide. Prevention of the high cost of care from
hospitalization favored the use of both medications in a subgroup of
atopic children.

Another method used to assess the efficacy of therapy is to match
pharmacy records to outcomes of emergency visits or need for hospitaliza-
tion. Such investigations are fraught with numerous confounding variables
but point out important trends in subjects using medication. One study
reviewed inhaled anti-inflammatory medication dispensing through an ana-
lysis of automated pharmacy records of 11,195 children ages 3 to 15 years
with a diagnosis of asthma (112). The outcome measures were ED visits and
hospitalization for asthma. The adjusted relative risk (RR) for ED visits
with the use of either cromolyn or ICS were 0.4 (95% CI 0.3, 0.5) and
0.5 (95% CI 0.4, 0.6), respectively. For hospitalizations, the adjusted RR
with cromolyn and ICS were 0.6 (95% CI 0.4, 0.9) and 0.4 (95% CI 0.3,
0.7), respectively. Thus, a record of the patient obtaining one of these agents
(use can not be demonstrated) is highly associated with prevention of ED
visits and hospitalization for asthma (112).

A second investigation of pharmacy records analyzed the number of
hospitalizations for asthma in 16,941 members from a Health Maintenance
Organization (HMO) related to the use of ICS, cromolyn, and B-agonists
(113). The primary outcome measure was time to the first hospitalization
for asthma after dispensing. Dispensing one cromolyn inhaler was asso-
ciated with a significant decreased RR of hospitalization of 0.8 (95% CI
0.6-0.9) for ages 0 to 17 years but was not protective in adults with RR of
0.8 (95% CI 0.6—1.1) for ages 18 to 44 years and RR of 0.8 (95% CI 0.6-1.3)
for ages >45 years. For ICS the overall RR was 0.5 (95% CI 0.4-0.6).
Furthermore, the RR for the dispensing of >8 canisters of B-agonists was
4.3 (95% CI 3.1-6.0). This study was limited to one specific HMO and
excluded patients on Medicaid/Medicare (113).

Recently a study done by the Severe Asthma Research Committee in
Japan compared cromolyn to salbutamol (114). This study investigated 232
children with persistent asthma classified as either severe (64%) or moder-
ate (35%). DSCG (20 mg) nebulized solution mixed with salbutamol was
compared to either agent of DSCG and salbutamol alone. The primary
outcome measure was the change in daily asthma symptom score.
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The combination medication improved this score by 39% when compared
to salbutamol and 38% compared to DSCG. Although the individual agents
resulted in improvement, the combination was superior.

Similar studies with DSCG and bronchodilators also showed an
improvement in asthma symptoms. DSCG powder combined with isopre-
naline resulted in a 59% improvement with the combination medication
compared to only a 44% improvement with isoprenaline alone (115). A
reduction of 33% to 35% in asthma severity classification was observed
in 189 patients treated with cromolyn (p < 0.00005) (116).

For adult patients there were two critical clinical trials involving
cromolyn performed through the Medical Research Council (MRC) and
the Drug Committee of the American Academy of Allergy (AAA). The
MRC trial involved 103 patients in four groups—cromolyn, isoproterenol,
cromolyn and isoproterenol, and placebo—for 12 months (117). After eight
weeks, the dose of cromolyn was reduced from 20 mg tid to a twice-daily
dosage and finally to a daily dose. At the end of the study no outcome
difference was found between patients receiving the full or reduced
dosage. Although pivotal, the power of the study to make this obser-
vation may be problematic given the low number of subjects and multiple
treatment arms.

The AAA trial involved 252 patients comparing cromolyn with placebo
in a crossover design over eight weeks (118). The investigators observed a
significant treatment effect in 80% of the patients receiving the placebo first.

Blumenthal et al. (119) reported on a group of patients controlled on
cromolyn spincaps that were switched to placebo. After four weeks, the
patients with worsening asthma were treated with cromolyn or placebo.
The patients treated with cromolyn had significant improvement in their
daily symptom scores for overall asthma severity and pulmonary func-
tion parameter of FVC and PEF when compared to the placebo treated
subjects (119).

Ideally, inhaled chromone therapy would reduce the need for oral
corticosteroid use in asthma. In an early study, the addition of cromolyn
to oral corticosteroids resulted in a 41% reduction in dose after six months
and withdrawal of steroids in 25% of patients after 1.5 years (120).

X. Nedocromil for Asthma

As nedocromil is a newer agent when compared to cromolyn and comes in
only a single form, there is less information to draw conclusions from. Most
of the studies show a beneficial effect of nedocromil when compared to
placebo. Children with grass pollen asthma responded better to nedocromil
compared to placebo (121). In a study by Konig et al. (122), the use
of nedocromil did not prevent viral-induced bronchospasm but did
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improve their recovery, overall symptoms, and PEFR on nedocromil. A third
investigation that compared nedocromil to placebo resulted in an advantage
to nedocromil with total symptom score reduction of 50% (123). In addi-
tion, significant improvement in daytime and nighttime asthma, morning
and evening PEF, and use of rescue bronchodilators was shown with the
regular use of nedocromil (124).

Currently there is only one study comparing nedocromil to the use of
ICS. Children treated with beclomethasone dipropionate had a significant
improvement in nonspecific bronchial hyper-reactivity but no difference in
symptom scores, bronchodilator use, or pulmonary function changes (125).

At least three studies have demonstrated beneficial outcomes of pul-
monary function improvement, symptom scores, bronchodilator use, and
even corticosteroid sparing effect. Foo et al. (126) reported an improve-
ment in FEV;/FVC when nedocromil was added to ICS in 120 children.
In 76 asthmatic adults an improvement in symptoms, bronchodilator use,
and PEFR was observed when nedocromil was added to ICS (127).
Furthermore, Bone reported a reduction in the dosage of ICS with the
use of a nedocromil inhaler in adults (128).

The CAMP study measured several variables related to childhood
asthma treatment between four study groups: 311 patients on budesonide
compared with 208 patients on placebo, 312 patients on nedocromil com-
pared with 210 patients on placebo (129). The outcome measures included:
spirometry, AM/PM peak flows, methacholine challenge, use of study
medication, albuterol use, courses of prednisone, physician office visits,
ED visits, hospitalizations, and height. Overall the spirometry showed no
significant differences in either the budesonide or nedocromil groups.
However, there were some exceptions. In the nedocromil group the FVC
before bronchodilation was lower than in the placebo group, 0.6 versus
2.4, respectively (p =0.02). In the budesonide group the FEV;/FVC before
bronchodilation was 0.2 versus 1.8 in the placebo group (p =0.001). Four
months after discontinuation of the study medication, the nedocromil group
had a smaller decrease in the baseline FEV,/FVC before and after bronch-
odilation: 1.1 versus 2.5 (p=0.01) and 1.2 versus 2.2 (p =0.03), respec-
tively. The budesonide group had a 43% lower rate of hospitalizations
(» =0.04) compared with nedocromil, which showed no significant differ-
ence compared to placebo. Urgent visits and prednisone courses were
reduced in the budesonide group by 45% (p <0.001) and 43% (p < 0.001),
respectively. The nedocromil group showed a reduction of 27% (p=0.02)
and 16% (p=0.01), respectively, compared to placebo (129).

In 1993, a multistudy analysis of 4723 patients in 127 trials reported
that nedocromil was better than placebo in multiple variables: daytime
and nighttime asthma symptoms, cough, daily mean PEF, and FEV,, rescue
bronchodilator use, and patient satisfaction (130). This analysis showed a
50% reduction in ICS dose when a higher nedocromil dose was used.
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Xl. Cromolyn and Nedocromil Comparison Trials

A few studies have compared cromolyn to nedocromil, whereas others have
compared cromolyn, nedocromil, and ICS. No differences in PFT could be
found in 195 children treated with cromolyn, nedocromil, or ICS (131).
Similarly, there were no differences found in efficacy when comparing
cromolyn to nedocromil in another paper (132). Review of the Cochrane
database also could find no difference in efficacy between DSCG and nedo-
cromil during the post-exercise pulmonary functions in either the maximum
percent decrease in FEV; or complete protection (133).

An additional study by Lal et al. (134) reported a 50% reduction of
ICS dose with the addition of cromolyn or nedocromil in adults. They
reported that nedocromil was more effective than cromolyn in symptom
control and reduction of bronchodilator use.

Orefice et al. found nedocromil superior in controlling symptoms;
however, both cromolyn and nedocromil were effective with decreasing
non-specific bronchial hyper-reactivity and the need for rescue bronchodi-
lators (135). Similarly, Altounyan et al. (136) found that nedocromil was
more effective against sulfur dioxide challenge, but that there was no
difference between cromolyn and nedocromil with protection against
inhaled allergen. This suggests that nedocromil may be superior in con-
trolling neuronal-induced mechanisms of bronchospasm when compared
to cromolyn. In contrast, another study involving 306 younger, milder
allergic asthmatics found the use of cromolyn to produce improved results
when compared to nedocromil (137). Exercise-challenge induced broncho-
spasm was controlled with both of the two chromones and both were more
effective than placebo (138).

A comparison of nebulized cromolyn to nebulized nedocromil in
children <2 years was conducted in 23 asthmatic children (19/23 males),
treated for two months with cromolyn, nedocromil, then placebo. No signi-
ficant differences in symptom scores between the treatment groups were
reported. However, in the cromolyn group there was a trend for older
children to respond to cromolyn (16.4 months) versus nedocromil (12.1
months) (139).

Both medications have been used to treat patients with ASA.
Robuschi et al. (140) compared nedocromil and DSCG in 10 patients with
ASA who were treated with lysine acetylsalicylate. They reported that
DSCG and nedocromil use resulted in a maximal decrease in FEV; to
20% +3% and 18% 4 4%, respectively (p < 0.01) during challenge without
a significant difference between the two medications (140).

In vitro comparisons of basophil histamine release after stimulation
with anti-IgE, anti-IgE + IL-3, and ryegrass allergen showed unexpected
findings. Nedocromil augmented histamine release only with ryegrass and
cromolyn did not affect histamine release (141).
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Xll. Cromolyn for Allergic Rhinitis

In recent years, the one airway hypothesis linking disease and therapy in the
lung and nose simultaneously suggests a need to briefly review the effect of
the chromones on nasal allergy. Intranasal cromolyn is available over the
counter as an aqueous preparation topical spray. Several studies have
reported that intranasal cromolyn is superior to placebo in the treatment
of seasonal allergic rhinitis (SAR) (5). In particular, a decrease in mouth
breathing, nasal congestion, rhinorrhea, postnasal drip, and sneezing in
66 patients treated with intranasal cromolyn for ragweed rhinitis was
observed (142). Similarly, a decrease in rhinitis symptoms and, in this case,
ocular symptoms, was observed in 88 patients treated with cromolyn for
pollen-induced SAR (143). A decrease in rhinitis symptoms measured by
the average daily rhinitis symptom score resulted in decreased antihista-
mine use with cromolyn in a small study of 47 patients (p < 0.01) (144).
Perennial allergic rhinitis symptoms were decreased with cromolyn in a
study by Cohan et al. (145). In contrast, two studies showed that intranasal
cromolyn was equivalent to placebo (146,147).

Intranasal cromolyn and nedocromil were equivalent in reducing
allergic rhinitis symptoms compared to placebo in a study by Schuller
et al. involving 233 patients. Overall, rhinitis symptoms were significantly
reduced with nedocromil as recorded by the symptom summary card
(p=0.02) (148). A comparison of terfenadine, a non-sedating antihis-
tamine, with cromolyn was found to be equivalent (149). Terfenadine was
subsequently withdrawn from the market due to cardiac dysrhythmia prob-
lems. This study cannot be extrapolated to other antihistamines. This study
also showed that cromolyn had a significant reduction in the number of
eosinophils (p=0.025) measured by nasal cytology scores, whereas
terfenadine patients showed no significant differences.

When cromolyn is compared to nasal corticosteroids, both flunisolide
and beclomethasone have shown greater efficacy (150,151). However, both
nasal corticosteroids and intranasal cromolyn are more effective than
placebo for allergic rhinitis (152).

Xlll. Dosing

Cromolyn is available for use in allergic disease and asthma as a single-dose
vial for oral nebulization, metered dose inhaler (oral and nasal), and
ophthalmic preparation. Oral cromolyn, although poorly absorbed from
the GI tract, has been used in the treatment of mastocytosis, chronic idio-
pathic urticaria, and Gl-associated anaphylaxis with anecdotal success.

CS for oral inhalation is available as 1 and 5 mg per actuation MDI,
20 mg 1% aqueous solution, and 20 mg capsules for use with the Spinhaler
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or E-haler (Eclipse) (7). The 1 mg per actuation MDI and 20mg 1%
aqueous solution are available in the United States.

Intranasal cromolyn is available over the counter as a 4% solution.
The recommended dosage is one spray per nostril four times daily.

When cromolyn was first developed it was combined with isoprenaline to
prevent the bronchoconstriction associated with the inhalation of the sodium
salt (2). The blood levels of cromolyn can be increased by the addition of a 3,-
agonist (15). Furthermore, the clinical response of cromolyn is improved with
addition of a P,-agonist (114). In light of the favorable outcomes with ICS
compared to cromolyn alone, new research may be needed to compare the
use of cromolyn in combination with a [3,-agonist compared to ICS to ascer-
tain the correct circumstances and delivery method in asthma therapy.

Nedocromil sodium is available as a 2 mg MDI. Two studies on the
nedocromil dosing frequencies reported no overall difference, but Wells
(130) reported that patients in the higher dose frequency required few
courses of oral steroids (127,130). The CAMP study evaluated long-term
use of nedocromil and reported a reduction in urgent care visits and fewer
courses of prednisone (129). However, another study with short-term use of
nedocromil reported significant differences compared with placebo (136).

Compliance with medication regimens remains an issue with all
patients. Traditionally, inhaled cromolyn is dosed four times daily while
nedocromil is dosed twice daily. Furukawa et al. studied the same children
on cromolyn four, three, or twice daily for one-month intervals. They
reported that pulmonary function during the twice-daily use for a month
showed a trend toward deterioration compared with the month of dosing
three times daily (153). In a similar study with adults, no difference in those
patients allowed to reduce their cromolyn dose (2.5 doses/day) compared
to those on four daily doses was seen (154). In general, cromolyn is started
four times daily and is often reduced to twice daily when asthma has been
controlled. Whether there would be equal efficacy if the same total mg dose
was delivered twice daily versus four times daily is unclear.

XIV. Safety

Overall, both oral inhaled cromolyn and nedocromil are well tolerated with
minimal side effects. The side effects reported with cromolyn include:
throat irritation, cough, nasal congestion, mild bronchospasm, urticaria,
angioedema, anaphylaxis, anaphylactoid reaction, and pulmonary infiltra-
tion with eosinophilia (PIE), cardiac tamponade and ecosinophilia, dysuria,
dermatitis, and myositis (155). One patient experienced a near-death
exacerbation as he tried to use DSCG during an asthma attack (156).
The adverse effects of intranasal cromolyn include: sneezing, nasal
burning or stinging (3). It has been reported that ocular cromolyn can result
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in contact dermatitis, allergic conjunctivitis, and chemosis (157,158). A
63-year-old male treated with DSCG ophthalmic solution developed allergic
conjunctivitis and IgE antibodies to DSCG were demonstrated in serum by
RAST (158).

Anti-CS antibodies have been documented by intracutaneous and
RAST testing (159-161). Furthermore, Sheffer et al. (162) reported
increased lymphocyte proliferation and elevated production of migration
inhibition factor in response to cromolyn stimulation and increased serum
immunoglobulin G binding of cromolyn in one patient with PIE compared
to cromolyn-tolerant patients.

Drug interactions have not been documented with cromolyn. Overall,
cromolyn can be used safely in elderly patients with hypertension, heart dis-
ease, seizure disorders, or prostate disease. Cromolyn is classified as cate-
gory B in pregnancy. Patients who will benefit from intranasal cromolyn
include: children >2 years, elderly patients, patients with comorbidities,
patients reluctant to take medications, patients and athletes who undergo
drug monitoring to avoid corticosteroids (3).

In general, nedocromil is well tolerated with a good safety record. On
the other hand, nedocromil has been associated with an unpleasant taste,
nausea, and vomiting (3).

There has been a concern with growth rate and the use of ICS in chil-
dren. A recent study compared bone mineral density in children on flutica-
sone propionate (FP) versus nedocromil for two years (163). No significant
difference in growth was observed between the groups; adjusted mean growth
rates were 6.1 cm/yr with FP and 5.8 cm/yr with nedocromil (163).

Both cromolyn and nedocromil have no effect on normal host defense,
no known teratogenic effects, and do not influence the development of neo-
plastic disease (164,165). A 10-year follow-up study with cromolyn showed
no adverse effects (101).

In summary, both cromolyn and nedocromil can be useful as adju-
vant therapy in the treatment of asthma. Their benefits have been seen in a
reduction in ED visits and hospitalizations for asthma, and a decrease in
allergen/exercise-induced bronchospasm and frequency of prednisone use.
Furthermore, cromolyn has been useful in the treatment of allergic rhinitis
and allergic conjunctivitis, with occasional use in other systemic diseases.
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. Introduction

The vast majority of patients achieve adequate asthma control with regular
inhaled corticosteroids and bronchodilators. A subgroup will require addi-
tional therapy or combinations of treatment, but a small percentage of
patients have refractory disease with poorly controlled symptoms, recurrent
exacerbations, and/or persistent airflow obstruction despite such treatment
(1). The regular use of systemic corticosteroids may be required to achieve
improvements in asthma control in these patients. Additionally, systemic
corticosteroids remain the treatment of choice for the management of acute
severe exacerbations of asthma. This chapter will discuss the pharmacology
and mechanisms of action of systemic corticosteroids, review the evidence
for their clinical effectiveness and adverse effects, and offer reccommendations
for their use in asthma.
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ll. Review of Pharmacology
A. Chemical Structure

The basic chemical structure of systemically active corticosteroids is given
in Figure 1. A number of different preparations are available but all contain
the key features of a double-carbon chain and hydroxyl group at carbon 17,
methyl groups at carbons 18 and 19, ketones at carbons 3 and 20, a double
bond between carbons 4 and 5, and a hydroxyl group at carbon 11 (Fig. 1).
Modifications to this basic chemical structure alter the half-life and relative
potency of the molecule (Table 1).

B. Pharmacokinetics and Pharmacodynamics

Corticosteroids are highly lipophilic molecules that are generally well
absorbed from the gastrointestinal tract, resulting in systemic bioavailability
of 50% to 90% in healthy controls (2) and in patients with asthma, even in
those with a poor clinical response to treatment (3). Enteric-coated predni-
solone tablets were developed in the 1950s in an attempt to minimize the
incidence of gastric ulceration and irritation seen with prednisolone by releas-
ing the active corticosteroid molecule in the lower gastrointestinal tract (4).

21 CH,OH
O - S— o
18
12 CH,
HO OH
17
11 13 16
19
1 CH, 9
14 15
2
10 8
3
/ 5 7
o 4 6

Figure 1 Chemical structure of hydrocortisone (cortisol) demonstrating the fea-
tures common to all glucocorticoid molecules.
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Table 1 Common Systemic Corticosteroids: Modifications to Basic Corticosteroid
Structure and Relative Potencies

Drug Modifications Relative potency

Hydrocortisone — 1

Prednisolone Double bond between 4
carbons 1 and 2

Methylprednisolone Double bond between 5

carbons 1 and 2
Methyl group at carbon 6
Dexamethasone Double bond between 30
carbons 1 and 2
Flourination of carbon 9
Methyl group at carbon 16
Triamcinolone Double bond between 5
carbons 1 and 2
Flourination of carbon 9
Hydroxyl group at carbon 16
Prednisone (prodrug) Substitution of ketone group 3.5
for hydroxyl group at
carbon 11*

#Requires metabolism of 11-ketone group to 11-hydroxyl group for conversion to its active
form (Prenisolone).

Systemic bioavailability following administration of such enteric-coated
preparations in patients with asthma has not been fully studied although there
is some evidence to suggest that absorption is delayed (5), more erratic (6),
and affected to a greater extent by the presence of food (7). Prednisone is
absorbed at a similar rate to prednisolone undergoing rapid first-pass meta-
bolism in the liver to convert the ketone group at carbon 11 to a hydroxyl
group. In general, absorption and bioavailability of systemic corticosteroids
does not appear to be significantly affected by age, smoking, or the presence
of disease (7).

Corticosteroids are distributed as free molecules and also bound to
the proteins transcortin, albumin, and o;-acid glycoprotein. Transcortin
has a particularly high affinity for prednisolone, while other corticosteroids
such as methylprednisolone and dexamethasone preferentially bind to
albumin (8). Protein binding is concentration dependent such that at high
concentrations there is a relatively greater free corticosteroid fraction. This
leads to greater plasma clearance at high doses and an apparent increase in
the volume of distribution (9), one factor leading to the non-linear pharma-
cokinetics observed with prednisolone (10). The free, unbound corticoste-
roid molecules are thought to be responsible for the effects of these drugs,
and differences in the relative concentrations of free and bound corticoste-
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Table 2 Important Drug Interactions with Systemic Corticosteroids

Impaired clearance of corticosteroids with increased risk of adverse effects
Oral contraceptive pill
Ketoconazole
Cyclosporin
Accelerated clearance of corticosteroids with reduced therapeutic effects
Rifampicin
Anticonvulsants: carbemazepine, phenobarbital, and phenytoin
Increased risk of hypokalaemia
Amphotericin
High dose B,-agonists
Theophylline
Diuretics

roids may account for the differences in clinical effects observed between
patients treated with similar doses. While corticosteroids are metabolized
in the liver, chronic liver disease does not appear to significantly alter
the effects of systemic corticosteroids, since glucuronidation is maintained
even in the face of advanced hepatic failure (2). A number of drugs given
in addition to corticosteroids lead to inhibition of microsomal liver
enzymes, resulting in impaired clearance and the potential for greater
adverse effects. Conversely, drugs such as anticonvulsants may result in
accelerated corticosteroid clearance due to induction of liver enzymes (2)
(Table 2).

While the effect of systemic corticosteroids on circulating eosinophils
and glucose is observed within minutes, improvements in airflow obstruc-
tion occur much later. Following a single dose of oral prednisolone, a
significant improvement in lung function can be seen at three hours, reach-
ing a maximal effect between 9 and 12 hours (11). Animal models have sug-
gested that the administration of higher doses results in an increase in the
duration of action rather than improvements in the maximum response (12)
and support the suggestion that smaller doses given frequently may be
preferable to larger single doses (13).

It has been suggested that abnormalities of steroid pharmacokinetics
may account for the apparent lack of response to systemic corticosteroids
in some individuals. Studies in patients with severe asthma, however, have
shown relatively little variability in prednisolone absorption, distribution,
and clearance between individuals (14). Nevertheless, pharmacokinetic
studies may have a useful role in the clinical evaluation of individual patients
with chronic corticosteroid-dependent asthma to identify abnormalities
in absorption or clearance (15), and serum prednisolone concentrations
interpreted alongside plasma cortisol levels may give useful evidence of
non-compliance in patients failing to respond to treatment.
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lll. Mechanisms of Action
A. Effects at the Molecular Level

Circulating corticosteroid molecules cross the cell membrane to bind to
the glucocorticoid receptor o located in the cytoplasm in a protein-bound
form. The corticosteroid-receptor complex then translocates to the nucleus,
where it binds to sequences of DNA in the promoter region of steroid-
sensitive genes, known as the glucocorticoid response element (GRE). Such
binding leads to alterations in the transcription of target genes (16). Corti-
costeroids also bind to coactivator molecules, which also activate gene
transcription by activating histone deacetylase. These mechanisms result
in the activation of a number of genes encoding anti-inflammatory proteins,
including annexin-1, interleukin-10, and secretory leukoprotease inhibitor
(17). The major anti-inflammatory effects of corticosteroids are thought
to result from the suppression of genes that code for inflammatory proteins,
but the precise mechanism is not fully understood since GREs have not been
widely demonstrated in the promoter regions of inflammatory genes that
are known to be suppressed by corticosteroids in asthma (17). Recent work
has suggested that suppression of the transcription of inflammatory genes
may occur via the modification of core histones, e.g., by histone deacetyla-
tion, resulting in disruption of chromatin structure (17,18). Whatever the
precise mechanism, a wide range of inflammatory genes appear to be sup-
pressed, including cytokines (e.g., 1L-4, IL-5, IL-13, TNF-o, and GM-
CSF), chemokines (e.g., IL-8, RANTES, and eotaxin), adhesion molecules
(e.g., ICAM-1, VICAM-1, and E-selectin), and a number of other inflam-
matory enzymes and receptors. This broad effect on a number of compo-
nents of the anti-inflammatory pathway appears key to the therapeutic
effects of corticosteroids in asthma, since more selective agents have not
had the same success (19).

B. Effects at the Cellular Level

As aresult of the molecular interactions outlined above, corticosteroids have a
range of effects on inflammatory cells in asthma, including a reduction in the
number of eosinophils, T lymphocytes, mast cells, and dendritic cells. The
inhibition of key cytokines, including IL-5 and GM-CSF, leads to increased
eosinophil apoptosis (20) and a dramatic reduction in eosinophil survival.
Mediator release from eosinophils is also directly inhibited and circulating
eosinophil numbers may be reduced by a direct action on the production of
eosinophils in the bone marrow. Corticosteroids are also able to inhibit the
proliferation of T lymphocytes and their cytokine production, particularly
of the T-cell growth factor IL-2 (21,22). In contrast, corticosteroids do not
appear to inhibit neutrophilic inflammation and actually increase circulating
numbers of neutrophils, possibly by preventing neutrophil apoptosis (23).
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Systemic corticosteroids also have important effects on structural
components of the asthmatic airway. These include inhibition of the release
of cytokines and mediators from epithelial cells (24), prevention of plasma
leakage through vascular endothelium (25), and reduction of mucous secre-
tion from airway mucosal glands (26). Additionally, important effects on air-
way smooth muscle may occur via the suppression of inflammatory mediator
release and also by the up-regulation of the number of B-adrenoceptors in
individuals with ,-agonist—induced desensitization (27,28).

IV. Clinical Effects in Asthma
A. Anti-inflammatory Effects

That systemic corticosteroids are thought to exert their therapeutic effects
in asthma largely by suppressing airway inflammation has already been
discussed. Perhaps surprisingly, there is rather more convincing evidence
supporting the anti-inflammatory effects of inhaled rather than systemic
corticosteroids in individual patients with asthma.

The few bronchoscopy studies evaluating the anti-inflammatory
effects of systemic corticosteroids in vivo have not had entirely consistent
results. In a double-blind, placebo-controlled study, Djukanovic et al. (29)
studied the anti-inflammatory effects of prednisolone at a dose of 20 mg
for two weeks followed by 10 mg for four weeks. Compared to placebo, treat-
ment with prednisolone lead to significant reductions in submucosal eosin-
ophils (by 81%) and mast cells (by 62%). Significant improvements in asthma
symptoms and FEV; were also seen. In similar studies, Robinson et al. (30)
and Bentley AM et al. (31) randomized 18 patients with moderately severe
asthma to 0.6 mg/kg/day of prednisolone or placebo for two weeks and took
bronchial biopsies before and after treatment. Compared to placebo, predni-
solone resulted in reductions in the number of cells expressing mRNA for IL-4
and IL-5 and an increase in IFN-y expressing cells in bronchial biopsies and
bronchoaleveolar lavage, although the interpretation of this data is compli-
cated by significant baseline differences in these markers between the placebo
and prednisolone treated groups. Prednisolone treatment lead to a fall in the
number of CD3+ T cells, eosinophils, and mucosal-type mast cells in bron-
chial biopsies and in BAL eosinophils, but only the latter differed significantly
from placebo.

The development of noninvasive markers of airway inflammation, par-
ticularly induced sputum cosinophil counts and exhaled nitric oxide (NO),
has provided further opportunities to assess the anti-inflammatory activity
of asthma treatments, but again few studies have used oral corticosteroids.
Claman et al. (32) performed a randomized, placebo-controlled, double-
blind study of the effects of six days of treatment with prednisone 0.5 mg/
kg/day in 24 patients with chronic stable asthma. Compared to placebo,
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prednisolone lead to significant reductions in the percentage and absolute
numbers of eosinophils in induced sputum and in sputum eosinophil
cationic protein (ECP) levels. These changes correlated with significant
increases in peak expiratory flow. Other studies have shown similar changes
in sputum eosinophil and ECP levels with both inhaled and oral corticoste-
roids (33,34). Pizzichini et al. (35) demonstrated a significant reduction in
sputum cosinophils and ECP levels in 10 patients treated with oral predni-
sone for a severe asthma exacerbation, although a placebo group was not
included for ethical reasons. The improvements in sputum eosinophils
and ECP levels began 48 hours after treatment (and correlated with
increases in FEV;) while symptoms, lung function, and blood eosinophil
and ECP levels improved more quickly, within 24 hours of treatment.

Systemic corticosteroids have also been shown to reduce the elevated
exhaled NO levels seen in asthma (36,37), although a number of subjects
demonstrate persistently elevated NO levels despite treatment with oral
prednisolone (38,39). This suggests that some aspects of the underlying
airway inflammation seen in asthma are resistant to systemic corticoste-
roids, at least in subgroups of patients, although the dose and route of
administration may be important. A recent study by ten Brinke et al. (40)
showed that the intramuscular use of triamcinolone acetate was associated
with marked suppression of induced sputum eosinophilic airway inflamma-
tion in patients who had persistently elevated sputum ecosinophil counts
despite high doses of inhaled and/or oral corticosteroids. We have found
similar results in patients with oral corticosteroid—-dependent asthma
attending our clinic, where sputum eosinophil counts significantly improved
in all patients given intramuscular triamcinalone.

While systemic corticosteroids clearly do not completely remove airway
inflammation in asthma and heterogeneity to their anti-inflammatory response
occurs, the overall evidence from clinical studies does support the theory that
these agents exert their therapeutic effects largely by suppressing airway
inflammation, particularly eosinophilic inflammation. This leads to the sug-
gestion that exposure to the potential toxic effects of systemic corticosteroids
should be confined to patients who have uncontrolled eosinophilic airway
inflammation despite treatment with inhaled corticosteroids, and there is
some evidence to support this. We have previously identified a group of non-
eosinophilic patients with symptomatic asthma and have associated the
absence of sputum eosinophils with a poor response to short-term treatment
with inhaled corticosteroids (41). Little et al. (36) have similarly demonstrated
that the response to a two-week course of oral prednisolone in patients with
chronic stable asthma is greatest in those patients with evidence of airway
inflammation demonstrated by raised sputum eosinophil counts or elevated
NO concentrations. The presence of a sputum eosinophilia has also been
found to predict the short-term response to oral prednisolone in patients
with chronic obstructive pulmonary disease (42).
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Finally, we have recently reported the results of a randomized,
controlled trial of a management strategy that aimed to normalize the
induced sputum eosinophil count using appropriate doses of inhaled and
oral corticosteroids in patients with moderate to severe asthma (43).
Compared to traditional management following British Thoracic Society
guidelines, treatment directed at minimizing eosinophilic inflammation
resulted in significantly fewer severe asthma exacerbations and hospital
admissions. The dramatic improvement occurred despite similar overall
corticosteroid doses between the two groups. In effect, in the sputum
guided group, treatment was targeted to those patients with eosinophilic
inflammation to prevent exacerbations, while systemic corticosteroids were
required in the control group to treat exacerbations. Additionally, a subset
of patients with predominantly non-eosinophilic airway inflammation was
identified and in this group corticosteroids were successfully withdrawn
without loss of asthma control. This study identifies sputum eosinophilia
as a marker of exacerbation frequency in asthma and emphasizes the
close relationship between the beneficial effect of corticosteroids and
the presence of eosinophilic airway inflammation.

B. Effects on Airway Hyper-Responsiveness (AHR)

Airway hyper-responsiveness (AHR) is one of the characteristic clinical fea-
tures of asthma leading to variable airflow obstruction and asthma symp-
toms. While AHR generally occurs along with airway inflammation, it is
becoming increasingly clear that the relationship between inflammation,
AHR, and clinical expression of the disease is complex. This is supported
by the identification of a group of patients with eosinophilic bronchitis
who have a similar corticosteroid responsive immunopathology to that seen
in asthma with sputum and submucosal eosinophilia, basement membrane
thickening, and increased Th2 cytokine expression, but unlike asthma is
characterized by the absence of AHR (44,45). Evidence from a recent study
comparing the immunopathology of eosinophilic bronchitis with asthma has
suggested that microlocalization of mast cells within the airway smooth
muscle is the key abnormality associated with AHR in asthma (45). It cannot
therefore be assumed that systemic corticosteroids attenuate airway hyper-
responsiveness in asthma via their anti-inflammatory effects. The effect of
systemic corticosteroids on AHR has been assessed in a number of studies.

Bhagat and Grunstein (46) compared the effect of a one-week course
of prednisolone to placebo in 10 children with atopic asthma. Prednisolone
resulted in significant improvements in AHR measured as the PD20-FEV,
to methacholine, which were not seen with placebo. The improvement
in PD20-FEV; correlated with increases in the FEV,, and the greatest
improvements were demonstrated in those with lower values of FEV, before
treatment.
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Similar improvements in AHR in adults treated with oral prednisolone
have lead to somewhat conflicting results. In a study of 12 patients with well-
controlled asthma, no improvements in methacholine PC,, were observed
eight hours after a single dose of intravenous methylprednisolone or after
eight days treatment with oral methylprednisolone (32mg daily) (47).
Jenkins and Woolcock performed a randomized, double-dummy, single-
blind, cross-over study comparing the effects of three weeks treatment with
inhaled beclomethasone diproprionate (BDP) 1200 pg daily with oral pred-
nisolone 12.5 mg daily in 18 adults with asthma. No significant changes in
histamine PD,, were seen with prednisolone, while inhaled BDP lead to
an approximately 2.5 doubling dose improvement (48). In the bronchoscopy
study of Djukanovic et al. (29) discussed earlier, subjects treated with oral
prednisolone demonstrated significant improvements in methacholine PC,
but these did not differ from placebo. In contrast, the study of Robinson et
al. (30) demonstrated a fourfold increase in methacholine PC,,, which was
significant compared to placebo. This improvement occurred despite the
fact that the fall in submucosal eosinophil numbers was not significantly
different from placebo, again supporting the idea that disordered airway
physiology in asthma is disassociated from eosinophilic inflammation.

Meijer et al. (33) measured AHR to both methacholine and adenosine
5" monophosphate (AMP) before and after two weeks of treatment with
three corticosteroid regimes: 2000 pug/day of inhaled fluticasone, 500 ug/
day of inhaled fluticasone, and 30 mg/day of oral prednisone. Changes in
serum and sputum eosinophils and ECP levels were also assessed. Mean
PC,y methacholine and PC,y AMP improved significantly with all three
treatment regimes, but the improvements following prednisolone were sig-
nificantly lower than with high-dose fluticasone. In contrast, oral predniso-
lone had a significantly greater effect on suppression of peripheral blood
eosinophils and ECP than either dose of inhaled steroid. Greater improve-
ments in PCy AMP compared to PC,y methacholine were seen for all three
treatment regimes, possibly reflecting differences in the timescale of the
response to corticosteroids at different parts of the inflammatory cascade.
Oral prednisolone and high-dose fluticasone had similar effects on sputum
eosinophils and ECP in this study, and further analysis showed that the
improvement in AHR significantly correlated with reductions in sputum
eosinophil counts, particularly the PC,y AMP (49).

Overall the results of these studies highlight the complexity of the
relationship between airway inflammation and AHR in asthma and suggest
that the dose-response to corticosteroids varies between the different out-
come parameters.

C. Effects on Acute Exacerbations of Asthma

Systemic corticosteroids are widely accepted as essential in the manage-
ment of patients presenting with acute severe exacerbations of asthma,
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and failure to prescribe them in this situation has been identified as a risk
factor for asthma deaths (50). The first randomized, controlled trial of
systemic corticosteroids in patients admitted to the hospital with acute
severe asthma reported significant improvements in symptoms, respiratory
rate, heart rate, and airflow obstruction in patients given a reducing dose of
cortisone acetate compared to those treated conventionally (with subcuta-
neous adrenaline, inhaled isoprenaline, oxygen, antibiotics, and sedatives)
(51). These initial findings have been confirmed by a number of subsequent
studies. A double-blind, placebo-controlled comparison by Loren et al.
(52) compared treatment with prednisolone 2 mg/kg/day to placebo in 16
patients presenting with an acute asthma exacerbation. Patients given
prednisolone required less nebulized or intravenous f3,-agonist and demon-
strated significant improvements in PEF compared to placebo-treated
patients. Fanta et al. (53) performed a double-blind, placebo-controlled
study of intravenous hydrocortisone (given as a 2 mg/Kg bolus followed by
an infusion of 0.5 mg/kg/hr for 24 hours) in 20 patients who had persistent
symptoms and signs of an acute severe asthma exacerbation despite eight
hours of conventional treatment. Steroid-treated patients had significant
improvements in lung function compared to placebo, although the
improvements were not seen until 12 hours after the onset of treatment
(FEV increase 118+25% from baseline compared to 35+ 22% with pla-
cebo). Littenberg and Gluck (54) performed a similar placebo-controlled
study of a bolus of 125 mg intravenous methylprednisolone, given in addi-
tion to standard treatment, in 97 patients presenting to the emergency
room with acute severe asthma. While a nonsignificant trend in greater
improvements in FEV,; among the steroid treated patients was seen, signif-
icantly fewer patients treated with methylprednsiolone required admission
to the hospital for further treatment (19% vs. 47%, p < 0.003). A contrast-
ing study by Stein and Cole (55) was unable to demonstrate a reduction in
the number of patients requiring hospital admission following treatment
with an identical dose of intravenous methylprednisolone compared to pla-
cebo. The reasons for this negative finding are not obvious, but measure-
ments of lung function were not performed, and the study included a
requirement to admit patients when treatment time exceeded 12 hours.
The route of administration and dose of systemic corticosteroid in the
management of acute severe asthma have been a source of debate, particularly
since side effects such as myopathy are more likely to occur with high-dose
regimes (56). An early study by Haskell et al. (57) suggested that 40 or
125mg of intravenous methylprednisolone was associated with better
improvements in lung function than low-dose treatment (15 mg methylpredni-
solone). A number of subsequent studies, however, have failed to confirm this
finding (58-60). One problem is that the majority of studies of this kind have
been confined to a small number of patients, and a recent meta-analysis of nine
randomized, controlled trials comparing different doses of corticosteroids in
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adults hospitalized for acute severe asthma was undertaken (61). This pooled
analysis of over 300 patients concluded that doses of systemic corticosteroids
in excess of 80 mg/day of methylprednisolone (equivalent to 400 mg of hydro-
cortisone or 100 mg of prednisolone) offered no therapeutic benefit. Further
subgroup analysis suggested that oral treatment was as efficacious as the intra-
venous route, although data was included from only two studies (62). Overall
the evidence suggests that low-dose oral treatment will be sufficient for the
majority of patients presenting with acute severe asthma, although none of
the studies have included patients presenting in respiratory failure, and
intravenous treatment may be warranted in a subgroup at risk of failure
of absorption via the oral route, e.g., due to vomiting.

Following hospitalization due to acute severe asthma, patients are at
significant risk of relapse with one study estimating that 45% of patients
relapse by eight weeks following discharge (63). A number of studies have
therefore addressed the use of systemic corticosteroids in the prevention
of subsequent relapse. Chapman et al. (64) recruited 93 patients discharged
from the emergency room following treatment for acute severe asthma and
randomized them to receive either a tapering course of prednisolone (from 40
to 0 mg over eight days) or placebo. Compared to placebo, the prednisolone-
treated group had significantly fewer symptoms and less use of rescue bronch-
odilators during the first week and had a significantly lower rate of relapse (3
of 48 compared to 11 of 45, p < 0.05). A number of other studies have shown
similar results, both for short courses of oral prednisolone (65,66) and for
intramuscular corticosteroid (67). A meta-analysis of the available studies
concluded that as few as 13 patients needed to be treated with systemic corti-
costeroids on discharge to prevent relapse requiring additional emergency
care (68). There is little evidence to support the theory that the dose of corti-
costeroid should be slowly tapered with studies showing that the abrupt cessa-
tion of treatment after 7 to 10 days does not lead to a rebound deterioration in
symptoms or airflow obstruction (69,70). It is generally recommended that the
precise treatment regime be tailored to the individual patient; in some cases
longer courses of systemic corticosteroids may be needed.

D. Effects in Chronic Asthma

The highly effective anti-inflammatory properties of inhaled corticosteroids
mean that the vast majority of patients with asthma achieve adequate con-
trol without the need for systemic corticosteroid treatment, except perhaps
for the occasional severe exacerbation. The introduction of inhaled corti-
costeroids enabled many patients with chronic asthma to stop or dramati-
cally reduce their dose of oral treatment (71,72). A small number of
patients, however, have persistent symptoms, airflow obstruction, and/or
recurrent severe exacerbations of asthma despite the use of high-dose
inhaled corticosteroids and additional therapy such as long-acting f3,-
agonists, methylxanthines, and leukotriene modifiers. In this group of
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patients the regular use of maintenance doses of oral corticosteroids
requires careful consideration in view of the unfavorable therapeutic ratio.
There are surprisingly few studies supporting the use of maintenance oral
corticosteroids in these circumstances, with placebo-controlled evidence
dating back to the original Medical Research Council trial (51). This was
a randomized, placebo-controlled study in 96 patients with chronic sympto-
matic asthma comparing the effects of oral cortisone acetate at a dose of
300 mg/day, reducing to 100 mg/day after one week then tapered according
to clinical need. Attempts were made to withdraw treatment after 24 weeks.
Compared to placebo, patients receiving cortisone had fewer symptoms and
physical signs, better exercise tolerance, and were less likely to be with-
drawn from the study due to poor asthma control (73). Despite this, few
patients in either group were able to withdraw their study medication,
and by three months the differences in the two groups were no longer
significant. The majority of cortisone-treated patients experienced side
effects, most commonly weight gain, hypertension, and edema.
Subsequent clinical studies have largely compared the use of mainte-
nance oral corticosteroids with alternative anti-inflammatory treatments,
particularly inhaled corticosteroids. The British Thoracic and Tuberculosis
Association published the results of a double-blind, placebo-controlled,
cross-over study comparing the effects of oral prednisolone with the inhaled
steroids BDP and betamethasone valerate in 75 patients with mild to mod-
erate asthma, with a 24-week treatment period. Prednisolone was started
at a dose of 20 mg daily, reducing by 5 mg weekly until asthma control
was lost, while inhaled corticosteroids were given initially at 800 pg daily,
reducing in a similar fashion by 200 pg weekly. Upon loss of asthma symp-
tom control, treatment was increased again until a dose that lead to satisfac-
tory control was achieved. Prednisolone 7.5 mg daily achieved equivalent
asthma control to 400 pug of inhaled corticosteroid in the form of number
of “failure days” (defined as a day on which regular treatment needed to
be increased or <4 puffs of rescue bronchodilator was needed), mean
monthly PEF, and percentage of patients requiring an increase in treatment
or rescue oral prednisolone. Around 30% of patients receiving systemic
treatment reported steroid-related side effects (e.g., weight gain, edema,
and dyspepsia) compared to none receiving inhaled treatment. A number of
other, smaller studies of shorter (two to four weeks) duration have reported
similar findings suggesting that oral prednisolone 7.5-12 mg/day appear to
be as effective as 300-2000 p.g/day of inhaled beclomethasone or equivalent
(74-77). These studies have been the subject of a Cochrane review (78),
although differences in study design have precluded a formal meta-analysis.
It has been suggested that where maintenance systemic corticosteroids
are required an alternate-day regime may provide sufficient therapeutic
benefit while minimizing adverse effects (79). This recommendation appears
to be based on an early study by Harter et al., which assessed various oral
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corticosteroid dosing schedules and concluded that single doses given at 48-
hour intervals resulted in adequate asthma control with minimal side effects
(80). This study predated the widespread introduction of inhaled
corticosteroids, however, and it has subsequently been reported that inhaled
corticosteroids appear to be more effective than alternate-day doses of
prednisolone up to 60 mg (78,81), in contrast to the findings with daily
regimes. Furthermore, there is no evidence to support the suggestion that
a significant reduction in side effects is seen with intermittent dosing (82).

A further option for the systemic administration of corticosteroids in
chronic asthma is the use of intramuscular triamcinolone acetate. A small
number of randomized, controlled trials support its use in this setting.
McLeod et al. (83) performed a double-blind, cross-over study in 17
patients with chronic severe asthma comparing triamcinolone 80 mg IM
with prednisolone 10 mg daily, each drug given for 24 weeks. Asthma symp-
tom scores, lung function, need for rescue prednisolone, and weight gain
were all significantly better in the triamcinolone-treated group, although
side effects, particularly adrenal suppression, bruising, and hirsuitism, were
reported more commonly. Similar findings were reported by Willey et al.
(84). Higher doses of triamcinolone were used in the study of Ogirala
et al. (85) Here 12 patients with chronic oral corticosteroid—dependent
asthma undertook a randomized, double-blind, cross-over study comparing
triamcinolone 120 mg daily for three days with oral prednisolone at a me-
dian dose of 12.5 mg daily. Treatment with triamcinolone resulted in signifi-
cant improvements in peak expiratory flow, emergency room visits, and hos-
pitalizations than oral prednisolone, although side effects again tended to
be more common. The results of this study have been criticized, however,
since the use of inhaled corticosteroids was not reported, and since patients
were encouraged to taper their treatment, including the trial tablets, when
they felt that their symptoms were well controlled. This has raised the ques-
tion that patients may have been under-treated during the oral corticoste-
roid treatment period, although one could argue that the tapering of
treatment during a period of apparent stability reflects the behavior of many
patients in routine clinical practice. The available data, along with the clear
anti-inflammatory effects of intramuscular triamcinolone (40), do support a
role for its use in a small number of patients who are for some reason unable
to tolerate or absorb oral corticosteroids or who fail to comply with pre-
scribed regimes, although the risk of side effects must be carefully consid-
ered. Further prospective studies in this area are required.

V. Safety
A. Adverse Effects

As in other chronic inflammatory diseases the major limitation for the use
of systemic corticosteroids in asthma is their propensity for potentially
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serious adverse effects. Since all nucleated cells have glucocorticoid recep-
tors, a wide range of complications affecting most organ systems can occur.
The frequency of such complications in asthma is difficult to determine due
to a lack of reliable studies, and there is little evidence to suggest that the
profile of adverse effects in asthma differs from that seen in other cortico-
steroid-dependent diseases. Those that are a frequent cause of morbidity in
patients with asthma requiring systemic corticosteroids are discussed below,
and a more comprehensive list of potential adverse effects is given in Table 3.

Osteoporosis

The frequency of osteoporosis in chronic systemic corticosteroid use is thought
to be similar to that seen in Cushing’s disease at around 30% to 50% (86). The
effects appear to depend on both the cumulative dose and duration of use, with
highest rates of bone loss within the first six months of treatment (87). Fracture
risk declines rapidly on stopping treatment but may not return to baseline.
Alternate-dose regimens have been advocated but do not prevent accelerated
bone loss (88). It has been suggested that doses of < 7.5 mg prednisone or
equivalent may be safe (86), but this is controversial since accelerated rates
of bone loss have been described in patients with additional risk factors (such
as postmenopausal status) taking lower oral doses (89) and with inhaled corti-
costeroids (90). It has been suggested that corticoste roids contribute to an
increased fracture risk over and above their effects on bone mineral density
with higher risks of fracture than are seen in postmenopausal osteoporosis
(91). A retrospective cohort study comparing almost a quarter of a million oral
corticosteroid users in the United Kingdom with age- and sex-matched
controls calculated relative risks for vertebral fractures in patients taking oral
corticosteroids at a daily dose of < 2.5 mg prednisolone of 1.55 (95% CI
1.20-2.01) rising to 5.18 (CI 4.25-6.31) at doses of 7.5 mg or greater (92).

Corticosteroids predispose to osteoporosis via a range of mechanisms
on calcium and bone metabolism. Gastrointestinal absorption of calcium is
impaired and renal calcium excretion increased leading to secondary hyper-
parathyroidism and subsequent bone resorption. Further effects occur via
the suppression of pituitary and anabolic sex hormones. Additionally, cor-
ticosteroids directly reduce bone formation by inhibition of osteoblast
proliferation and synthesis of Type I collagen and other proteins (93). In
adults these mechanisms preferentially result in loss of trabecular bone,
predisposing them to spinal and rib fractures.

All patients requiring long-term systemic corticosteroids should be
given general advice to reduce bone loss, including good nutrition, adequate
dietary calcium, appropriate physical activity, and minimization of tobacco
use and alcohol abuse (87). Supplementation with calcium and vitamin D
should be considered for all patients receiving long-term corticosteroids
since several randomized, controlled trials have shown that this strategy
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Table 3 Potential Adverse Effects Associated with Systemic Corticosteroid Treatment

Metabolic
Hyperglycaemia
Weight gain
Hyperlipidaemia
Hypokalaemia

Endocrine

Suppression of growth in children
Adrenal suppression

Cushingoid habitus

Amenorrhoea

Musculoskeletal
Osteoporosis

Myopathy

Aseptic necrosis of bone

Ophthalmological

Cataracts

Glaucoma

Psychological and central nervous system
Altered mood

Insomnia

Psychosis

Pseudotumor cerebri

Immunological
Reduction of circulating immunoglobulins
Reactivation of previous infection including latent tuberculosis

Cardiovascular
Hypertension
Edema

Gastrointestinal
Gastric ulceration and hemorrhage
Pancreatitis

Dermatological

Acne

Increased skin fragility
Subcutaneous tissue atrophy
Impaired wound healing

can significantly reduce and even reverse bone loss (94-96). Calcium alone
does not have a similar protective effect (96). Measurements of bone mass
using dual X-ray absorpiometry (DEXA) should be considered to assess
fracture risk and is recommended by some groups (97). Bone-protective
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therapy should then be offered to all patients shown to have low-bone
mineral density and bone mineral density measurements repeated on an
approximately annual basis. The use of bone-protective therapy for all
patients at high-fracture risk (e.g., aged over 65 years or with past history
of fragility fracture) regardless of baseline bone densitometry is an alterna-
tive approach (87). Studies have suggested that in postmenopausal women,
hormone replacement therapy (HRT) prevents bone loss in those receiving
low to moderate doses of systemic corticosteroids (98). No studies, however,
have demonstrated similar efficacy in those requiring higher dose treatment
or have evaluated the role of HRT in preventing bone loss at the initiation of
corticosteroid treatment. Furthermore, there have been recent concerns
over the association between HRT and increased rates of breast cancer
and other diseases (99,100). Several large randomized, controlled trials have
shown that the bisphosphonates etidronate, alendronate, and risedronate are
effective in both the prevention and treatment of corticosteoid-induced
osteoporosis (101-103). While fracture prevention was not a primary end
point of any of these trials, post hoc and safety analyses have suggested that
each of these agents leads to a reduction in vertebral fracture (95,102,104).
The data for pamidronate and clodronate are less consistent (105,106). Cal-
citonin has been suggested as an alternative bone-sparing agent but needs to
be given via the intranasal and subcutaneous route and studies of its effect
have been inconsistent (107,108). Bisphosphonates used in conjunction with
calcium and vitamin D supplements are therefore probably the treatment of
choice for the prevention and treatment of osteoporosis in the majority
of patients requiring long-term systemic corticosteroids.

Myopathy

Prolonged treatment with moderately high doses of systemic corticosteroids
is associated with the development of a chronic myopathy, predominantly
affecting the proximal limb muscles. The weakness tends to develop gradu-
ally and may be accompanied by reduced respiratory muscle force. The inci-
dence of this complication has not been clearly evaluated but in one study a
degree of muscle weakness was observed in over 60% of patients with
asthma taking at least 40 mg of prednisone per day, but was almost never
seen in patients taking less than 30 mg a day (56). No correlation between
the degree of muscle weakness and biochemical markers, including muscle
enzymes and urinary creatinine excretion, was seen in these patients, and
there is currently no reliable biochemical test to confirm the diagnosis. A
number of case reports have described the development of an acute-onset
severe generalized myopathy in patients admitted to the hospital with acute
severe exacerbations of asthma (109,110). The majority of patients develop-
ing this complication had been intubated for a near fatal attack and had
received both parenteral corticosteroids and muscle relaxants. Recent
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cohort studies have estimated that of patients undergoing mechanical venti-
lation for severe asthma, around 30% of those treated with both corticoste-
roids and a neuromuscular blocking agent develop acute myopathy com-
pared to between 0% and 10% in those who receive corticosteroids alone
(111,112). Very high levels of skeletal muscle enzymes associated with dif-
fuse skeletal muscle necrosis may be seen, although the exact mechanism
is unclear (109). Patients may require extensive rehabilitation over several
months before fully regaining muscle function.

Adrenal Suppression

It is well recognized that systemic oral corticosteroids lead to suppression
of the adrenal cortex, with a significant dose-related reduction in morning
cortisol (77,113). This may lead to isolated central adrenal insufficiency
with prolonged suppression of the hypothalamic—pituitary axis but normal
adrenal function or, in more severe cases, complete suppression of the
hypothalamic—pituitary—adrenal axis (114). Patients tend to present in a
nonspecific manner and adrenal insufficiency should therefore be consid-
ered in all patients receiving at least S5mg of prednisone or equivalent
per day. Confirmation of the diagnosis requires the demonstration of sub-
normal cortisol levels that remain low despite adrenal stimulation and
should be treated with adequate glucocorticoid replacement therapy. The
risk of adrenal suppression increases with increased steroid potency, and
there is some evidence to suggest that taking corticosteroids only on
alternate days may reduce the risk of adrenal suppression (115).

All patients requiring long-term systemic corticosteroid therapy
should be considered at risk of adrenal insufficiency and advised to increase
their usual maintenance dose to cover intercurrent illnesses or surgery
(116). Recent evidence suggests that relatively low doses of additional cor-
ticosteroid will prevent adrenal crises (117), and even that simply continu-
ing the maintenance dose on the day of surgery is sufficient (118). The risk
of adrenal insufficiency persists up to 12 months after cessation of systemic
corticosteroids (119). It is thought that a protocol of slow tapering of
the corticosteroid dose minimizes the risk of adrenal crisis, but controlled
trials comparing this approach to abrupt steroid cessation following
prolonged steroid use have not been done.

Cataracts

Prolonged use of systemic corticosteroids is an important risk factor for the
development of posterior subcapsular cataracts (120). Cataracts were
reported in 18% of respiratory patients requiring long-term corticosteroids
compared to 8% of matched controls in one recent study (121). It is not
clear whether the risk of cataracts is dose dependent (122), and it has been
suggested that a subset of patients may be particularly susceptible (123).
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The mechanism by which corticosteroids predispose to cataract formation
is unknown and treatment requires surgical removal of the lens.

B. Interaction with Other Drugs

A number of other drugs may affect the pharmacokinetics of corticosteroids,
increasing the potential for adverse effects and in some circumstances redu-
cing the therapeutic response. Common drug interactions are given in Table 3.

C. Special Situations
Children

The main concern when using systemic corticosteroids in children is the
risk of suppression of linear growth. Even small daily doses of 2.5-5 mg of
prednisolone per day given to children with mild asthma over periods as
short as two weeks have been associated with growth suppression in
children with asthma (124). Systemic corticosteroid naive children with
asthma are also at risk of growth retardation. Chang et al. (125) studied over
230 asthmatic children and found that those who had never received oral
corticosteroids or who had been given only occasional rescue courses
had an average height of around one standard deviation lower than their
age- and sex-specific predicted means. Children treated with oral cortico-
steroids for two years or more had a mean height of two standard deviations
lower than predicted (125). No difference was seen between children
treated with an alternate day or daily corticosteroid regime, although other
studies have suggested that inhibition of growth may be less with an alternate-
day regime (126,127). The mechanisms of linear growth suppression are
poorly understood but may be analogous to those leading to osteoporosis
in corticosteroid-treated adults. Aside from growth delay, children may be
particularly susceptible to the other corticosteroid-related side effects out-
lined earlier. Adrenal suppression, for example, has been observed in 20%
of children receiving four or more short-rescue courses of oral corticoste-
roids per year for asthma exacerbations (128). Children are particularly
vulnerable to the development of posterior subcapsular cataracts, which
occur at lower corticosteroid doses than in adults (129) and have been seen
after only six months of systemic treatment (122). As in adults, prolonged
treatment with systemic corticosteroids should be recommended only where
absolutely necessary and where a clear clinical benefit can be demonstrated
(see recommendations).

Pregnancy and Breastfeeding

Approximately 10% to 15% of pregnant women with asthma experience
at least one acute exacerbation requiring emergency treatment (130). Concern
over the safety of oral corticosteroids in pregnancy has at times resulted in a
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reluctance to prescribe oral steroids in this setting (131). Numerous studies,
however, including a large case—control study of over 20,000 subjects,
have shown no association between the use of systemic corticosteroids in
pregnancy and adverse fetal events, including congenital malformation
(132,133). Findings of an early animal study that raised questions over the
development of cleft palate (134) have not been confirmed in humans
(132). The results of one case—control study, which did report a possible link
between oral corticosteroid use and cleft lip, are seriously limited by flaws
in study design (135) and an alternative analysis of the data does not support
a positive association (136). Both severe asthma and systemic corticosteroids
have been associated with an increased risk of maternal pre-eclampsia
(137,138). Finally, a recent multicenter, prospective study of over 2000
patients with asthma found that the use of oral steroids during pregnancy
was associated with both preterm delivery [odds ratio (OR) 1.54, 95% CI
1.02-2.33] and low birth weight <2500g (OR 1.8, 95% CI 1.13-2.88), even
controlling for asthma severity (139). Despite this, the major risk to both
mother and fetus during pregnancy comes from inadequate treatment of
severe asthma, and pregnancy should never be a contraindication to the use of
systemic corticosteroids in asthma (82).

There is no evidence to support the theory that maternal systemic cor-
ticosteroid use leads to adrenal suppression in the fetus (140). Similarly, the
incidence of maternal adrenal suppression is unknown, although guidelines
suggest that intravenous hydrocortisone should be administered during labor
to women receiving prednisolone of more than 7.5 mg daily for more than two
weeks in view of the theoretical risk (82). Concentrations of corticosteroids in
the breast milk of mothers treated with systemic steroids are very low, and
there are no clinically important risks to breastfed infants (141).

VI. Recommendations

A. Systemic Corticosteroids in the Management of
Acute Severe Asthma

Systemic corticosteroids are essential in the management of asthma exacer-
bations. Current guidelines recommend that they be given in all but the
mildest of exacerbations (defined as a prompt response to inhaled f3,-
agonists resulting in a PEF of > 80% of predicted or best after one hour)
(142). Unless there are problems of absorption or recurrent vomiting, oral
administration is as effective as the intravenous route, although intra-
muscular injections may be considered where compliance is in doubt yet
hospital admission is not required (141,143). Daily doses of 40-50 mg
of prednisolone, 60—80 mg of methylprednisolone, or 400 mg of hydrocorti-
sone (100 mg every six hours) are recommended for adults and 1 mg/kg/day
for children (82,141). Systemic corticosteroids should be continued until
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recovery and, therefore, the optimum duration of treatment should be tai-
lored to the individual, although at least five days is usually needed (82).
Providing inhaled corticosteroids are given, abrupt cessation of treatment
is appropriate except in the few patients receiving prolonged courses of
oral corticosteroids (82).

B. The Management of Chronic Oral
Corticosteroid-Dependent Asthma

Where adequate control of symptoms, airflow obstruction, and/or recur-
rent exacerbations cannot be achieved with inhaled corticosteroids and
bronchodilators, maintenance doses of oral corticosteroids may be consid-
ered. Given the narrow therapeutic window and potential severity of
adverse effects we suggest that a number of steps be made before systemic
corticosteroids are recommended in this way. First, failure to respond to
conventional treatment, including inhaled corticosteroids, should always
prompt a review of the accuracy of the asthma diagnosis. Objective confir-
mation of a diagnosis of asthma may be particularly difficult in this group
since it is often difficult to withdraw treatment such as high-dose broncho-
dilators, the presence of which may limit the interpretation of physiological
tests. Nevertheless, stringent attempts at demonstrating variable airflow
obstruction should be made using peak expiratory flow monitoring, spiro-
metry before and after bronchodilators and/or oral corticosteroids, and
measurements of AHR to methacholine, histamine, or exercise (141).
The demonstration of airway inflammation using induced sputum and/or
exhaled nitric oxide (NO) may also be helpful, although no test is specific
to asthma. Alternative diagnoses should be rigorously excluded in patients
with a lack of objective evidence of asthma coupled with a poor response to
inhaled treatment.

Second, even where objective confirmation of asthma is obtained,
consideration of additional comorbidities should be given since current
symptoms may not be due to asthma. Thus, the presence of dysfunctional
breathlessness, gastroesophageal reflux, rhinosinusitis, nasal polyposis,
bronchiectasis, and other additional pathologies should be identified and
appropriately treated. Inhaled corticosteroids are less effective in cigarette
smokers (144) and smoking cessation advice should be given. Third, non-
concordance to inhaled treatment should be considered, although this
may be difficult to identify. This may arise for a number of reasons, includ-
ing poor technique with the prescribed device, a lack of understanding of
the rationale of treatment, concern over potential side effects, or because
the patient’s perception of the goals of treatment differs from that of their
health professional. Successful strategies for managing non-concordance
remain unclear, although patient education, including the provision of writ-
ten material, may help (145).
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Having addressed these areas consideration should be given to the
nature and extent of the underlying pathophysiology, since this may provide
important information about the likelihood of systemic corticosteroid
response. The identification of persistent eosinophilic airway inflammation,
for example, appears to be a marker not only of recurrent severe exacerba-
tions but also of a potential for improvement with additional anti-inflamma-
tory treatment (36,43). Conversely, neutrophilic airway inflammation
has been associated with a poor response to corticosteroids (146,147).
Additionally, patients who achieve significant improvements in symptoms
and airflow obstruction following short treatment trials may be more likely
to benefit from systemic corticosteroids in the longer term.

Once a decision to treat with systemic corticosteroids has been made
priority should be given to the prevention of adverse effects. The lowest
possible dose to control symptoms, airflow obstruction, and exacerbations
should be given and the addition of steroid-sparing agents should be consid-
ered. High doses of inhaled corticosteroids have been shown to be the most
effective of these (148) and should always be continued. Additional options
include methotrexate, gold, and cyclopsorin, although the response to these
agents is unpredictable (82). The use of alternate-day dosing regimes is
controversial, being recommended by some guidelines (141) but not others
(82). Oral corticosteroids have a preferable side-effect profile, although
intramuscular triamcinolone is a useful alternative, particularly where
non-concordance is an issue. Patients and clinicians should be aware of
the range of potential side effects and, in particular, strategies for the pre-
vention of osteoporosis should be applied as already discussed. Finally,
patients receiving chronic systemic corticosteroid treatment should remain
under specialist care and the continuing need for this treatment should be
reassessed at every opportunity.
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. Introduction

Allergic diseases, such as allergic asthma, are hypersensitivity reactions
initiated by immunological mechanisms (1,2). They are usually mediated
by IgE antibodies, triggering an inflammation characterized by an increase
in production of Th2-type cytokines at a mucosal surface, the interface
between the external and the internal environments. Allergic diseases usually
occur in atopic individuals who are genetically predisposed to producing IgE
antibodies in response to low doses of general environmental allergens, e.g.,
pollens, mites, and danders. Although allergies mediated by other immuno-
globulins (e.g., IgG-immune complexes that can activate complement) or
lymphocytes (e.g., allergic contact dermatitis to chromium and nickel) also
exist, the major part, if not all, of allergic asthma is IgE mediated. The
cross-linking of mast cell/basophil membrane cell-bound IgE antibodies by
allergen results in the release of inflammatory mediators that are responsible
for the signs and symptoms of allergy. IgE sensitization to an allergen can
develop in childhood or throughout life, and subsequent allergen contact,
which may occur years later, can initiate a severe attack of allergic asthma.
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An anti-IgE antibody, omalizumab (Xolair®), was approved in
the United States in July 2003 for the treatment of moderate to severe
allergic asthma in adults and adolescents. Omalizumab is licensed for use
in allergic asthma in Australia and is under evaluation for use in patients with
uncontrolled severe persistent allergic asthma in Europe. In this chapter, we
will describe the role of IgE in allergic asthma and the rationale for anti-IgE
therapy. We will present clinical data illustrating proof of the anti-IgE
concept and results from the pivotal phase-III clinical studies showing
efficacy of omalizumab in adult and pediatric asthma patients. Consideration
will be given to the anti-inflammatory effects of anti-IgE treatment with oma-
lizumab and which patients are most likely to benefit from anti-IgE therapy.

Il. What Is IgE?

The discovery of IgE in 1968 represented a major breakthrough in our
understanding of allergic disease (3). Although allergy had been recognized
for centuries, and the possible existence of the “reagins” responsible had
been reported in the early 20th century, allergology had been regarded with
suspicion until this new immunoglobulin was declared.

IgE has a molecular weight of 190kDa. Its structure is shown in
Figure 1. The heavy chain includes four constant regions, Ce1-4, of which
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Figure 1 The primary structure of IgE. Variable domains bind antigen, while con-
stant domains determine secondary biological function (e.g., cell surface binding).
Abbreviations: Vi variable domain of the light chain; Vg, variable domain of the
heavy chain; C; constant domain of the light chain; Cel-4, constant domains of
the heavy chain; Fab, antigen binding fragments; Fc, crystallizable fragments.
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Ce2—4 constitute the Fc fragment. As in other antibodies, the antigen-
binding site is contained in the Fab fragment (at the VL/VH domains).
The Ce3 domains of Fc bind either of the two IgE receptors, the high-
affinity receptor FceRI [Kp = (1—2) x 10~° M], or the low-affinity receptor
FceRII (Kp=1 x 107M). Monomeric IgE, free in circulation, has been
reported to have a half-life of two to three days but recent studies of trans-
fused IgE antibodies showed a half-life as short as 1.13 days (4). However,
once IgE binds to receptors it can remain stable for weeks. Its concentra-
tion in the serum is highly dependent on age and sex (decreasing from
the age of 20 years) and is very low. The range is approximately 1-100 pg/L,
which corresponds to 2040 IU/mL using the NIBSC/WHO reference 75/
502 (5-7), which is considerably lower than that of any other immunoglobulin,
e.g., 1/100,000 of IgG. Levels are typically higher in allergic populations, e.g.,
allergic asthma (10-1000 pg/L) (8), and highest in comorbid patients with more
than one allergic disorder, e.g., in patients with asthma and ““atopic dermatitis”
(9,10). However, high serum IgE levels, without any related IgE antibodies, have
been reported in viral infections (11), in response to air pollution like cigarette
smoke (12), and also in immunological interactions like graft-versus-host
disease after bone marrow transplantation (13).

A. The Role of IgE in Asthma

The role of IgE in the initiation of the allergic cascade is well established
(14). The IgE-mediated allergic cascade involves a biphasic response with
an immediate or early allergic response (EAR) and a late allergic response
(LAR) (15). EAR is an acute response that occurs within one hour of expo-
sure to allergen. It is characterized by constriction of the bronchi and bron-
chioles, contraction of smooth muscle and vasodilation of capillaries, and
overstimulation of mucous glands and nerve endings. LAR occurs 4 to 24
hours after initial allergen challenge. It is characterized by chronic infiltration
of the airways by immune cells, resulting in prolonged airflow obstruction
and determining the severity of bronchial hyper-responsiveness. After 24 to
48 hours, infiltrating Th2 cells stimulate the release of proinflammatory cyto-
kines. IgE plays a critical role in both the EAR and the LAR via interaction
with the FceRI and FceRII receptors. In addition, IgE enhances the effi-
ciency of antigen presentation to T cells via interaction with FceRI receptors
on antigen-presenting cells (16).

The complete form of FceRI is a tetramer (afy;) and is expressed on
a variety of cell types, predominantly on mast cells and basophils. FceRI is
expressed as a trimer (oY) on antigen-presenting cells (16), such as mono-
cytes (17), epidermal Langerhans cells (18), and peripheral blood dendritic
cells (19) (but is not expressed on their progenitors). It is also expressed on
epithelial cells (20), platelets (21), and, at a low level, on eosinophils (22).
The IgE-FceRI interaction has 1:1 stoichiometry (23).
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FceRII (also called CD23) is expressed on B cells, eosinophils, plate-
lets, natural killer cells, Th2 cells, follicular dendritic cells, Langerhans cells,
and epithelial cells (24). FceRII exists in two forms (FceRIla and FceRIIb).
FceRIla mediates endocytosis by B cells, and FceRIIb, the sequence of
which differs only in a few amino acids, plays a role in IgE-mediated phago-
cytosis by diverse cells (25). Eosinophils express both forms (26). The IgE—
FceRII interaction has 2:1 stoichiometry.

EAR results from IgE-mediated mast-cell degranulation. Mast cells
are major players in the allergic response (27). When IgE antibodies on
mast cells or basophils are cross-linked by allergen, the cells become acti-
vated. Interaction of receptor-bound IgE antibodies with soluble multiva-
lent allergen leads to receptor aggregation. By signal transduction, a
complex series of events ensues, including recruitment of intracellular
protein kinases, phospholipases, influx of Ca’" ions, and synthesis of
proinflammatory mediators. This culminates in rapid (i.e., within minutes)
degranulation, the release of the stored contents of cytoplasmic granules
and of newly formed mediators by exocytosis (Fig. 2A). A plethora of
mediators is released, including histamine, leukotrienes, the anticoagulant
heparin, neutral proteases (such as tryptase and chymase, which constitute
approximately 30% of the total granule protein), complex-carbohydrate-
cleaving enzymes, platelet activating factor, chemokines, prostaglandins,
and an array of cytokines [IL-3, IL-4, IL-5, IL-6, IL-10 and IL-13, tumor
necrosis factor (TNF)-a, GM-CSF, and others] (28). Acute allergic symp-
toms are generated by interaction of these preformed and newly formed
mediators with specific receptors on the target tissues. Unlike basophils,
mast cells do not circulate, although they can migrate through the tissues
in which they are localized, and are usually present in perivascular connec-
tive tissue, epithelia, and lymph nodes. In patients with allergic asthma,
mast cells localize in the bronchial smooth muscle bundles. Asthma
severity increases with smooth-muscle mast-cell density, because mast cell
migration to airway mucus glands and degranulation increase bronchial
hyper-responsiveness and mucous secretion (27).

The cause and significance of the LAR is less understood. A number
of studies have shown that eosinophils play a major role. Eosinophilic
inflammation has been shown to be related to asthma severity (29) and
asthma exacerbations (30). However, long-term suppression of circulating
eosinophils by an antibody to IL-5 did not protect against the LAR, indi-
cating that eosinophils are not solely responsible for the effect (31). Eosino-
phils are selectively recruited to the site of inflammation from the
microcirculation (Fig. 2B). Their cytoplasmic granules have a crystalloid
core of major basic protein and a matrix of eosinophil cationic protein,
eosinophil-derived neurotoxin, and eosinophil peroxidase. These unique
toxic inflammatory mediators and a variety of cytokines and lipid media-
tors are both synthesized and released by degranulation in response to
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Figure 2 Early and late asthmatic responses. (A) Sequence of events following
mast-cell sensitization by IgE (activation and degranulation), the early allergenic
response. (B) Role of eosinophils in the late allergenic response.

IgE binding to the FceRI receptor. However, whether this is the major path-
way of the LAR is uncertain, due to the low level of FceRI expression on
eosinophils (32). Major basic protein and eosinophil cationic protein have
profound cytotoxic effects on the airway epithelium (33), and for this
reason, eosinophils are often regarded as the primary effector cells in asthma.

Interaction of IgE with the FceRII receptor has been implicated in
allergy, although its role has not yet been fully elucidated. FceRII is multi-
functional and its roles include the induction of IgE synthesis (34-36) and
the maintenance and modulation of the IgE response (35). IgE binding to
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the FceRII receptor has been shown to be responsible for rapid and specific
transepithelial antigen transport in allergic rats (36). As asthmatic airway
smooth muscle expresses surface FceRII, and expression is upregulated
by IgE-FceRII binding (37), it is possible that FceRII is involved in a
similar transepithelial migration pathway in humans, acting like an adhe-
sion molecule to facilitate the phagocytosis of IgE-bound antigen. FceRI
has also been implicated in the IgE-mediated presentation of allergen on
antigen-presenting cells (38). In addition, although not as predominant as
its role in binding IgE, membrane-bound FceRII (and the soluble form)
has functions in the allergic response that do not involve interaction with
IgE, such as in cell-cell interaction, acting as an adhesion molecule that
binds B integrins, and in cytokine-like activities (39).

Allergen presentation to T cells is enhanced by IgE-FceRI complexes
on antigen-presenting cells (16), including dendritic cells (40), macrophages
(41), and Langerhans cells (42). Allergen presentation leads to Th2-cell-
mediated allergic reactions and their associated clinical symptoms. Circu-
lating myeloid dendritic cells are rapidly recruited to the airway epithelia
following allergen inhalation (43,44), and numbers of dendritic cells are
significantly higher in the airways of patients with asthma compared with
control individuals (p < 0.02) (45). Dendritic cells express FceRlIa, but
not FceRIP (46,47), and expression of FceRla is significantly increased
in patients with asthma compared with control individuals (p < 0.003)
(45). Allergens can thus be internalized and presented by dendritic cells
by cross-linking of allergen-IgE antibodies bound to the o chain of FceRI
(48). However, the B chain is necessary for signal transduction (48).

These roles of T cells, B cells, mast cells, and eosinophils in the early
and late asthmatic reactions are summarized in Figure 3.

lll. Anti-lgE as a Therapeutic Strategy

The majority of asthma is allergic in nature and initiated by IgE antibody
(49). Targeting of factors involved in the allergic response, such as IgE,
represents a novel strategy for the development of new therapeutic agents
for allergic diseases. The importance of FceRI-mediated mast-cell degranu-
lation and FceRI and FceRII-mediated enhancement of antigen presen-
tation in the development of an allergic reaction make these two processes
particularly suitable for therapeutic intervention. IgE binding to its Fc
receptors mediates both processes and therefore represents an ideal target
for therapeutic attenuation of the allergic cascade. This IgE-receptor-
binding step might be blocked by inhibitory peptides with structures based
on the receptor. However, such receptor-derived peptides may elicit an anti-
peptide immune response and anaphylaxis through receptor cross-linking.
A preferable strategy is to use a monoclonal anti-IgE antibody that binds



Anti-IgE Therapy for Asthma 269

Allergen
APC Symptoms
ﬁj 10 B e of allergic
Tho @ —® _, inflammation
Selection
Expansion ;”'_4 IgE H‘is‘tamine' —Acute
Tho @7 Iélpld mediators ¢ Cough
allergen Mast C’;fgmr?ess * Chest tightness
R Sce" Chemokines * Wheeze
GM-CSF * Dyspnea
Chronic
Recruitment, . .
Basic proteins * Bronchial
(,5/( activation Enzymes hyper-
Lipid mediators responsiveness
Eosmophll Cytokines (BHR)
Chemokines

Figure 3 The interactions between mast cells, B cells, antigen-presenting cells, eosi-
nophils, and airway tissues that are mediated by IgE during chronic asthma. Source:
From Ref. 49.

free, but not receptor-bound, IgE and thereby inhibits initiation of the
allergic cascade by preventing IgE binding to receptors.

As IgE-receptor binding directs immune responses through the mul-
tiple cell types on which Fc receptors are expressed, the effects of blocking
it could be expected to be manifold (Fig. 3). Blocking IgE binding to FceRI
receptors on dendritic cells could reduce the efficiency of antigen presenta-
tion to T cells (16), while blocking binding to FceRI receptors on mast cells
and basophils could prevent allergen-induced degranulation and avoid the
effects following the release of inflammatory mediators (27). In addition,
blocking IgE binding to FceRII receptors on monocytes and eosinophils
could prevent IgE-mediated phagocytosis (25).

For reasons of tolerability, a therapeutic anti-IgE antibody must be
non-immunogenic and non-anaphylactogenic. In addition, the binding affi-
nity between IgE and the antibody should favor the formation of immune
complexes small enough to result in a reasonable rate of clearance without
immune-complex-mediated adverse reactions. To achieve therapeutic effi-
cacy, a dose of anti-IgE capable of nearly completely removing free IgE might
be necessary, as FceRI receptor density on effector cells is high (10*-10° per
cell) and only 2000 IgE molecules are required for half-maximal histamine
release from basophils exposed to allergen (50).

IV. Anti-IgE Therapy with Omalizumab—Proof of Concept

A monoclonal humanized recombinant anti-IgE antibody (omalizumab)
has been generated from a human IgG; framework onto which is grafted
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the complementarity-determining region from a murine anti-IgE antibody
(51). This was designed for optimal safety. As the entire molecule contains
fewer than 5% murine residues, it has a low potential for immunogenicity
(51). Omalizumab recognizes the Ce3 domain of free human IgE (Figs. 1
and 4). As this is the same site that binds the FceRIa and FceRII receptors,
omalizumab cannot bind receptor-bound IgE and is thereby prevented from
inducing mast-cell or basophil degranulation and anaphylaxis (51). This has
been demonstrated by in vitro and in vivo studies (52) and clinical studies in
2845 patients. Analytical ultracentrifugation and size-exclusion chromato-
graphy revealed that omalizumab-IgE complexes are generally small, the
largest consisting of a cyclic or near-cyclic heterohexamer of three IgE
and three anti-IgE molecules (<10°kDa) (53). While this species formed
at a molar ratio of 1:1, a heterotrimer of two IgE molecules and one anti-
IgE was the dominant species formed at the more physiological molar ratio
of 10:1 (IgE to anti-IgE), and a heterotrimer of one IgE and two anti-IgE
molecules was dominant at a 1:10 molar ratio.

The therapeutic potential of omalizumab was confirmed in a multi-
center, double-blind, placebo-controlled trial enrolling 240 patients, which
found omalizumab to considerably reduce serum free IgE (54). In some
patients, concentrations of serum free IgE decreased by >90% over 12 weeks
of omalizumab administration (from 160 IU/mL to below the detection limit
of 101U/mL, 24 ng/mL), and a dose of 0.005 mg/kg/week omalizumab for
each IU/mL of free IgE in serum at baseline was effective in reducing serum
levels of free IgE to the lowest detectable level at steady state. Another
study, which found omalizumab to reduce serum levels of free IgE to
1% of pretreatment levels, also reported a marked reduction of FceRI
on basophils: the pretreatment median receptor density was 220,000
per basophil, reducing to a median of 8300 after three months of omali-
zumab therapy (55). This reduction in receptor density was accompanied
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Figure 4 Structures of the complexes formed by interaction of the antigen-
recognition site of omalizumab with the Ce3 site of IgE. The heterotrimer is formed
at molar ratios of 1:10 and 10:1, and the heterohexamer at a molar ratio of 1:1.
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Figure 5 The reduction in serum free IgE by omalizumab binding is associated
with downregulation of the high affinity FceRI receptor. (A) Schematic showing
receptor downregulation by IgE. Likewise, an increase in serum free IgE is associated
with an increase in FceRI-receptor expression. This process is believed to occur in
both basophils and mast cells. (B) Correlation between basophil FceRI expression
and serum levels of free IgE in patients receiving omalizumab. Source: From Ref. 56.

by a reduction in responsiveness of basophils to stimulation by allergen of
approximately 90%, suggesting that FceRI density on basophils is regu-
lated by serum levels of free IgE (Fig. 5A,B) (56). The mast-cell response,
as measured by skin tests, was also markedly reduced (55), and it is likely
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that similar FceRI down-regulation occurs in mast cells, which are morpho-
logically very similar to basophils. This suggests that FceRI-receptor density
is regulated by circulating levels of free IgE, and that moderately reducing
free IgE with omalizumab is very effective in reducing FceRI expression.

Two preliminary studies further support the therapeutic use of omali-
zumab in patients. In patients with allergic asthma, nine weeks’ omalizu-
mab therapy (57) reduced serum free IgE to levels below or approaching
the detection limit and increased the dose of allergen required to provoke
an allergic response (for bronchoconstriction, increased from 1:870 to
1:459; for cutaneous reaction, increased from 1:10,000 to 1:2000). In addi-
tion, it attenuated both the EAR [mean maximum fall in forced expiratory
volume in one second (FEV;) during which EAR decreased from 30% to
18.8%, p=0.01 vs. placebo], and the LAR (mean maximum fall in FEV,
during which EAR decreased from 24% to 9%, p =0.047; induced sputum
eosinophil count reduced 11-fold; methacholine responsiveness PCy,
improved). Similarly, 11 weeks’ omalizumab therapy (58) reduced serum free
IgE by 89%, and attenuated the EAR [scored as improvements in metha-
choline responsiveness (PC,, p <0.05, final measurement) and allergen
responsiveness (PCys, p <0.002, throughout)].

Clinical benefit with omalizumab is observed when free IgE levels in
serum are reduced to 50ng/mL (20.8 IU/mL) or less [target 25 ng/mL
(10.41U/mL)]. The ability of omalizumab to reduce free IgE levels to this
extent depends on dose and the patient’s weight and baseline IgE level. To
simplify dosing and ensure that free IgE reduction is achieved, an individu-
alized tiered dosing table was developed. According to this table, patients
receive omalizumab, 150-375 mg, by subcutaneous injection for every two
or four weeks, depending on weight and starting IgE level (Fig. 6) (59).

Body weight (kg) 30-60 >60-70 >70-80 >80-90 >90-150

Frequency
Baseline IgE (IU/mL) Mg/dose of dosing
230-100 150 150 150 150 300 Q4wk
>100-200 300 300 300 300 | 225 Q2wk
>200-300 300 225 225 225 300
>300-400 225 225 300 300
>400-500 300 300 375 375 Not dosed
>500-600 300 375
>600-700 375

Figure 6 Omalizumab subcutaneous doses for adolescents and adults with allergic
asthma. Source: From Ref. 59.
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V. Pivotal Studies in Asthma

Pivotal in the clinical evaluation of omalizumab were three large, multicenter,
randomized, double-blind, placebo-controlled, phase III studies conducted
in a total of 1405 children, adolescents, and adults (aged 6 to 76 years) with
moderate to severe allergic asthma. Patients had a positive skin prick test to
one or more common allergens to which they were exposed, and serum total
IgE levels 30 to 700 (or an upper limit of 1200 in children) IU/mL
(60—62). These three studies had a similar design (Fig. 7): a four- to six-
week run-in phase prior to randomization; a 16-week “steroid-stable”
phase, where placebo or active treatment was given in addition to stable
inhaled corticosteroid (ICS) treatment [beclomethasone dipropionate
(BDP)]; and a 12-week “‘steroid-reduction” phase, in which ICS therapy
was gradually reduced to the optimal lowest dose required for an acceptable
level of asthma control, ending with four weeks at a constant, minimal ICS
dose. Subcutaneous injections of 150-750 mg omalizumab were given every
four or two weeks (doses above 225 mg were divided into two and given
every two weeks). The dose was calculated from patient baseline IgE and
body weight to provide at least 0.016 mg/kg per IU/mL of IgE per four
weeks. Baseline characteristics of the patients enrolled are shown in Table 1.
The primary endpoint for the studies in adults was reduction in asthma
exacerbations during the steroid-stable or steroid-reduction phases. Exacer-
bations were defined as a worsening of asthma requiring treatment with oral
or intravenous corticosteroids or doubling of baseline ICS dose.

1 year
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Figure 7 Phase III study design.
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These three core studies demonstrated fewer asthma exacerbations
in patients treated with omalizumab compared with placebo (percentage
of patients experiencing exacerbations vs. placebo, p < 0.001) (Fig. 8). In
addition, patients receiving omalizumab significantly reduced their require-
ment for ICS versus placebo (p <0.001) (Fig. 9), and significantly more
patients on omalizumab than placebo withdrew completely from ICS therapy
[p <0.005 (60-62)]. In the adult studies (60,61), improvements in rescue-
bronchodilator use, asthma symptoms, and FEV; were also observed versus
placebo (all p < 0.05) and, in the pediatric study (62), rescue-bronchodilator
use was reduced versus placebo (p =0.004) and a trend was seen toward
improvement in asthma symptoms and FEV;.

The long-term efficacy of omalizumab in adults was demonstrated in
24-week double-blind extensions to the Busse core study by Lanier et al.
(63), and to the Solér core study, by Buhl et al. (64). Of 525 patients from
the Busse core study, 460 entered the Lanier extension, and were randomized
either to omalizumab or placebo added on to the lowest sustained dose of
BDP as established during the steroid-reduction phase of the core study
(63). More patients in the omalizumab group completed the extension with-
out using ICS (27% vs. 10%, p <0.001) and remained exacerbation-free
(68.2% vs. 57.2%, p=10.015) than in the placebo group, and omalizumab
recipients used less ICS than placebo recipients overall (p < 0.001). Of the
546 patients who took part in the Solér study, 483 continued for 24 weeks
on randomized treatment in the Buhl extension (64). Compared with placebo
recipients, more omalizumab recipients completed the extension without

10 O Omalizumab W Placebo
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p<0.001
0.6 p=0.006
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Exacerbations per
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Busse W, et al. Solér M, et al. Milgrom H, et al.
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Figure 8 Reduction in asthma exacerbations with omalizumab treatment: pivotal
phase IIT studies (60-62). Patients received either omalizumab (0.016 mg/kg/TU/
mL) or placebo for 16 weeks. Exacerbation was defined as worsening of asthma
requiring treatment with oral or I.V. corticosteroids or doubling of baseline beclo-
methasone dipropionate dose.
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Figure9 Median (%) change in inhaled corticosteroid dose with omalizumab: pivotal
phase III studies (60-62). Patients received either omalizumab (0.016 mg/kg/IU/mL)
or placebo for 16 weeks.

using ICS (33.5% vs. 13.5%, p <0.001) and remained exacerbation-free
(76% vs. 59.4%, p < 0.001), and omalizumab recipients maintained a lower
dose of ICS than placebo recipients throughout (p < 0.001).

Asthma-related quality of life (QoL) in the three pivotal studies by
Busse (60), Solér (61), and Milgrom (62) was assessed by Finn et al. (65),
Buhl et al. (66), and Lemanske et al. (67), respectively. The effect of omali-
zumab therapy was assessed using the Juniper Asthma Quality of Life Ques-
tionnaire (AQLQ) (68) over 52 weeks in adults, and the pediatric AQLQ
(PAQLQ) over 28 weeks in children. In adults with moderate to severe
asthma (66), progressive improvements throughout the 52 weeks were
observed across all four domains of the AQLQ (activities, emotions, symp-
toms, and exposure) and overall AQLQ, which were significant at the end of
each treatment phase versus placebo (all p < 0.05). Juniper et al. have deter-
mined that improvements in the AQLQ score of >0.5, 1.0, and 1.5 repre-
sented the minimal clinically important difference, a moderate change, and
alarge change in QoL, respectively (69). The proportion of patients achieving
large improvements in AQLQ (increase in overall score >1.5 points from
baseline) was significantly higher in omalizumab recipients than placebo
recipients in all domains, except exposure, and overall at the end of the ste-
roid-reduction phase. Results in the Finn assessment (65) were similar, with
omalizumab recipients showing significant improvements in AQLQ domain
and overall scores at the end of each phase compared to placebo (p < 0.05
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for all changes, apart from the emotions domain at the end of the extension
phase). In addition to the statistical analysis, more omalizumab recipients
showed clinically relevant improvements [defined as an increase in AQLQ
>0.5 points from baseline (69)] than placebo recipients in all domains at
the end of the steroid-stable and extension phases (p < 0.05). In pediatric
patients with allergic asthma well controlled by daily ICS (67), at the end of
both the 16-week steroid-stable phase and the 12-week steroid-reduction
phase, PAQLQ scores improved across all domains, except emotions, and
overall in the omalizumab recipients versus placebo recipients at the end of
the steroid-reduction phase (p < 0.05). Again, the proportion of patients
achieving clinically relevant [>0.5 points (69)] or large [>1.5 points (69)]
improvements was greater in the omalizumab group than in the placebo group,
and significantly so in the activities domain and overall at the end of steroid
reduction. These studies have shown that the reduction in asthma exacerba-
tions seen with omalizumab treatment correlates with improvements in QoL.

Asthma exacerbations are potentially life-threatening episodes of acute
airways inflammation, and hospitalization resulting from exacerbations con-
stitutes the greatest cost to the health care system for asthma. In patients with
allergic asthma, exacerbation reduction is one of the most important goals of
management (70), particularly for patients with severe asthma. To determine
the effect of long-term omalizumab therapy on the rate of serious exacerba-
tions, data from the three phase-III pivotal studies (60—62) were pooled and
analyzed (71). The rates of unscheduled, asthma-related outpatient visits
(rate ratio 0.60, p <0.01) and emergency room visits (rate ratio 0.47,
p < 0.05) were lower for omalizumab-treated patients versus patients receiv-
ing placebo, and hospitalizations were markedly reduced from 3.42 events per
100 patient years on placebo treatment to (0.26 on omalizumab treatment
(rate ratio 0.08, p < 0.01).

Following the three pivotal studies in moderate to severe asthma, a
study focusing on patients with severe asthma evaluated the efficacy of oma-
lizumab as add-on therapy (72). This multicenter, randomized, double-blind,
and placebo-controlled study included 146 patients (aged 12 to 75 years)
who required >1000 pg/day fluticasone to maintain control of their asthma.
During a 6- to 10-week run-in, ICS therapies were standardized by switching
patients to fluticasone. This was followed by a 32-week double-blind treat-
ment period in which patients received omalizumab [at least 0.016 mg/kg/
IgE (IU/mL) every four weeks; n = 126] or placebo (n = 120) as add-on ther-
apy, including a 16-week fluticasone-stable period, a 12-week fluticasone-
reduction period, and a four-week maintenance period in which patients
were maintained on the minimum fluticasone dose for adequate symptom
management. Patients receiving omalizumab had a greater reduction in
fluticasone dose during the 32-week treatment period than patients receiving
placebo (median 60.0% vs. 50.0%, p =0.003), and more patients receiving
omalizumab reduced their fluticasone dose by >50% than patients on
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placebo (73.8% vs. 50.8%, p =0.001). Despite the reduction in fluticasone
dose, there was no loss of control of asthma symptoms with omalizumab.
Indeed, patients in the omalizumab group showed improvements in asthma
symptom scores (0.9 vs. 1.4) and reduced rescue-medication use (—0.75 vs.
0.1) over placebo at the end of the 32-week steroid-stable period, which were
significant at most time points throughout the steroid-stable and steroid-
reduction periods (p < 0.05). Likewise, more omalizumab than placebo recip-
ients showed improvements in asthma-related QoL [AQLQ (68)] scores
throughout the 32-week treatment period that were clinically relevant
(>0.5 points; overall score 57.5% vs. 38.6%, p<0.001) and large (>1.5
points; overall score 16.0% vs. 5.9%, p <0.05). The results showed that
add-on therapy with omalizumab in patients with severe allergic asthma
not only reduced the requirement for ICS, but also improved disease control.
This suggests that omalizumab therapy is particularly beneficial for this very
severe patient population.

VI. Selecting Patients for Anti-lgE Therapy
with Omalizumab

Omalizumab is currently licensed in the United States for the treatment of
moderate to severe persistent allergic asthma in patients of 12 years of age
or more. Patients are required to have a positive skin test or in vitro IgE
reactivity to a perennial acroallergen and symptoms that are inadequately
controlled with inhaled corticosteroids. To help identify the place of oma-
lizumab in therapy, additional analyses of clinical data from asthma studies
have been performed to determine which patients are most likely to benefit
from omalizumab therapy.

One such analysis investigated whether patients at high risk of exacer-
bations and hospitalizations would be likely to benefit. This meta-analysis
(73) evaluated three randomized, double-blind, placebo-controlled studies
(60,61,72), including a total of 1412 adults and adolescents with moderate
to severe asthma requiring daily treatment with ICS. A subgroup of 254
patients [69/525 patients from Busse 2001 (60), 73/546 patients from Solér
2001 (61), and 112/341 patients from Holgate 2001 (72)] was identified as
being at high risk of serious asthma-related morbidity or mortality on the
basis of baseline asthma history: Patients were identified as high risk if they
had ever been intubated before screening, or if they had visited an emer-
gency room, experienced overnight hospitalization, or undergone treatment
in an intensive care unit during the year prior to screening. Of the 254 high-
risk patients, 135 were treated with omalizumab and 119 received placebo.
The primary outcome measure was the annualized rate of significant asthma
exacerbation episodes in the 16-week steroid-stable phase. Significant asthma
exacerbation episodes were defined as exacerbations that required a doubling
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of baseline ICS dose (60,61) or use of systemic corticosteroids (in all three
studies).

The significant asthma exacerbation rate in the steroid-stable phase
was more than halved in the omalizumab group to 0.69 per patient year
compared with 1.56 in the placebo group (p =0.007). This translated into
prevention of 87 significant asthma exacerbations for every 100 patients
treated with omalizumab for one year. In addition, the proportion of
patients with at least one significant asthma exacerbation during this phase
was reduced to 18% with omalizumab compared with 35% with placebo.
Although most patients experiencing significant asthma exacerbations
experienced only a single significant asthma exacerbation, fewer patients
receiving omalizumab experienced multiple significant asthma exacerba-
tions. Likewise, over the whole 32-week study period, the significant asthma
exacerbation rate decreased to 0.92 from 2.04 (omalizumab vs. placebo,
p<0.001) and the proportion of patients with at least one significant
asthma exacerbation decreased to 44% from 66% (omalizumab vs. placebo).
On the basis of these results, it was estimated that omalizumab would prevent
significant asthma exacerbations in 17 patients of every 100 treated during
stable ICS treatment, and in 22 of every 100 treated in the entire 32-week
study. This corresponds to a number needed to treat (NNT) of 5.7 or 4.6
patients to maintain one patient free of significant asthma exacerbations
(steroid-stable phase or whole study period, respectively).

Another analysis was used to determine which patient characteristics
are associated with a response to omalizumab. This was a pooled explora-
tory analysis (74) of the two adult pivotal studies (60,61). Among the parti-
cipants in these two studies were 1070 poorly controlled patients, who were
symptomatic despite therapy with moderate to high doses of ICS (mean
dose 725 ng/day BDP) or who had a history of emergency asthma treatment
in the last year. Of these, 542 received omalizumab and 528 received
placebo over a 16-week period. The factor most predictive of best response
on treatment with omalizumab was a history of emergency asthma treat-
ment in the preceding year: The response rate in patients with this history
was 67% with omalizumab and 42% with placebo, versus 63% and 54%,
respectively, in patients without (p =0.015). High dose of ICS (>800ug/
day) was also predictive: Response rates were 65% with omalizumab and
40% with placebo in patients receiving high-dose ICS versus 63% and
55%, respectively, in patients receiving lower-dose ICS (p =0.037). Low
FEV, (<£65% predicted) was suggestive of a response: Response rates were
60% with omalizumab and 40% with placebo in patients with low FEV,
versus 67% and 53%, respectively, in patients with high FEV; (p =0.072).
Patients with at least one of these factors showed odds of responding that
were 2.25 times higher than placebo (95% CI; 1.68-3.01). These results
suggest that omalizumab treatment is most likely to benefit patients with
severe, poorly controlled asthma.
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The same analysis (74) also evaluated the time taken for patients to
respond to omalizumab therapy and how this related to the eventual response
at study end (16 weeks). Of the patients who responded at 16 weeks, 61% had
responded as early as four weeks after initiation of therapy, while the figure
increased to 87% at 12 weeks. These findings support a minimum duration
of treatment of 12 weeks as add-on therapy with omalizumab before deciding
whether to continue therapy.

The efficacy of add-on therapy with omalizumab in a poorly controlled
subpopulation of patients has since been confirmed in a “real-life’ clinical
setting by Ayres et al. (75). Patients enrolled in this randomized, open-label,
multicenter, parallel-group study had moderate to severe asthma that was
poorly controlled by current asthma therapies, prescribed according to best
standard care (BSC). BSC included ICS and long-acting [3,-agonists
(LABAs). The study included adults and adolescents receiving high-dose
ICS (BDP or equivalent >800 pg/day adults, >400 nug/day adolescents). Poor
control was defined as >1 emergency room visit or hospitalization and >1
additional course of oral corticosteroids for asthma in the year preceding
the study. The primary efficacy variable was the annualized mean number
of asthma-deterioration-related incidents (ADRIs) recorded in patient daily
diaries and defined as at least one of the following events due to asthma:
course of systemic corticosteroids or antibiotics for >2 days, >2 missed
school or work days, unscheduled physician visit, hospitalization or emer-
gency room visit. Of 312 patients enrolled, 38.8% were receiving a daily dose
0f 2000 pg BDP, 30.1% a daily dose of 1000 ng BDP, and 16.0% a daily dose
of 4000 ug BDP at baseline. In addition, 77.9% of patients were receiving
concomitant LABAs, and 21.2% were receiving systemic corticosteroids at
baseline. The 206 patients randomized to receive BSC with omalizumab
experienced a reduced ADRI rate compared with the 106 patients receiving
BSC alone (4.92 vs. 9.76 per patient year, p < 0.001). The asthma exacerba-
tion rate decreased with omalizumab (2.86 placebo vs. 1.12 omalizumab
per patient year, p < 0.001); the significant reduction in asthma exacerbations
with omalizumab therapy was not affected by concomitant medication with
LABAs s or anti-leukotrienes (Fig. 10). Compared with BSC alone, add-on ther-
apy with omalizumab also increased the proportion of patients requiring less
than one day per week of rescue medication (20.7% vs. 41.4%, p < 0.001),
improved FEV; (2.28 vs. 2.48L, p=10.02), and reduced symptom scores
(-0.7 vs. —=6.5, p<0.001). In addition, omalizumab decreased the mean
asthma exacerbation rate irrespective of the concomitant asthma medications
used (such as LABAs).

Current guidelines recommend the use of LABAs in addition to ICS
therapy for the long-term preventive management of step 3 (moderate per-
sistent) and 4 (severe persistent) asthma in adults and children over five
years old (70). Given this widespread LABA use, it is important to evaluate
the added benefits of omalizumab alongside concomitant LABA medication.
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Figure 10 The effect of concomitant asthma medications on relative asthma
exacerbation rates in patients with poorly controlled moderate to severe asthma
receiving omalizumab therapy. Source: From Ref. 75.

In the Ayres study, above (75), a similar proportion (78%) of patients in
the omalizumab and BSC groups were receiving LABAs. The reduction
in exacerbation rate with omalizumab was similar whether patients were
also receiving LABAs or not: Rate ratios with LABAs versus without
LABAs were 0.41 versus 0.35. Similarly, leukotriene-modifying agents and
oral steroids did not affect the efficacy of omalizumab. These results suggest
that the benefits of omalizumab are independent of concomitant medica-
tion use.

Taken together, the results from these studies indicate that patients
benefiting most from omalizumab add-on therapy are those high-risk
patients with more severe disease whose asthma is poorly controlled despite
the best available therapies. This corresponds to a considerable burden, as
the overall rate of asthma-related hospitalizations is considerable [19.5 per
10,000 population in the United States in 1995 with an average stay length
of 3.7 days (76)]. In these patients, omalizumab has the potential to
substantially improve disease control and symptoms.

To confirm this, a multicenter, randomized, double-blind, and
placebo-controlled, parallel-group trial is currently in progress to evaluate
the efficacy of add-on therapy with omalizumab in adults and adolescents
with poorly controlled severe persistent allergic asthma. A total of 420 patients
with serious symptoms of allergic asthma (frequent asthma exacerbations)
who were inadequately controlled by GINA step 4 treatment [high-dose ICS
(BDP > 1000 pg/day), long-acting ,-agonists, and other concomitant asthma
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therapy, including oral corticosteroids] were randomized. Exacerbation rates,
asthma symptoms, QoL, and lung function will be studied over the 28-week
double-blind treatment period to provide information regarding the efficacy
of omalizumab in this most severe asthma population that, despite all available
therapies, continues to be poorly controlled and experience frequent asthma
exacerbations.

VIl. Studies in Other IgE-Mediated Allergies

Although allergic asthma is an extremely prevalent condition, globally
affecting 100 to 150 million people (77), other IgE-mediated reactions
are also major public health concerns. These include intermittent allergic
rhinitis, which can be seasonal (SAR), persistent allergic rhinitis (PAR),
latex allergy, and peanut- and tree-nut-induced anaphylaxis. These diseases
often coexist (78) and have many pathophysiological features in common.
Indeed, concomitant rhinitis is linked with more severe asthma, and in a
retrospective study in 4944 patients with allergic asthma, patients treated
for allergic rhinitis had approximately half the risk of subsequent asthma-
related hospitalizations or emergency room visits (p =0.001) (79). It seems
likely, therefore, that appropriate treatment of one disease may confer
improvements in the other.

In the United States alone, approximately 40 million people have SAR
(80), while PAR affects 20 to 40 million people (81). SAR and PAR are
characterized by ocular and nasal symptoms that can have a considerable
detrimental effect on patients’ QoL (82). Omalizumab has been shown to
be effective in the treatment of both conditions. In an eight-week random-
ized, double-blind, and placebo-controlled trial in 251 adult patients
with a history of SAR, average daily nasal symptom severity scores were
unchanged throughout treatment during the pollen season in patients re-
ceiving omalizumab (0.71 at baseline vs. 0.70 overall), while they increased
in placebo recipients (0.78 at baseline vs. 0.98 overall) (p <0.001) (83).
Average daily ocular symptom severity scores decreased from baseline
(0.47 vs. 0.43), in contrast to an increase in placebo recipients (0.43 vs.
0.54) (p=0.031). The average number of tablets of rescue antihistamine
taken per day (0.59 vs. 1.37) and the proportion of days on which rescue
medication was taken (49% vs. 28%) was lower in the omalizumab group
versus placebo (both p <0.001). QoL was improved in the omalizumab
group versus placebo for all domains of the rhinitis quality of life question-
naire (RQLQ) (84), as well as the total score, and clinically relevant
improvements [>0.05 units (85)] were observed in total score and the four
domains of activities, nasal symptoms, non-nose—eye symptoms, and prac-
tical problems. Patients’ assessments of treatment effectiveness favored
omalizumab over placebo (p =0.001).
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A 12-week multicenter, randomized, double-blind, and dose-ranging,
placebo-controlled trial was conducted in 536 patients aged 12 to 75 years
with a history of moderate to severe ragweed-induced SAR (86). Patients
received 50, 150, or 300 mg omalizumab or placebo subcutaneously every
three to four weeks, depending on baseline IgE levels. Nasal symptoms were
less severe in patients receiving the 300 mg dose of omalizumab than in the
placebo group (p =0.002). The reduction in nasal symptoms correlated
with reductions in IgE [<50 ng/mL, 20.8 IU/mL (59)] and rescue antihista-
mine use (all p < 0.05), and rescue antihistamine use was reduced in the
300 mg dose group compared with placebo (p =0.005). In addition, RQLQ
scores were consistently improved across the domains in patients receiving
the 300 mg dose of omalizumab compared with placebo (p < 0.05 for activi-
ties, sleep, non-nasal and emotions domains, and overall).

A 16-week, randomized, double-blind, placebo-controlled trial of
omalizumab in 289 adults and adolescents (aged 12 to 70 years) demonstrated
its efficacy in moderate to severe symptomatic PAR (87). A dose of at least
0.016 mg/kg/IgE (IU/mL) per four weeks reduced average daily nasal sever-
ity scores throughout treatment versus placebo (p < 0.001). Again, average
rescue-antihistamine use and proportion of days on which it was taken were
both lower in the omalizumab group (both p < 0.005). Patients randomized
to omalizumab experienced greater improvements in rhinoconjunctivitis-
specific quality of life (RQoL) scores, and patients’ global evaluation of
treatment efficacy favored omalizumab versus placebo (p < 0.001).

Concomitant asthma and rhinitis is common and correlates with more
severe asthma (79). The efficacy of omalizumab in a comorbid population
of patients with asthma and rhinitis was investigated in a 28-week, multi-
center, randomized, double-blind, and parallel group, placebo-controlled
trial (88). A total of 405 adults and adolescents with concomitant moderate
to severe allergic asthma (history of at least one year) and moderate to severe
persistent PAR (history of at least two years) receiving moderate- to high-dose
ICS (BDP >400upg/day) were randomized. The coprimary efficacy vari-
ables were the incidence of asthma exacerbations during the 28-week treat-
ment period and the proportion of patients who responded to treatment
with a >1.0 point improvement in both asthma and rhinitis QoL scores.
Omalizumab was given to 209 patients as add-on therapy to existing treat-
ment regimens and placebo to 196. Omalizumab reduced the incidence of
asthma exacerbations compared with placebo (20.6% patients vs. 30.1%,
respectively, p=0.02), and resulted in more responders (>1.0 point
improvement in both AQLQ and RQLQ scores) than placebo (57.7% vs.
40.6%, p < 0.001). Omalizumab treatment also improved total Wasserfallen
symptom scores for asthma (treatment difference —1.8, p=0.023), and
rhinitis (-3.53, p <0.001) compared with placebo. Exacerbation rates were
similar in patients receiving and not receiving LABAs. These results show
that, in patients with concomitant asthma and rhinitis, omalizumab is
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effective in reducing symptoms of both diseases when added to standard
asthma and rhinitis therapies. These results are consistent with previous
suggestions that coordinated management of asthma and rhinitis achieves
optimal disease control. As both diseases share the common mechanism of
IgE-mediated immune pathology, anti-IgE therapy is of particular benefit in
comorbid patients.

In addition to treating rhinitis, omalizumab has demonstrated poten-
tial efficacy in the treatment of other IgE-mediated allergic diseases. Latex
allergy primarily affects health care workers because they are frequently
exposed to latex gloves and other latex-containing medical supplies. Their
exposure to latex is ongoing and product avoidance is difficult. Symptoms
may be local and/or systemic and include debilitating conjunctivitis,
rhinitis, urticaria, and bronchospasm in addition to anaphylaxis. Prevalence
among health care workers as high as 17% has been reported (89), but
more representative figures today would be 5% to 10%. A 16-week, rando-
mized, placebo-controlled trial evaluated the efficacy of omalizumab in 18
health care workers with latex allergy (90). The primary efficacy variable
was the conjunctival challenge test score and all participants had a positive
test score at baseline. Participants receiving omalizumab (150-750 mg/mo
according to body weight and total serum IgE) showed improvements in
conjunctival test scores at the end of the study compared with placebo
(» =0.019). Placebo recipients subsequently treated with open-label omali-
zumab also had improved scores. Anti-IgE is a promising strategy for latex
allergy and further studies are required.

Peanut- and tree-nut-induced anaphylaxis is potentially life threatening.
It is estimated to affect 1.5 million people in Britain (91) and about three
million Americans (92). The prevalence in developed countries is estimated
as 0.6% to 1.0% (93). Peanut avoidance can be impracticable in the current
era of convenience foods and supermarket food shopping. As peanut-
induced anaphylaxis is mediated by IgE, prophylactic treatment with an
anti-IgE antibody could protect sufferers from anaphylaxis. A 20-week,
randomized, double-blind, placebo-controlled, dose-ranging study of a
humanized anti-IgE IgG1 monoclonal antibody (very similar to omalizu-
mab) was conducted in 84 patients with a history of immediate hypersensi-
tivity to peanut (94). Patients received placebo, 150, 300, or 450 mg of the
antibody subcutaneously every four weeks, and underwent a final oral food
challenge four weeks after the last dose and a final evaluation at week 20.
In patients receiving 450 mg doses, the mean threshold of sensitivity to
peanut at the final oral food challenge increased from a baseline of
178 mg (equivalent to approximately half a peanut) in a dose-responsive
manner to a maximum of 2805 mg (equivalent to approximately nine
peanuts) (p < 0.001). These results suggest that anti-IgE therapy could be
a beneficial new treatment option for patients with this life-threatening
condition.
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VIIl. Anti-inflammatory Actions of Omalizumab

Clinical studies have provided some indirect evidence of the anti-
inflammatory actions of omalizumab, as patients have been able to reduce
their dose of inhaled corticosteroids or withdraw completely from inhaled
corticosteroid treatment. To further explore the mechanisms involved, a
number of studies have been conducted with the aim of defining the markers,
factors, and mediators affected by omalizumab in the immunological and cel-
lular reactions of the inflammatory cascade. Together the data suggest that
omalizumab may act on multiple components of the inflammatory cascade.

As previously discussed, a study in allergic individuals showed that
omalizumab down-regulates FceRI expression on basophils by reducing
serum levels of free IgE (55), and this process attenuates the EAR. This
was again demonstrated in a study of 24 subjects with ragweed-induced
allergic rhinitis (56). Alongside a decline in IgE levels (>95%), there was
a reduction in FceRI expression on basophils at 7, 14, 28, and 42 days after
starting 72-hour omalizumab treatment as compared with baseline
(p <0.0001) and placebo (p < 0.01), and the maximum reduction occurred
within 14 days (median change —73%).

Similarly to its effect on FceRI expression on basophils, omalizumab
was found to reduce dendritic cell FceRI expression in patients with allergic
rhinitis within 14 days (median change —78%, p=0.004) (95). Dendritic
cells are central to allergen presentation and the induction of Th2 responses
in the LAR. The demonstration that an anti-IgE antibody inhibits prolifera-
tion of allergen-specific T cells, even at low allergen concentrations (96),
reaffirmed this. In addition to the interaction of allergen-bound IgE with
FceRI on dendritic cells, the interaction of allergen-bound IgE with FceRII
RII on B cells is important in T-cell activation, and the effects of omalizu-
mab may have been due, in part, to this. Further studies are needed to
assess the role of omalizumab in reducing dendritic-cell-mediated antigen
presentation.

Other inflammatory mediators are also reduced in patients with
asthma receiving omalizumab treatment. In a multicenter, randomized,
placebo-controlled study of 35 patients with moderate to severe asthma, cir-
culating levels of IL-13 decreased after 16 weeks of omalizumab treatment
compared to the placebo group (-2.4 pg/mL; p < 0.01), and non significant
reductions were seen in IL-5 (-2.65 pg/mL) and IL-8 (-1.64 pg/mL) (97).
No differences were detected for I1L-6, 1L.-10, or s-ICAM throughout the
study. As IL-13 and IL-5 are produced by Th2 cells, eosinophils, mast cells,
and basophils, while IL-6 and IL-10 are produced by Th1/Th2 cells, macro-
phages and endothelial cells, these results reflect the proposed mechanisms
of action of omalizumab. The authors also found that, after 16 and 52 weeks
of omalizumab treatment, blood eosinophils were decreased compared with
placebo (-25% and —50%, respectively, both p < 0.01).
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Eosinophilia is one established feature of inflammation (29,30), and
interaction between IgE and FceRII expressed on the surface of eosinophils
may play an important role (34-36). A study in 74 asthma patients with
disease severity ranging from intermittent to mild-to-moderate and severe
persistent asthma, and 22 healthy non-atopic control subjects, was con-
ducted to investigate the association between airways inflammation and
disease severity (29). Using the method of induced sputum, asthma severity
was monitored alongside sputum eosinophilia and eosinophil cationic pro-
tein (ECP). Sputum eosinophil counts were higher in patients from across
the spectrum of asthma severity than in control subjects, and increased with
asthma severity (p <0.05). ECP concentration also increased with asthma
severity (p < 0.05). Lung function parameters, symptom scores, and the
inflammatory index PC,, in asthma patients all correlated with eosinophil
count and ECP concentration. These results indicated that eosinophilic
inflammation, which occurs during the LAR, can be used as a marker of
asthma severity.

Similar results were obtained in a randomized, placebo-controlled
trial that compared the efficacy of asthma management by normalization
of induced sputum eosinophil count with that by standard British Thoracic
Society guidelines (30). In 74 patients with moderate to severe asthma
treated with corticosteroids, there were fewer asthma exacerbations (35 vs.
109, p =0.01) and fewer asthma-related hospitalizations (1 vs. 6, p =0.047)
during the 12-month study period in those in the sputum management
group compared with those in the BTS management group. Eosinophilia
is therefore a valuable indicator of asthma control.

As eosinophilia correlates with asthma severity, it was hypothesized
that reducing IgE in the airway mucosa would reduce airway inflammation.
The effect of omalizumab on the eosinophil-mediated part of the inflam-
matory cascade was tested in a 16-week, five-center, double-blind, and
placebo-controlled, parallel-group study by Djukanovi¢ et al. (98). To avoid
interference from concomitant ICS, the 45 patients in this study were
selected to have mild asthma that did not require ICS. Previous studies
on eosinophils had included patients receiving ICS (57,97). The primary
outcome measure was the effect of omalizumab on sputum eosinophilia.
The mean percentage sputum eosinophil count decreased from 6.6% to
1.7% in 21 omalizumab recipients analyzed (p < 0.001), a reduction greater
(» =0.05) than in the 22 placebo recipients (8.5-7.0%) (Fig. 11A). There
was a concomitant reduction in epithelial and submucosal eosinophils, as
measured by immunohistochemical analysis of bronchial biopsies, from
8.0 cells/mm? to 1.5 cells/mm? (p < 0.001) in the 10 omalizumab recipients
analyzed, compared to the nonsignificant change from 6.3 cells/mm? to
6.4 cells/mm? (p =0.03) observed in the placebo group (Fig. 11B). These
findings indicate that omalizumab does indeed act on the eosinophil-
mediated component of airways inflammation in asthma. This considerably
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Figure 11 The effect of 16 weeks of omalizumab treatment on airway eosinophil
counts. (A) Percentages of eosinophils in induced sputum. (B) Eosinophil counts in
the bronchial submucosa. Horizontal bars represent medians. Source: From Ref. 98.

improves the understanding of the role of IgE in allergic asthma. It provides
insights into the mechanisms of airways inflammation, and those by which
omalizumab reduces asthma exacerbations and other asthma outcomes in
more severe asthma. Anti-inflammatory effects may provide a mechanistic link
between a direct reduction in IgE, reductions in eosinophil accumulation, and
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reductions in IL-4. In the Djukanovic et al. study (98), omalizumab decreased
cell surface IL-4 compared with placebo (p < 0.001), and expression of cell-
associated IL-4 and submucosal eosinophils (Spearman’s rank correlation
Ry=0.78, p < 0.001). IL-4 activates B cells for IgE production and is known
to facilitate the endothelial adhesion of eosinophils (99), and is produced by
Th2 cells in response to allergen challenge. This finding therefore suggests that
omalizumab may mediate eosinophil reduction via IL-4. As IL.-4 is also pro-
duced by mast cells, basophils, and eosinophils, the effects of omalizumab
on eosinophils could result indirectly from its action on Th2 cells (via altered
antigen presentation from affected dendritic cells, a process which is also
enhanced by IL-4 or due to inhibition of mast cell or basophil degranulation).
Taken together the results of these studies provide convincing evidence for the
significant anti-inflammatory effects of omalizumab.

IX. Tolerability of Omalizumab

Since the first clinical trials in 1999, a total of 4127 patients have received
omalizumab in completed studies, of whom 3224 received omalizumab in
controlled studies, and 2845 received omalizumab in phase IIB/III clinical
studies. The majority of adverse events with omalizumab were of short
duration and mild-to-moderate intensity. In the phase IIB/III studies,
adverse events with omalizumab were similar to those in control patients,
regardless of asthma severity (Table 2). These 2845 patients each received
at least 12 weeks of omalizumab treatment, while 2060 received more than
24 weeks, 688 more than 36 weeks, and 555 more than 52 weeks. In all con-
trolled studies, three patients experienced anaphylactic reactions associated
with subcutaneous treatment. One case was attributed to antibiotic use, and
the other two resolved with therapy following discontinuation of omalizu-
mab. No evidence of immune complex syndrome has been observed in
any controlled study. Only one case of a patient developing anti-omalizumab
antibodies has been reported, and this occurred during a Phase-I pilot study
assessing the feasibility of administering omalizumab by aerosol inhalation.
No other patient serum sample had detectable immunoreactivity to omali-
zumab in any study to date. As it has been postulated that IgE has a classic
role in the immune defense against parasitic infestation (100), the incidence
of parasitic infections was also monitored, but no increase was observed
with omalizumab treatment over placebo, supporting the notion that the
IgE-antibody response seen to helminthes has no or little role in an immune
defense. Although expert opinion is divided as to whether IgE is involved in
immune-defense mechanisms against cancer, detailed analyses into the
occurrence of neoplasia have found no evidence to suggest any link with
omalizumab treatment. Malignant neoplasms were observed in 20 of 4127
(0.5%) omalizumab-treated patients compared with five of 2236 (0.2%)
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Table 2 Combined Safety Data from Controlled (Phases IIB and III) Studies
on Omalizumab

Allergic asthma controlled

All controlled studies (%) studies (%)
Omalizumab Control Omalizumab Control

Preferred term (n=13224) (n=2019) (n=2076) (n=1383)
Any AE 74.8 75.8 80.5 78.1
Infection viral 19.8 22.6 23.3 26.3
Headache 17.0 17.2 15.4 15.6
Pain back 54 5.8 6.9 7.0
Respiratory AEs

Upper respiratory 18.2 18.7 20.0 20.5

tract infection

Sinusitis 12.8 15.1 16.4 17.6

Pharyngitis 10.3 9.3 10.7 10.3

Rhinitis 7.2 9.0 9.1 10.6

Coughing 6.7 8.0 6.5 7.3

Bronchitis 6.2 7.4 8.8 10.3

The table shows adverse events (AEs) occurring in >5% of patients.

control patients in clinical studies of asthma and other allergic disorders.
The observed malignancies in omalizumab-treated patients were a variety
of types, with breast, non-melanoma skin, prostate, melanoma, and parotid
occurring more than once, and five other types occurring once each. The
majority of patients were observed for less than one year.

X. Future Directions

IgE plays a central role in the initiation and propagation of the inflamma-
tory cascade and therefore in the allergic response. The concept of attenu-
ating allergic disease by specifically inhibiting IgE and the development of
omalizumab, the first agent capable of achieving this, were major break-
throughs in the management of allergic asthma. Specific binding of IgE
by omalizumab has been shown in clinical trials to diminish both early
and late asthmatic responses, and reduce symptoms of IgE-mediated allergy
irrespective of the allergen. Clinical studies have shown that the benefits of
omalizumab therapy have been particularly highlighted in patients at high
risk of exacerbations, patients with poorly controlled asthma, patients with
severe asthma, and patients with IgE-mediated comorbidities.

Future studies will continue to explore the anti-inflammatory mech-
anisms of anti-IgE therapy. As many of these mechanisms are common to
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all IgE-mediated, allergic diseases, the efficacy of omalizumab in other
allergic diseases needs to be further considered. Several large studies have
already established efficacy in allergic rhinitis (83,86,87), and preliminary
investigations have already shown efficacy in other IgE-mediated diseases
such as peanut allergy (94) and latex allergy (90). Future studies are likely
to evaluate omalizumab in patients with severe allergic asthma and with
concomitant rhinitis and eczema. In the latter case, pretreatment, e.g., with
pimecrolimus and antibiotics, could drastically reduce total IgE levels and
thus lead to a situation where anti-IgE treatment had a realistic chance to
eliminate IgE antibodies relevant for the allergic disease.

Another interesting application of anti-IgE therapy would be as a tem-
porary cover during intermittent allergic diseases, e.g., seasonal asthma and
rhinitis. The effect of the anti-IgE injection is already demonstrable within
days to weeks, but once circulating IgE is captured in the immune com-
plexes and the numbers of FceR on mast cell and basophil cell surfaces
are down-regulated, it takes months to restore the allergy reactive “capa-
city” again. Thus, one or two injections before the pollen season could keep
the patient symptom-free for the entire season.

In addition to treating allergy, anti-IgE injections could be a most
valuable tool to prevent IgE-mediated side effects of allergen-specific
immunotherapy (ASIT). Side effects during the initial stage of uptitration
of the allergen dose in ASIT are not uncommon, and even cases of severe
allergic anaphylaxis have been reported. One or two injections of anti-
IgE could, most likely, be an effective ASIT “umbrella,” allowing a safe
and faster way to reach maintenance allergen doses.

As the field of medicine continues to evolve, there is a growing trend
toward the ideal of tailoring therapy to the individual. There is a need for
likely responders to anti-IgE therapy to be identified on the basis of their
genetic and environmental predispositions and serological profiles. Based
on our present understanding of the role of IgE in allergic inflammation
it is obvious that an anti-IgE therapy will only be valid if the asthma really
is an IgE-mediated allergic asthma, as declared by the FDA. Thus, if no IgE
antibodies can be detected in serum the potential therapeutic effect of anti-
IgE therapy is questionable. In addition, it seems logical that if these IgE
antibodies represent a significant percentage of all IgE molecules in
circulation the anti-IgE therapy will be most efficient; there is less ballast
IgE to eliminate. Although, during anti-IgE treatment, the IgE molecules
in circulation are part of circulating IgE/anti-IgE immune complexes, it
is possible, at least with the best immunoassays for IgE antibody on the
market, to detect and quantitate individual IgE antibody specificities.
Since these immune complexes are treated by the body as IgG complexes
they have a half-life in the order of three weeks. Thus, the IgE antibody
that is found in serum is a result of an allergen stimulation some three
weeks ago.
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It is also possible to evaluate any residual allergen sensitivity of the
basophils of patients on anti-IgE treatment (101) using allergen threshold
stimulation. In a subgroup of a previous study (72), basophils of patients
on omalizumab for more than three years were found to have a very weak
allergen sensitivity (approximately 1-2% of non-treated patients). How-
ever, even though almost non-sensitive, the basophils were still reactive;
clinically irrelevant, high doses of the same allergens resulted in a signifi-
cant up-regulation of basophil, histamine-related surface marker CD63
(SGO Johansson, unpublished observation).

We have good recasons to believe that the future will provide new
opportunities for therapeutic monitoring based on IgE serology and aller-
gen-specific inflammatory markers. Thus, it will be possible not only to
identify anti-IgE drug responders but also to ensure adequate dosing over
time. However, all the exciting future aspects discussed need further studies
before they can be recommended for routine patient care.
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. Introduction

Most patients with persistent asthma can be well controlled with minimal
toxicity employing strategies that include avoidance of clinically relevant
allergens, pharmacotherapy, allergen immunotherapy in selected patients,
and control of comorbid conditions such as rhinosinusitis and gastroeso-
phageal reflux that can otherwise negatively impact asthma. Nonetheless,
even with the broadening repertoire of agents now approved as asthma
treatments (inhaled and systemic corticosteroids, leukotriene modifiers,
cromolyn, nedocromil, B-agonists, methylxanthines, and omalizumab),
and increasing use of regimens that combine several agents that have com-
plementary mechanisms, there remains a subset of patients who either do
not respond adequately to available agents or develop significant toxicities
to them. Consequently, there is still an important need for additional phar-
macologic agents for asthma. In addition to the development of new thera-
pies, there are alternate agents that are currently available for human use, that
have undergone at least some clinical trials for asthma, but are approved for
indications or uses other than for asthma, such as rheumatologic disease
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or suppression of transplant rejection. Generally, these available alternate
agents have known immunosuppressive or other immune-modulating effects
that, at least in concept, might benefit the inflammatory basis of asthma.
Specifically, these agents include gold, methotrexate, azathioprine, hydroxy-
chloroquine, dapsone, nebulized lidocaine, inhaled furosemide, cyclosporine,
intravenous immunoglobulin, and troleandomycin (1-4).

Il. Patient Candidates for Alternate Asthma Treatments

Because of the potential toxicity of some proposed alternate treatments for
asthma, asthma patients who might be considered candidates for therapy
with alternate agents are often the most problematic of asthma patients.
These patients may fall into several subsets. First, there are patients who
do respond to systemic corticosteroids, but are termed steroid dependent
because they require chronic administration of systemic corticosteroids,
often at doses that have the potential to cause significant side effects such
as osteoporosis, cushionoid features, or glucose intolerance. Second, there
are patients who are termed steroid resistant who, by definition, fail to
respond to a 7- to 14-day course of daily prednisone as measured by less
than a 15% improvement in morning prebronchodilator FEV; following
the glucocorticoid course (5). Furthermore, two types of steroid-resistant
asthma have been defined. Type-I steroid resistant asthma is acquired
and is associated with abnormally reduced glucocorticoid receptor
(GCR) ligand and DNA-binding affinity (6). Type-II steroid-resistant
asthma appears to be due to a constitutive defect and is associated with
low numbers of GCRs. An important distinction between these two types
of steroid-resistant asthma is that the GCR defect in Type I, but not Type
I1, steroid-resistant asthma is reversible in culture (and to some degree
clinically) and is sustained by incubation with combination IL-2 and IL-
4. This latter finding is consistent with the possibility that different patterns
of cytokine expression and immune activation alter the response to corti-
costeroid therapy.

Other studies have identified differences in asthma patients in terms
of cell populations that contribute to airway inflammation. While some data
show that in subjects with moderate to severe asthma, lymphocytes and
eosinophils constitute most of the inflammatory cells infiltrating the
bronchial mucosa, neutrophils may become more prevalent in severe,
corticosteroid-dependent asthma patients with nocturnal symptoms (7,8).
Consequently, different patient subsets with asthma may have different
profiles of inflammatory cells that would be targets for anti-inflammatory
therapy.

In the context of considering alternate treatments for more problema-
tic, severe asthma patients, recognition that there are different phenotypic
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subsets of severe asthma patients is important for several reasons. First, elu-
cidation of the pathologic mechanisms that underlie different asthma phe-
notypes may lead to development of new therapeutic interventions that
specifically target the pathologic mechanisms that distinguish one subset
of asthma patients from another. Second, it should be expected concep-
tually that if patients with similar severe asthma severity can differ in their
response to corticosteroids, patients might also differ in their responses to
other agents. Consequently, trials of a new agent for asthma must include
sufficient numbers of patients to ensure sufficient statistical power to detect
clinical efficacy that may be present in only a subset of patients (2). If this is
not done, one may incorrectly conclude that an agent has no value in
asthma treatment, even though it may be of value to a patient subset.

lll. Caveats in Interpreting Asthma Trial Data

In reviewing trials that attempt to assess the clinical efficacy of new,
alternate, or experimental therapies for asthma, study results must be
viewed with an awareness that the natural history of asthma is highly vari-
able. Dykewicz et al. retrospectively reviewed the natural history of 40
patients who had been treated with inhaled steroids but still required sys-
temic steroids (mean dose 11.7 mg/day prednisone) for at least one year
(mean duration 6.2 years) (9). During 12 to 32 months of follow up, 25%
tolerated discontinuation of oral steroids, and 7.5% tolerated significant
reductions of oral steroids. Although 60% had no change in long-term
steroid-dose requirements, one-third of these patients were able to discon-
tinue prednisone for extended periods (mean 3.2 years) during follow up,
only to again require steroid doses similar to the original requirements.
Consequently, studies without placebo-control groups that report a reduc-
tion in oral-steroid requirements in association with use of investigational
therapies for asthma may be merely demonstrating the natural history of
asthma in such patients, and not that the studied therapy truly has clinical
effectiveness. During a clinical trial in which physician investigator judg-
ment is required to assess whether there can be reduction in the dose of oral
corticosteroids, single-blind studies can be open to bias if the treatment
allocation is known to the investigator.

These considerations underscore the importance of using double-
blinded, controlled, long-term studies to definitively assess efficacy of
putative treatments for asthma. Unfortunately, for some agents proposed
as possible alternate treatments for asthma, efficacy has been studied only
in uncontrolled, open trials. Moreover, many of the studies investigating
alternate therapies for asthma have been conducted in relatively small num-
bers of subjects, or for relatively short periods of time.
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IV. Gold
A. Background

Gold preparations have long been used for their anti-inflammatory effect
in rheumatoid arthritis. Although the clinically relevant mechanisms of
action are incompletely understood, gold agents have been shown to have
multiple immunomodulatory effects, including inhibition of IL-5 enhance-
ment of eosinophil survival, inactivation of C1 (complement), and reduc-
tion in neutrophil and macrophage phagocytosis, lymphocyte reactivity to
antigenic stimulation, IgE-mediated release of histamine from isolated
basophils and lung mast cells, prostaglandin, and leukotriene production
in vitro, antibody production, and lysosomal enzyme release from phagocy-
tic leukocytes (14,82—-86). A parenteral preparation of aurothioglucose and
an oral preparation of auranofin are available. Pharmacokinetically, a
steady state is reached after 8 to 12 weeks of continued administration,
which might suggest that several months of therapy may be required before
efficacy can be assessed. It has been stated that the minimum duration of a
valid trial of therapy is probably six months (3).

B. Clinical Studies

Several double-blind studies in asthma have reported benefit, with some
patients being able to discontinue oral steroids (10-12). The largest study,
the Auranofin Multicenter Drug Trial (12), studied 275 patients with daily
oral prednisone requirements of >10 mg. Patients were randomized to aur-
anofin, 3 mg twice daily, or placebo for six months. The study had limita-
tions including a high dropout rate of >40% in both groups, but did
conclude that patients treated with gold were able to reduce their daily
oral-corticosteroid dose by >50% compared to those receiving placebo
(60% vs. 32%, respectively; p < 0.001). However, there were no significant
differences in objective measurements of pulmonary function or symptoms.
Auranofin treatment was also associated with statistically significant reduc-
tions in serum IgE levels. Data from this trial were included with two others
in a Cochrane review looking at the addition of gold compared to placebo in
adult steroid-dependent asthmatics (13). The review confirmed that there
was a small but significant treatment effect for gold in terms of steroid-dose
reduction [Peto odds ratio (POR) 0.51, 95% confidence intervals (CI) 0.31,
0.83]. No meta-analysis could be done for measures of lung function,
although overall there were few changes suggesting a positive benefit for
gold. There were trends suggestive of adverse effects but no significant
changes for gold-treated patients with respect to proteinuria (POR 1.4,
95% CI 0.6, 3.3) and dermatitis/eczema (POR 2.1, 95% CI 0.9, 4.7).
The review concluded that because the changes seen in these trials are small
and probably of limited clinical significance, and gold is associated with
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toxicity and requires monitoring, the use of gold as a steroid-sparing agent
in asthma cannot be recommended. In contrast, it has been argued that the
relative lack of severe side effects with gold therapy, compared to metho-
trexate therapy, make it a preferable agent for the treatment of severe,
glucocorticoid-dependent asthma (14).

C. Adverse Events

In widespread usage for rheumatoid arthritis, more common side effects of
gold agents include rash (26% auranofin and 39% aurothioglucose), diar-
rhea (43% auranofin and 13% aurothioglucose), stomatitis (13% auranofin
and 18% aurothioglucose), other GI side effects, proteinuria (3-9%), and
bone marrow suppression (leukopenia, thrombocytopenia 1%). Accord-
ingly, periodic monitoring of laboratory tests to detect hematologic or renal
toxicities is recommended.

V. Methotrexate
A. Background

Methotrexate is a folic acid antagonist that is cytotoxic to rapidly dividing
cells in S phase (15). Although the exact mechanism of action is uncertain,
it is used for treatment of rheumatoid arthritis, psoriasis, and some malig-
nancies, including lymphoma.

B. Clinical Studies

The methotrexate doses used in asthma studies (5-25 mg weekly), are simi-
lar to those used in rheumatoid arthritis. While some double-blind, pla-
cebo-controlled studies have reported benefit in asthma, whereas other
studies report no benefit versus placebo (15-17), meta-analyses conclude
some benefit with longer term (>3 months) use (18,19). One meta-analysis
reported a 6% pooled improvement in FEV, and a 8.2% reduction in oral-
steroid dose (19). In another meta-analysis, methotrexate was associated
with a 23.7% decrease in oral-steroid doses with the greatest benefit noted
in trials of at least six months of therapy (18).

A Cochrane review of 10 trials of at least 12 weeks duration found that
there was a reduction in oral-corticosteroid dose favoring methotrexate in
parallel trials (weighted mean difference —4.1 mg/day, 95% CI —6.8-1.3)
and also in cross-over trials (weighted mean difference —2.9 mg/day, 95%
CI —5.9-0.2) (20). However, there was no difference between methotrexate
and placebo for forced expiratory volume in one minute (weighted mean
difference 0.12L, 95% CI —0.21-0.45). Hepatotoxicity was a common
adverse effect with methotrexate compared to placebo [odds ratio (OR)
6.9, 95% CI 3.1-15.5]. The reviewers concluded that while methotrexate
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may have a small steroid-sparing effect in adults with asthma who are
dependent on oral corticosteroids, the overall reduction in daily steroid
use is probably not large enough to reduce steroid-induced adverse effects.

C. Adverse Events

The more serious side effects of methotrexate are leukopenia, hepatic
fibrosis, pulmonary toxicity, and immunosuppression with infection (pneu-
mocystis, cytomegalovirus, and varicella). The most frequent reasons for
cessation of methotrexate therapy for asthma have been abnormal liver func-
tion tests and symptomatic GI side effects (e.g., nausea, heartburn, and
diarrhea) (21). There must be periodic monitoring of blood counts and liver
function.

VI. Azathioprine
A. Background

Azathioprine is reduced in the presence of glutathione to 6-mercaptopurine
and then metabolized into active metabolites that interfere with purine
metabolism. It has immunosuppressive effects that have been used for
transplant rejection and severe rheumatoid arthritis.

B. Clinical Studies

Although azathioprine has been proposed as a treatment for asthma for
decades (87) and has been studied in a number of trials, only two small
randomized, placebo-controlled studies that recruited a total of 23 subjects
have been published (22). These studies were limited by several factors,
including the possible presence of comorbid lung disease, inadequate wash-
out (in one study), and no data reporting about oral-steroid consumption
(23). No significant differences were observed in the studies for FEV,,
FVC, PaO,, and symptoms. One study reported a statistically significant
difference in sGaw (specific airway conductance).

C. Adverse Events

Based upon experience in disease states other than asthma, azathioprine
can induce leukopenia, thrombocytopenia and gastroinstestinal toxicity,
including cholestatic hepatotoxicity. In addition to an increased risk of
infection, evidence for mutagenicity has been reported.

VIl. Hydroxychloroquine
A. Background

Hydroxychloroquine is widely used for treatment of rheumatoid arthritis, col-
lagen vascular diseases, and malaria. Although its mechanisms are uncertain,
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there is evidence that it inhibits phospholipase A, and phagocytosis, and
decreases stimulation of CD4+ lymphocytes.

B. Clinical Studies

In an open study of 11 asthma patients, hydroxychloroquine treatment was
associated with an increase in pulmonary function, a decrease in symptom
scores, and a decrease in oral-steroid dose by about 50% in seven patients
(24). Mean IgE levels were reported to decrease in 10 patients to about half
their pretreatment level. However, in a double-blind, placebo-controlled
trial of nine asthmatic subjects over eight weeks, hydroxychloroquine had
no more corticosteroid-sparing properties than placebo (25).

C. Toxicity

Because hydroxychloroquine can cause irreversible retinal damage, patients
should be monitored for ocular changes at baseline and every 6 to 12
months thereafter.

VIIl. Dapsone
A. Background

Dapsone is a sulfone used in pemphigoid, pemphigus, bullous SLE, and
leprosy. It has been shown to block integrin-mediated neutrophil migration
and inhibit antibody adherence to neutrophils (26,27).

B. Clinical Studies

In one open study by Berlow et al. for up to 20 months at a dose of 100 mg
twice daily, 7 of 10 patients were able to decrease or discontinue oral corti-
costeroids after 6 to 13 months (28). Symptoms and pulmonary functions
were unchanged. To date, there are no published controlled studies of dap-
sone in asthma (29).

C. Adverse Events

In the Berlow trial, dose-dependent hemolytic anemia occurred in nine
patients and theophylline toxicity in four. Other toxic reactions including
malaise, rash, and thrombocytopenia were observed. Based upon experi-
ence in other disorders, side effects of dapsone include dose-related hemo-
lysis with nearly all patients experiencing a loss of 1-2g of hemoglobin
(with a greater risk in G6PD deficiency). Less common or rare side
effects include agranulocytosis and aplastic anemia, peripheral neuro-
pathy that is usually reversible, rash, a fatal mononucleosis-like syndrome,
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lymphadenopathy, and hepatic necrosis. Monitoring for hematologic and
liver function abnormalities should be performed.

IX. Nebulized Lidocaine
A. Background

Interest in using nebulized lidocaine for asthma developed when it was
found that lidocaine inhibits eosinophil survival in bronchoalveolar lavage
fluid (30). Studies have also shown that lidocaine can have an inhibitory
effect on T cells from patients with allergic asthma (31). Local anesthetic
agents can also acutely inhibit bronchial reactivity and reflex bronchocon-
striction (32,33).

B. Clinical Studies

One placebo-controlled trial of nebulized lidocaine in mild-moderate asthma
has been published, although no placebo-controlled trials in severe asthma
have been published. In the controlled study of mild-moderate asthma by
Hunt et al. all patients were treated with daily inhaled glucocorticoids (but
not systemic glucocorticoids) and bronchodilators for at least two months
(34). At initiation, subjects inhaled either nebulized placebo (saline) or lido-
caine (4%, 100 mg) four times daily. Subjects were instructed to reduce their
inhaled glucocorticoid dosage by one half each week for three weeks, then
discontinue glucocorticoid treatment at week 4, and continue the nebulized
lidocaine or placebo for a total of eight weeks. The lidocaine-treated group
showed statistically significant benefits in FEV,, nighttime awakenings,
symptoms, bronchodilator use, and blood eosinophil counts. Conversely,
the nebulized placebo group showed decreases in FEV, increased symptom
scores and bronchodilator use, and blood eosinophil counts. Subjects in
both groups reduced use of inhaled glucocorticoids comparably. In an
uncontrolled trial of nebulized lidocaine [2-3 mL lidocaine 2% (40-60 mg)
up to 2.5-4 mL lidocaine (100—160 mg) qid] in 20 adult asthmatics who were
corticosteroid dependent (mean prednisone dose of 24 mg for 6.5 years),
three patients were able to discontinue prednisone, and four were able to tol-
erate significant prednisone dose reductions (35). In an small, exploratory
open study of severe asthma in children treated with nebulized lidocaine
(0.8-2.5 mg/kg/dose tid to qid), five of six patients completely discontinued
oral steroids within an average of 3.4 months (range 1-7 months) (36).

C. Adverse Events

Lidocaine toxicity occurs when serum levels exceed 5-6 pg/mL and includes
muscle twitching, seizures, arrhythmias, paresthesias, and respiratory arrest
(37). In the placebo-controlled trial by Hunt, no signs of lidocaine toxicity
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were observed in the treated subjects by using a 4% concentration and a
total dosage of 100 mg per use (34). Serum levels of greater than 1 ug/mL
are not reached until greater than 300-400 mg is administered to the airway,
either by direct instillation or nebulization (34). Occasionally, subjects have
dropped out of studies because of lidocaine intolerance (oral and pharyngeal
hypoethesia). Reduced airflow not related to histamine responsiveness has
been observed in a minority of patients, but albuterol has been demonstrated
to prevent this (34-38).

X. Inhaled Furosemide
A. Background

Long used as a loop diuretic, interest in furosemide developed for asthma
treatment after studies in exercise-induced bronchospasm examined the role
of changes in surface osmolarity and water concentration of the airway
epithelium (39). Studies have identified multiple mechanisms in which furose-
mide might affect asthma, including reduction in apical chloride channel
activity with consequent decrease in the potential difference and short-circuit
current in airway epithelial cells (40,41), inhibition of the release of eosino-
phil mediators through inhibition of chloride transport (42), inhibition of
release of histamine and leukotrienes from passively sensitized human lung
(43), modulatory effects in animal models studying presynaptic neuropeptide
release from non-cholinergic, non-adrenergic sensory nerves and cholinergic
neural responses (44), and effects on prostaglandin production (45,46,88).

B. Clinical Studies

Furosemide is not effective against asthma when administered orally at the
usual diuretic doses but rather must be inhaled (20-40 mg doses) for signif-
icant antiasthma effects (39). Although a number of clinical trials have
examined the positive effects of furosemide on abrogating responses to var-
ious bronchoconstrictor agents in asthma patients, and several studies have
investigated inhaled furosemide in acute asthma exacerbations, there have
been only two clinical trials using furosemide therapy for the treatment of
chronic asthma. One studied a combination of lysine acetylsalicylate
(LASA) and furosemide on a small group of patients with severe steroid-
dependent asthma for 10 to 28 weeks, and found a significant steroid-spar-
ing effect (47). In a follow-up, double-blind, randomized, cross-over trial,
nine patients with mild to moderate asthma receiving standard therapy were
treated with sequential inhaled doses of LASA, furosemide, or placebo
twice daily (48). After approximately two months with scheduled reductions
in inhaled corticosteroid therapy as tolerated, treatment with furosemide/
LASA was associated with a mean dose reduction of 71 7% in the amount
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of inhaled beclomethasone required for asthma control, and two patients
were able to discontinue inhaled steroid therapy.

C. Adverse Events

In clinical trials using inhaled furosemide for asthma, no diuresis has
been noted (presumably because of lack of absorption of significant
amounts of furosemide into the general circulation), and no significant
adverse effects have been reported.

Xl. Cyclosporine
A. Background

Cyclosporine has been widely used as an immunosuppressive agent in trans-
plantation. Its principal action is to bind cyclophilin, thereby inhibiting cyto-
kine messenger RNA transcription and CD4+ T-cell activation (49).
Cyclosporine has been demonstrated to decrease production of granulocyte
macrophage colony—stimulating factor and IL-5 from stimulated monocytes
with consequent inhibition of eosinophil proliferation and survival activity
(50,51). It has also been found to reduce production and release of proinflam-
matory mediators from mast cells and basophils; decrease B-cell IgE synth-
esis and release; decrease macrophage synthesis of IL-1, tumor necrosis
factor, superoxide, and hydrogen peroxide; and decrease neutrophil chemo-
taxis, IL-2 levels, and serum soluble IL-2 receptor concentrations (14,52-56).

B. Clinical Studies

Cyclosporine has been reported to result in improvement in airway hyper-
responsiveness (57). Several prospective, randomized trials have studied the
effect of cyclosporine in asthma patients. In a 12-week cross-over trial of 33
steroid-dependent asthma patients, cyclosporine (initial dose, 5 mg/kg/day)
compared to placebo was associated with statistically significant greater
benefit with a 12% increase in morning peak expiratory flow rates (PEFRs),
a 17.6% increase in FEV, and a 48% reduction in exacerbations requiring
increased steroid dosing (p < 0.02) compared to those receiving placebo
(55). Of special note is that several steroid-resistant patients had improve-
ment of clinical symptoms on cyclosporine. A similar but smaller study of
16 patients with severe asthma for 36 weeks found that cyclosporine (initial
dose, 5 mg/kg/day) was associated with a statistically significant reduction
in median daily prednisolone dosage (62% vs. 25% with placebo) and
improvements in PEFR (58). However, a study of 34 severe asthma patients
and longer follow-up period failed to find that cyclosporine had significant
effects on pulmonary function and steroid-sparing effects (59). A Cochrane
review of available cyclosporine trials analyzed data from 98 patients, and
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found a small but significant treatment effect for cyclosporine in steroid-
dose reduction (SMD —0.5, 95% CI —1.0, —0.04) (60). No meta-analyses
could be performed for measures of lung function. The review assessed that
the clinical changes in asthma with cyclosporine are small and of question-
able clinical significance.

C. Adverse Events

Side effects from cyclosporine include irreversible renal toxicity (focal inter-
stitial fibrosis with tubular dysfunction), reversible increases in BUN and
alkaline phosphatase, hypertension, hyperkalemia, transient peripheral neu-
ropathy, and hirsutism. Based upon experience with cyclosporine use in
transplantation, less renal toxicity occurs with low doses (2-5 mg/kg/day)
than with high doses (15 mg/kg/day). Regular monitoring of renal function,
blood pressure, and blood concentrations of cyclosporine is required.

Xll. Intravenous Immunoglobulin (IVIG)
A. Background

Intravenous immunoglobulin (IVIG) is thought to have immunomodulatory
activity through a variety of mechanisms, including Fc receptor blockade on
monocytes and macrophages, inhibition of IL-2 and IL-4 cytokine produc-
tion and cytokine-dependent lymphocyte proliferation in vitro, and induc-
tion of suppressor T cells (61-64). Additionally, there is evidence that
IVIG can enhance glucocorticoid receptor binding affinity, as well as syner-
gize corticosteroid-induced suppression of lymphocytes, even in patients
with prior steroid resistance (64,65).

B. Clinical Studies

In an open label, six-month trial of monthly administration of high-dose
IVIG in eight children with severe steroid-dependent asthma, IVIG was
associated with a threefold decrease in oral-corticosteroid requirement, a
reduction in symptom scores, and decreases in serum total IgE levels and
skin test reactivity to allergens (65). In small case series of adult and pedia-
tric asthma patients, IVIG was reported to have steroid-sparing effects
(66,67). In a controlled study of 38 patients with severe steroid-dependent
asthma, subjects were randomized to receive either a 2 g/kg loading dose of
IVIG followed by a regimen of 400 mg/kg IVIG every three weeks or IV
albumin, with subsequent efforts to reduce oral-corticosteroid doses. Of
28 patients who completed the study (seven patients withdrew from the
protocol), there was no overall difference in the amount of steroid reduction
(68). However, a post hoc subgroup analysis found that patients who had
required high-dose, long-term corticosteroid therapy (i.e., >2000mg in
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the year prior to study entry) had a statistically greater reduction in oral
glucocorticoid requirements with IVIG treatment compared to placebo
subjects (median reduction, 16.4 vs. 3 mg/day; p =0.0078). In another trial
of 40 adult and pediatric patients with severe asthma, subjects were
randomized to IVIG doses of 2 g/kg/mo, 1g/kg/mo, or 2g IV albumin/
mo (69). The study was ended early after three patients in the high-dose
IVIG group were hospitalized with aseptic meningitis. Interim analysis con-
cluded that there was no significant difference between groups in steroid
dose reductions, pulmonary function results, or the number of clinical
exacerbations.

C. Adverse Events

Although high-dose IVIG is costly, it is generally well tolerated except for
infusion-related events such as fever, chills, nausea, back pain, and, infre-
quently, anaphylaxis. Rarely IVIG is associated with aseptic meningitis
and interstitial nephritis. Although current commercial preparations should
have no risk of transmission of viral hepatitis, there remains the remote pos-
sibility with IVIG.

XIll. Troleandomycin
A. Background

For several decades, the macrolide antibiotic troleandomycin (TAQO) had
been used for concomitant administration with methylprednisone as a
“steroid sparing” agent for corticosteroid-dependent asthma (70). TAO
prolongs the half-life and bioavailability of methylprednisolone by decreas-
ing hepatic metabolism and excretion (but not some other commonly used
corticosteroids such as prednisone), an effect that is thought to account for
much of the reported benefit of the drug (71-73). Patient improvement has
not been associated with reduced infection assessed by sputum culture, and
it is not thought that TAO has a direct antimicrobial effect that is relevant
to its effect on asthma (73).

B. Clinical Studies

In an open trial of steroid-dependent asthma patients using 14 mg/kg/day
TAO (maximum dose, 1 g) and methylprednisolone, 62 of 74 patients had
improvement in clinical symptoms and/or a reduction in corticosteroid
dosage (70). Several case series found similar effects (74,75). A subsequent
study reduced the starting TAO dose to 250 mg once or twice daily with a
rapid methylprednisolone taper to alternate-day dosing for >4 to 8 days,
and found that steroid-related and GI side effects could be reduced (76).
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In one large prospective, double-blind, randomized, placebo-
controlled trial of TAO, 75 steroid-dependent asthma patients were
randomized to TAO, 250 mg daily, or placebo, with attempted tapering of
methylprednisolone as tolerated (77). The study was hampered by a high
patient dropout rate (TAO group: seven patients at one year, 20 patients
at two years; placebo group: 11 patients at one year, 30 patients at two years.)
Those TAO patients continuing on the study did tolerate lower steroid doses
at one year (p < 0.03), but they did not have a significant reduction in the
number of hospitalizations and emergency department visits, and had more
cases of bone loss (p < 0.01) and higher cholesterol levels (p < 0.05) than did
placebo subjects. The study concluded that TAO offered no advantage for
asthma outcome, and was associated with greater steroid-related side
effects. In a Cochrane review of aggregate data from three randomized trials
in which 112 patients were recruited, data from 90 patients were analyzed
(78). Addition of TAO was not associated with benefits in lung function.

C. Adverse Events

Even with reduced doses of TAO, progression of osteoporosis, cushionoid
features, hyperglycemia, and other typical corticosteroid side effects are
common. GI complaints and liver toxicity may also occur, particularly at
higher doses (79-81). Decreased IgG levels were identified in the TAO
group (p < 0.05) by Nelson et al. (77) and one case of varicella zoster has
been reported (75).

XIV. Conclusions

In reviewing available data about the efficacy and safety of immunosuppres-
sive and other alternate therapies for asthma treatment, it is clear that many
agents that have shown promise in exploratory uncontrolled series have
failed to demonstrate effectiveness when subjected to more extensive,
controlled trials. This experience provides several lessons. First, it can be
difficult to predict whether an agent will have clinical efficacy in asthma
based upon its known or assumed mechanisms of drug activity. Second,
the natural history of the asthma syndrome and differences between asthma
phenotypes require that large, well-controlled trials of significant duration
are absolutely necessary to properly assess whether an agent has efficacy
in asthma. Third, experience with use of agents in other disease states gen-
erally accurately predicts the toxicity profile of these drugs when used for
asthma. Finally, the majority of available immunosuppressive agents that
have been studied in asthma do not have a favorable therapeutic index for
asthma treatment. Those few alternate agents that currently appear to have
a more favorable therapeutic index for asthma (e.g., nebulized lidocaine)
deserve further investigation in larger, well-controlled studies.
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. Introduction

Asthma and allergic disorders are both becoming increasingly common,
and unlike most of the other disorders that have also increased in recent
years, asthma predominantly affects children and young adults. Two key
themes emerge from epidemiological work on allergies and asthma: first,
the importance of early-life environmental conditions in the development
of allergic sensitization, and second, the role of allergic sensitization as a
risk factor for asthma. Once asthma has developed, some patients clearly
have episodes triggered by allergic exposure, while in other asthmatics
allergy appears to be less important. Targeting allergic sensitization should
therefore be a sensible tactic both for preventing the development of asthma
and for managing some, but perhaps not all, patients with established
asthma. Since current forms of allergen avoidance have not proved very
successful in managing established asthma, there is considerable interest
in using specific allergen immunotherapy to treat asthma. But a decision
to use immunotherapy to treat asthma must take into account both the
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potential benefits and the known risks of treatment, and has to be made on a
case by case basis.

A. The Importance of Allergy in Asthma

There is a strong familial component to asthma, eczema, and rhino-conjunc-
tivitis, the so-called atopic cluster. While this argues for a genetic component
to asthma, the rapid increase in the prevalence of asthma means that some-
thing in the environment must be responsible. The current consensus is that
environmental factors act on genetically susceptible individuals, stimulating
the production of specific IgE antibodies against otherwise harmless environ-
mental antigens, such as pollen, house dust mite, and animal dander proteins.
Not everyone who develops IgE antibodies will go on to experience clinical
symptoms. Indeed, only half of the people with detectable levels of antibody
against grass pollen will have any sort of hay fever. Nevertheless, the more
IgE antibody someone has, the more likely they are to have associated clinical
symptoms. Usually, there is a progression of allergic disease, sometimes
termed the allergic march, in which children first suffer with atopic eczema,
then they get allergic rhinitis, and afterwards they may progress to develop
asthma. But this pattern is certainly not universal, and many children who
develop asthma have not had significant eczema or rhinitis. Intriguingly,
genetic analysis of asthma and eczema have implicated different chromosomal
loci, suggesting that whether an atopic individual develops asthma may
depend on the susceptibility of the target organ rather than simply be a conse-
quence of allergic sensitization.

Following extensive research into risk factors for the development of
asthma and atopy, it has now been established conclusively that allergic
sensitization to common environmental allergens (house dust mites, cock-
roach, domestic animals, etc.) is a major risk factor for the development
of childhood asthma (1-3). The tendency to produce IgE antibodies is
regulated by T lymphocytes. Naive B lymphocytes capable of recognizing
allergenic proteins start life with a full complement of immunoglobulin
heavy-chain genes. When they first encounter the antigenic determinant
that they recognize, they differentiate into two cell types: antibody-produ-
cing cells that produce IgM antibodies and antigen-specific memory cells.
Upon subsequent exposure, the memory cells are triggered to produce a
secondary response that consists of higher affinity antibodies than the initial
(primary) response. Depending on the context of this secondary stimula-
tion, the memory cells switch over from producing IgM antibodies towards
IgG, IgA, or IgE antibodies (4,5). In order to make an IgE response, T cells
must recognize the antigen and interact with the B cell to provide “T-cell
help,” which comprises two signals: a direct contact with ligands on the
memory B-cell surface and a signal delivered by soluble mediators (cyto-
kines) (4). The contact signal for IgE switching is an interaction between
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CD40 and its ligand, while the soluble signal is delivered by either IL-4 or
IL-13 (5). This process is partly controlled by the context in which the aller-
genic antigen is encountered, and partly by genetic predisposition, with
some individuals being more likely to develop allergic antibody responses
than others, despite similar levels of allergen exposure (5,6). In individuals
predisposed to making IgE responses, their T cells may be skewed towards
production of the cytokines IL-4 and IL-5 (the so-called Th2 phenotype),
which, respectively, facilitate memory B cells to switch over to make IgE
(5) and promote eosinophilic inflammation (7). Th2-type cytokines have
also been implicated directly in the pathogenesis of asthma: IL-4 activates
vascular endothelial cells and stimulates mucus production, while IL-13 has
multiple actions on epithelium, smooth muscle, and fibroblasts, which may
alter airways structure and responsiveness (8,9). Thus, the association
between Th2 cytokines and asthma is complex, and may not simply be attri-
butable to the effect of IL-4 on IgE switching (10).

When sensitized individuals are exposed to relevant allergens they may
develop clinical symptoms, including rhinitis and asthma. However, by no
means all sensitized individuals will have clinical symptoms. Many popula-
tion studies have shown that for every patient with allergic symptoms there
is at least one individual who remains asymptomatic despite being sensitized
(asjudged by allergy skin tests). Moreover, the relationship between sensitiza-
tion and symptoms is not simple. Data from Australia has shown a doubling in
the proportion of patients reporting asthma and hay fever between 1971 and
1981, without any change in the proportion of patients with positive skin tests
to grass pollen or house dust mite (11). The implication is that the likelihood
of the sensitization being translated into symptoms has increased, although
this increase could also reflect increased willingness to label symptoms as
being due to asthma or hay fever.

Conversely, although patients with seasonal allergic rhinitis will almost
always be sensitized to seasonal airborne allergens, up to half of adult patients
with clinical asthma have no evidence of specific allergic sensitization. These
observations call for some caution in postulating a link between allergic
sensitization and disease: if patients can have asthma without any evidence
of allergy, then presumably the mechanisms operating in these patients might
also apply in some patients who happen to be sensitized. In other words,
allergy is not necessarily responsible for asthma in all asthmatic patients
who show skin-test sensitization.

In summary, the link between allergy and asthma is well established
and the majority of patients with asthma have evidence of IgE-mediated
hypersensitivity to airborne allergens (12). This is especially true of chil-
dren with asthma, among whom over 85% will show positive skin tests to
one or more airborne allergens (13). While IgE-mediated allergy is clearly
an important risk factor for the development of asthma, it is less clear how
important allergic triggers are in exacerbations of the disease or in the
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maintenance of ongoing asthma. In children, most exacerbations of asthma
correspond with episodes of viral upper respiratory tract infection (14),
while in adults about 50% of exacerbations are associated with rhinovirus
infection (15). Anecdotally, exposure to cats or horses can trigger severe
acute episodes of asthma, but the role of pollens in triggering acute episodes
seems less certain. Asthma admissions to U.K. hospitals are actually lower
during the grass pollen hay fever season than in the three months preceding
or following the hay fever season (16), although epidemics of acute asthma
associated with thunderstorms are probably triggered by inhalation of frag-
mented pollen grains (17).

Before embarking on allergen-specific therapies for asthma, we there-
fore need to be confident that allergy is important in the individual patient.
We do not know for sure whether IgE-mediated allergy, viral infection, and
occupational sensitization are alternative triggers for some final common
pathway that presents clinically as asthma. We know that there are similar
histological pictures in allergic, non-allergic, and occupational asthma
(18-22), and also in children (23), suggesting that at least part of the inflam-
matory process in asthma is independent of allergy. Understanding these
points will be critical in determining whether we should pursue better forms
of immunotherapy for asthma, or look elsewhere for a solution.

B. Strategies for Allergen Avoidance

At face value, allergen avoidance should be an attractive strategy for managing
asthma in patients for whom allergic triggers predominate. This approach is
predicated on the relevance of particular allergens to the continuing symptoms
of asthma, and requires that there should be a simple method to eliminate the
relevant allergens or to reduce them to a level at which symptoms will improve.
In other words, if there is a threshold level of allergen exposure that you need to
get below to achieve benefit, this must be achievable by affordable and practi-
cal means. While it is true that extreme forms of avoidance have achieved
significant clinical benefits (24), the approaches used in conventional clinical
practice have led to only modest reductions in nonspecific bronchial respon-
siveness (25) and the overall degree of clinical improvement has been disap-
pointing (26). In the context of occupational asthma, where complete
allergen avoidance is definitely achievable, it is clear that some patients
improve markedly on ceasing exposure, but others continue to have asthmatic
symptoms for many years, even though they are no longer exposed to the aller-
gen that induced their asthma (27). Factors that have been associated with the
persistence of occupational asthma include the duration of exposure before
developing symptoms, the duration of continuing exposure after the onset of
asthma, and the persistence of airways eosinophilia (28). So, while it remains
an article of faith that reducing allergen load will reduce the inflammatory
process in allergic asthma, it is clear that other factors also contribute
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to the maintenance of established allergic inflammation and clinical symp-
toms of asthma.

Il. Specific Allergen Imnmunotherapy for Asthma

Specific allergen immunotherapy (SIT) has been used for over a century to
treat allergic disorders. Treatment regimes vary, but the general principle is
to give a prolonged course of extracts of allergens that are thought to be
relevant to the particular patient’s illness. Allergen is usually given by sub-
cutaneous injection, starting with a very low dose and escalating in a loga-
rithmic sequence until the top dose is reached. At this stage, the interval
between doses is extended, and maintenance therapy is given for about
three years. A number of alternative routes have been tried, among which
the sublingual route is the most popular.

There are two distinct ways in which SIT could be used to treat
asthma. These are first to use SIT to prevent the development of asthma
in patients who are sensitized to allergens but do not have asthma, and sec-
ond to use SIT to treat established asthma.

lll. SIT to Prevent Asthma

Specific immunotherapy may modify the natural history of asthma in chil-
dren, who are known to be atopic but have not yet developed asthma. Stud-
ies from the 1960s and 1970s indicate that between 5% and 10% of atopic
children and young adults with allergic rhinitis will develop asthma symp-
toms each year, although the epidemiological context is changing and these
data will need updating (29). In children with allergic rhinitis and a limited
range of sensitivities, SIT with house dust mite extract has been shown to
reduce the probability of developing new sensitivities (i.e., new positive skin
tests to allergens other than the one used for therapy) (30). An ongoing
major multicenter study is assessing whether SIT is able to prevent allergic
children aged 7 to 13 years from going on to develop asthma. After three
years of therapy 28% fewer children had asthma symptoms compared to
the control group, and this difference has been maintained up to five years,
suggesting that SIT does indeed affect the clinical outcome of allergic sen-
sitization (31). As the subjects in this study are followed up, we will even-
tually learn whether SIT prevents asthma completely, or just postpones
its onset.

IV. SIT to Manage Established Asthma

Immunotherapy has been widely used to treat allergic asthma, but with the
introduction of more effective inhaled therapies and increased concerns
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about the side effects of SIT, questions have been raised about the place of
SIT in managing asthma.

The efficacy of SIT in adult asthma has been assessed in many trials
over the last 50 years. Some of the earlier studies are difficult to interpret,
because poor quality allergen extracts were used or the studies were poorly
designed. A Cochrane review of allergen immunotherapy for asthma con-
sidered 75 trials published up to June 2001, including all available random-
ized, controlled trials that had used SIT to treat asthma and had reported at
least one clinical outcome (32). These trials included nearly 3200 patients
with asthma. Thirty-six of the trials were of SIT for house mite allergy,
20 for pollen allergy, 10 for animal dander allergy, two for mold allergy,
one for latex allergy, and six for mixed allergens. Unfortunately, conceal-
ment of treatment allocation was judged adequate in only 15 of these 75
trials and there was significant heterogeneity in the number of comparisons.
The review found a significant reduction in asthma symptoms and medica-
tion usage, as well as an improvement in bronchial hyper-reactivity follow-
ing SIT. The review calculated that it was necessary to treat four patients to
prevent one from having a deterioration in asthma symptoms and to treat
five patients to prevent one from requiring increased antiasthma medica-
tion. Airways responses to inhaled allergen improved more than nonspecific
bronchial reactivity and there was no change in formal measures of lung
function. The meta-analysis concluded that SIT is effective in asthma,
but should only be used in carefully selected patients (32).

Clinical trials have confirmed the efficacy of SIT in patients with grass
pollen asthma, and in those with asthma caused by cat allergy (33). Greater
benefits are observed for specific responses to allergen inhalation than for
nonspecific airways reactivity. An important recent study of SIT for rag-
weed allergy found that patients who received active injections had an
improvement in peak flow rates during the pollen season as well as reduced
hay fever symptoms and reduced sensitivity to laboratory challenge with
ragweed-pollen extracts (34). In addition, the active group required much
less antiasthma medication. However, the parallel economic analysis indi-
cated that the saving on costs of asthma drugs was less than the additional
costs of giving SIT.

V. Comparison of SIT with Other Types of
Treatment for Asthma

Most clinical trials of SIT for asthma have compared SIT either with histor-
ical controls or with a matched group treated with placebo. Very few studies
have compared specific SIT with conventional management of asthma using
allergen avoidance measures and conventional inhaled or oral drugs. A recent
study of SIT in asthmatic children receiving conventional drug therapy found
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no additional benefit in patients whose drug therapy was already optimized
(35). This study had significant design flaws and further work in this area
is needed before one could draw any final conclusions about the pharmaco-
economics of SIT. Such trials should also include analysis of cost-benefit and
cost-effectiveness since purchasers of health care are increasingly demanding
this evidence before agreeing to fund therapies or agree to changes in clinical
practice.

Work from the 1950s and 1960s using mixed allergen extracts suggested
that SIT may increase the rate of remission for children with asthma, and may
also reduce the severity of symptoms in those who remain symptomatic (36).
In contrast, a study that investigated withdrawal of therapy found rapid recur-
rence of asthma symptoms after stopping SIT, although there was more
sustained relief for rhinitis symptoms (37).

VI. Risks of Allergen Inmunotherapy in Asthma

The main issue that prevents the widespread adoption of SIT for asthma
is the risk of serious adverse reactions. In the United Kingdom, between
1957 and 1986, 26 fatal reactions due to SIT were reported to the Committee
on Safety of Medicines (38). In 17 of the fatal cases, the indication for SIT
was documented, and 16 of these 17 patients were receiving SIT to treat their
asthma. Similarly, in the American Academy of Allergy Asthma and Immu-
nology confidential inquiry into SIT-associated deaths, asthma appeared
to be the mode of death in virtually all the fatal cases (39). In those where
asthma was not cited as a contributory factor, bronchospasm was a cardinal
feature of the clinical course of the anaphylactic reactions that led to death.
The incidence of systemic reactions in patients receiving SIT for asthma
varies between series and has been reported to range from 5% to 35%.
The central issue in using safety as an endpoint is to recognize that all treat-
ments carry risks. Where differential risks exist between therapies, a more
risky therapy can only be justified if that therapy offers substantial additional
benefit over the safer therapy.

VIl. Future Directions

There is definitely scope to improve conventional SIT. Possible approaches
include using recombinant allergens, using modified allergens, or using new
or better adjuvants. Recombinant technology might allow us to achieve
better standardization of allergen vaccines, and could lead to tailoring of
vaccines for individual patients. Work is needed to assess whether the
non-allergen components of current allergen extracts offer any useful adju-
vant effect for SIT. Most natural allergen extracts contain a variety of poly-
saccharide and lipid components that may act in the immune system, and it
will be interesting to see whether recombinant vaccines will be as effective
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as natural extracts, or whether perhaps the extraneous elements in natural
extracts contribute to the clinical efficacy of current extracts.

Recombinant molecular technology also makes it possible to develop
novel forms of allergenic molecules that may have reduced allergenic activity,
but retain the T-cell epitopes required for the beneficial effects of SIT
(40,41). Other possible approaches include the use of aldehyde-inactivated
allergoids or peptide vaccines to induce T-cell tolerance (42,43).

Linking immunostimulatory DNA sequences to allergenic proteins
could also prove to be a useful option. If oligonucleotide sequences contain-
ing the motif CpG are coupled to allergenic proteins, this enhances their
immunogenicity and leads to a Thl-type response against the allergen, while
at the same time reducing the protein’s allergenicity (44). Initial clinical
trials have confirmed that the hybrid vaccine elicits a Thl-pattern response
(45) and attenuates nasal inflammatory responses (46). Allergen-specific
naked DNA sequences could also be used as vaccines. Although this tech-
nology is in its infancy, preliminary data suggests that administration of
naked DNA encoding allergenic proteins leads to production of allergens
within airways epithelial cells (47,48). As endogenous and exogenous aller-
gens are handled differently, the endogenously produced allergens elicit a
Thi-type response. If this process can be reproduced in allergic humans,
it might prove effective in allergic disease, without carrying any significant
risk of side effects. Initial animal studies support the concept (49) but need
to be progressed into man before further conclusions can be drawn.
Another area of interest is to use monoclonal antibodies directed against
IgE in combination with SIT. Anti-IgE could reduce the risk of side effects,
but might also redirect the injected allergenic material so that it is handled
through different pathways. Since anti-IgE has beneficial effects in its own
right on moderate to severe asthma (50,51), any trial of SIT and anti-IgE
in asthma would need to be large and very carefully designed.

VIll. Conclusions

In summary, SIT has some efficacy in selected patients with asthma. Before
using SIT to treat patients with established asthma, the physician needs to
carefully consider whether the patient’s symptoms are genuinely exacer-
bated and maintained by specific allergens. Allergic sensitization is clearly
a risk factor for developing asthma, but finding skin-test evidence of allergic
sensitization in an asthmatic does not guarantee that their asthma will be
improved by SIT. A careful risk—benefit estimate is needed, based on an
understanding of the likelihood of improvement, which in turn largely
depends on the degree of allergic sensitization and the number of allergens
to which the patient is sensitized. Broadly speaking, the larger the number
of positive skin tests, the lower the probability that any individual allergen is
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critically responsible for the patient’s asthma. Careful consideration is
also needed to safety issues since the risks of SIT are clearly increased in
patients with asthma. Current evidence suggests that conventional pharma-
cotherapy is the best option for patients with mild-allergic asthma, and yet
these are the patients in whom one might have the greatest chance of influ-
encing the natural history of the disease. There is an urgent need for proper
comparative studies of best current SIT versus best current drug therapy,
with robust endpoints including symptoms, objective measures of lung
function, evaluation of cost, benefit ratios, safety, and quality of life. Further
clinical trials are also indicated in mild to moderate childhood asthma and
in patients with atopic rhinitis who have not yet developed asthma but are at
high risk of progression to asthma.

Finally, advances in our understanding of the biology of allergy and
asthma are leading to the development of novel forms of SIT, which may
offer increased efficacy and reduced risks compared to conventional SIT.
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. Introduction

Asthma is defined by the Global Initiative for Asthma (GINA) as a chronic
inflammatory disorder of the airways, causing an increase in airway hyper-
responsiveness that leads to recurrent episodes of wheezing, breathlessness,
chest tightness, and coughing. These episodes are usually associated with
widespread but variable airflow obstruction that is often reversible (1,2).
This revised definition emphasizes two crucial characteristics of asthma:
first, the central role of chronic airway inflammation in the pathophysiology
of asthma, and second, the variable nature of the disease. Appreciation of
the key role of the underlying inflammation in asthma implies that anti-
inflammatory agents are the cornerstone of asthma therapy. Recognition
of the variable nature of asthma implies that a flexible approach is needed
in the management of this disease.

The goals of successful asthma management include achieving and
maintaining asthma control. A patient’s asthma is under control if the patient
has minimal (ideally no) chronic symptoms, has no limitations on activities,
experiences neither exacerbations nor emergency visits, and attains and
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maintains lung function close to normal, while avoiding adverse events from
asthma medications. Good control of asthma can be achieved in a majority of
patients if exposure to risk factors (e.g., smoking) is avoided and if the cur-
rently available antiasthma drugs are used properly. However, the Asthma
Insights and Reality surveys demonstrated that a significant proportion of
patients worldwide continue to have symptoms and lifestyle restrictions
and to require emergency care (3—6). Moreover, the use of anti-inflammatory
preventative medication was low, even in patients with severe persistent
asthma. These surveys thus point out that in many patients worldwide,
asthma control is still suboptimal, despite the availability of effective thera-
pies.

In this chapter we still divide the pharmacotherapy of asthma in re-
liever therapy using rescue medications on the one hand, and maintenance
therapy using controller medications on the other hand. As will be dis-
cussed later, the use of the rapid- and long-acting inhaled B,-agonist formo-
terol as both a reliever and controller medication already underlined that
this distinction has become rather artificial. The advent of the combination
formoterol/budesonide in a single inhaler further closes the gap between
reliever and controller therapy, since this combination is currently under
investigation as single-inhaler therapy in patients with persistent asthma
of different levels of severity. However, for reasons of clarity, we still find
it useful to discuss the pharmacotherapy of reliever and controller medica-
tions separately. It is also imperative to educate the asthmatic patient about
the different treatments as part of an asthma (self-) management plan, and
the words “reliever”” and “‘controller” remain useful in educational terms.

Il. Reliever Therapy

Reliever medications are medications that act quickly to relieve broncho-
constriction and the accompanying acute symptoms such as shortness of
breath, chest tightness, wheezing, and cough. These quick-relief or rescue
medicines include rapid-acting inhaled B,-agonists, inhaled anticholiner-
gics, systemic glucocorticosteroids, short-acting theophylline, and short-
acting oral f3,-agonists (Table 1).

Rapid-acting inhaled [,-agonists are the cornerstone for treatment
of episodic bronchoconstriction and acute exacerbations of asthma, and
should be available to every asthmatic patient suffering from mild to severe
persistent asthma to provide rapid relief of symptoms. These rapid-acting
inhaled (,-agonists, such as albuterol (salbutamol) and terbutaline, should
be used as required for symptom control (‘“‘as needed”) instead of as regu-
larly scheduled therapy four times daily (7). They are also indicated for the
pretreatment of exercise-induced asthma (8). It is important to keep in
mind, both for asthmatic patients and their treating physicians, that the
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Table 1 Reliever Medications

Rapid-acting inhaled f,-agonists
Short-acting: salbutamol (albuterol), fenoterol, pirbuterol, and terbutaline
Long-acting: formoterol
Combination formoterol/budesonide in a single inhaler
Inhaled anticholinergics: ipratropium bromide, and oxitropium bromide
Systemic glucocorticosteroids: predniso(lo)ne and methylprednisolone
Short-acting theophylline
Short-acting oral B,-agonists

increased use of rapid-acting inhaled [B,-agonists, especially during the
night, is a warning of worsening of asthma, indicating the need to start or
to augment a maintenance anti-inflammatory therapy.

Since formoterol has both a rapid onset and a long duration of action,
this inhaled P,-agonist can also be used “as needed” (9). In patients with
moderate persistent asthma who are taking regular inhaled corticosteroids
(ICS), the use of formoterol as rescue medication improved asthma control
compared to as-needed use of terbutaline (10). In a large international real-
life asthma study (the RELIEF study), use of formoterol as needed had a
similar safety profile to salbutamol, and its use as a reliever therapy was
associated with fewer asthma symptoms and exacerbations (11). Interest-
ingly, reductions of exacerbations with as-needed formoterol versus salbu-
tamol increased with increasing age and asthma severity. However, the
open label design of the study might introduce a significant potential for
bias (12), implying that further studies are needed to identify the role of for-
moterol as a reliever therapy.

The combination of formoterol and the inhaled corticosteroid
budesonide has been made available as a convenient fixed combination of
these agents, marketed under the product name Symbicort®. Although this
formoterol/budesonide combination in a single inhaler was first launched
for the maintenance treatment of moderate and severe persistent asthma,
the rapid action of both compounds also offers the opportunity to use Sym-
bicort as a rescue therapy. Indeed, budesonide is an ICS with significant
acute effects in improving lung function (13,14). As stated above, the
long-acting [3,-agonist formoterol has also a fast onset of action, compar-
able to the short-acting salbutamol. Consequently, the combination of
formoterol/budesonide has a faster onset of action than salmeterol/
fluticasone, improving shortness of breath and lung function already three
minutes after administration (15).

Triggers are factors that cause asthma symptoms by provoking acute
bronchoconstriction or precipitate asthma exacerbations by inducing airway
inflammation. Interestingly, most triggers, including allergens, respiratory
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infections (e.g., rhinovirus), air pollutants (e.g., passive smoking), and
weather changes, can provoke both acute symptoms due to bronchocon-
striction and acute exacerbations of asthma due to enhanced inflammation
of the airways (16,17). From a pathophysiological point of view, it is thus
logical to use both the rapid-acting inhaled P,-agonist formoterol and the
ICS budesonide in case of asthma symptoms triggered by one of these risk
factors. Indeed by using the formoterol/budesonide combination as rescue
therapy it is expected that not only the acute symptoms due to the broncho-
constriction will be rapidly relieved (by the formoterol component), but that
also the possibly ensuing exacerbation will be prevented (by the budesonide
component, preventing an escalation of the inflammatory changes in the
airways). Thus, by promptly increasing the number of inhalations of the
combination formoterol/budesonide when experiencing an onset of wor-
sening symptoms, asthmatic patients could prevent the development of an
exacerbation. It is, however, not known if increasing the number of inhala-
tions of the combination formoterol/budesonide from a single inhaler
is more efficacious than increasing both drugs separately in the treatment
of an acute exacerbation. Convenience comes at a price, but higher effi-
cacy of the single-inhaler therapy in this clinical situation needs further
documentation.

Short-acting theophylline may be considered for relief of symptoms, but
as a bronchodilator theophylline is less effective than an inhaled (,-agonist,
and its onset of action is significantly slower than that of a rapid-acting
B,-agonist (18). Moreover, since theophylline has the potential for severe
adverse effects, short-acting theophylline should not be administered to
patients who are already on long-term treatment with slow-release theo-
phylline, unless the serum concentration of theophylline is known.

Short-acting oral [,-agonists could be used as rescue therapy in the
few patients who are unable to use aerosolized medications appropriately.
However, adverse side effects such as cardiac arrhythmia, tachycardia, tre-
mor, and hypokalemia occur more frequently with this oral therapy com-
pared to treatment with inhaled rapid-acting P,-agonists. Administering
the rapid-acting B,-agonists by inhalation is thus preferred, since this route
of administration has the advantage of delivering effectively high concentra-
tions of medications directly to the airways, while the systemic side effects
are minimized.

Last, systemic glucocorticosteroids are the “final” rescue therapy, since
they are crucial in the treatment of severe acute exacerbations (19,20). Sys-
temic corticosteroids such as prednisolone or methylprednisolone prevent
the progression of an asthma exacerbation, decreasing the need for hospita-
lization or emergency department visit. Even after emergency treatment of an
acute asthma attack, systemic corticosteroids prevent early relapse. The
pharmacotherapy of asthma attacks, including the use of systemic glucocor-
ticosteroids, is discussed in greater detail in chapter 8.
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lll. Maintenance Pharmacotherapy

The choice of therapy depends upon the severity of a patient’s asthma, but
is also influenced by the availability and cost of antiasthma medications,
and by the characteristics of the individual patient.

A. Intermittent Asthma

If over a period of at least three months a patient experiences less than once
a week symptoms of cough, dyspnea, or wheezing, the patient has intermit-
tent asthma. Nocturnal asthma symptoms are rare and occur less than twice
a month. The patient is asymptomatic in between exacerbations and has a
normal lung function (peakflow as well as FEV,). No maintenance treat-
ment with a controller medication is recommended for intermittent asthma.
Patients with intermittent asthma who experience rare but severe exacerba-
tions, however, should be treated as having moderate persistent asthma (see
section Combination Therapy as Maintenance Treatment of Moderate to
Severe Persistent Asthma).

B. Persistent Asthma

If a patient experiences symptoms more than once a week over a three-
month period, or has nocturnal asthma symptoms more than twice a
month, the patient has persistent asthma. Patients with persistent asthma
require controller medication every day (Table 2).

Monotherapy as Maintenance Treatment of Mild Persistent Asthma

Inhaled Corticosteroids

ICS are the cornerstone therapy for patients with persistent asthma at all
levels of severity, and are considered the most effective anti-inflammatory
therapy. Numerous studies have demonstrated that treatment with ICS
decreases the pathological signs of airway inflammation in asthmatics
(21-23), reduces the airway hyper-responsiveness (24), and improves lung
function. More importantly, both symptoms and the frequency and severity
of exacerbations are reduced in patients with persistent asthma treated with
ICS (25,26). Even in patients with mild persistent asthma of recent onset,
once-daily treatment with low-dose budesonide significantly decreased the
risk of severe exacerbations and improved asthma control (27). In this
inhaled steroid treatment as regular therapy in early asthma (START) study,
ICS treatment also resulted in more symptom-free days and better lung
function measurements compared to placebo (27).

The ideal inhaled glucocorticoid should display maximal antiasth-
matic effects, without systemic bioactivity. The main determinants of
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Table 2 Controller Medications

Inhaled glucocorticosteroids (ICS)
Beclomethasone dipropionate
Budesonide
Ciclesonide
Flunisolide
Fluticasone propionate
Mometasone furoate
Triamcinolone acetonide
Systemic glucocorticosteroids
Cromones: sodium cromoglycate and nedocromil sodium
Theophylline (sustained-release)
Long-acting inhaled B,-agonists: formoterol and salmeterol
Combination formoterol/budesonide or salmeterol/fluticasone in a single inhaler
Long-acting oral B,-agonists
Leukotriene modifiers
5-lipoxygenase inhibitors: zileuton
cysteinyl leukotriene receptor antagonists: montelukast, pranlukast, and
zafirlukast

efficacy are dose and potency of the compound, and the percentage of lung
deposition from the delivery device. Both the receptor affinity and intrinsic
activity determine the potency of a glucocorticoid (28). On the other hand,
adverse effects of ICS result from systemic exposure, implicating that the
main determinants of safety are the oral and pulmonary bioavailability of
the drug (29). The therapeutic ratio is the ratio of safety (risk) to efficacy
(benefit), and is shifted into the favorable range if the receptor affinity
and lung tissue affinity of an ICS are high and the oral bioavailability—
due to a rapid metabolic inactivation—is low. The glucocorticoids fluniso-
lide and triamcinolone have a less favorable therapeutic ratio, since both
ICS have a low receptor and lung tissue affinity and a high oral bioavailabil-
ity (£20%) (30). The newer ICS fluticasone propionate, mometasone furo-
ate, and ciclesonide have a high receptor and lung tissue affinity and a very
low oral bioavailability (less than 1%), so that a favorable therapeutic ratio
can be expected (31-33). Moreover, the systemic availability of fluticasone
propionate is substantially less in patients with moderate to severe asthma
than in healthy controls, indicating that ICS with minimum oral bioavail-
ability that are absorbed through the lungs need to be assessed in patients
who are receiving doses appropriate for disease severity, and not (only) in
normal volunteers (34,35). On the other hand, in mild or moderate asthma,
maximal clinical benefit is already attained with lower doses of highly
potent corticosteroids. Further increase of dose does not add to efficacy,
but compromises safety in the milder spectrum of the disease (36).
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Alternative Maintenance Treatments of Mild Persistent Asthma

Several other medications, including theophylline, leukotriene modifiers,
and cromones, can be used instead of ICS in the treatment of patients
with mild asthma (Table 3). Sustained-release theophylline can be used
as a second-line controller medication in asthma. In patients with mild
persistent asthma, monotherapy with sustained-release theophylline is
effective in controlling asthma symptoms and improving lung function.
Although theophylline is usually less effective than low doses of ICS
(37,38), it is less expensive. While dose-response studies showed an
increasing bronchodilator response of theophylline above plasma concen-
trations of 10 mg/L, the anti-inflammatory effects of theophylline are seen
at concentrations that are usually less than 10 mg/L (39). At these low
doses (plasma concentration 5-10 mg/L) theophylline is easier to use, side
effects are uncommon, and the problems of drug interaction are less of an
issue. Moreover, the side effects of theophylline may be reduced by gradu-
ally increasing the dose until therapeutic—anti-inflammatory—concentra-
tions are achieved.

Leukotriene modifiers, including the 5-lipoxygenase inhibitor zileuton
and the cysteinyl leukotriene receptor antagonists (montelukast, pranlu-
kast, and zafirlukast), could serve as an alternative to ICS in patients with
mild chronic asthma. Leukotriene modifiers have, indeed, a small and vari-
able bronchodilator effect, improving lung function and reducing asthma
symptoms (40,41). However, the effect of leukotriene modifiers as mono-
therapy in mild persistent asthma is less than that of low doses of ICS
(42). Moreover, the effect of leukotriene receptor antagonists as single-
agent asthma treatment on asthma exacerbations is small (43), and less
than that obtained by ICS at doses equivalent to 400 pg/day beclometha-
sone (44). Since leukotriene modifiers are administered as a tablet, this
route of administration is an advantage in asthma patients who are unable
to use aerosolized medications (metered-dose inhalers, dry powder inha-
lers, and nebulized aerosols) correctly. A second indication for leukotriene
modifiers are patients with aspirin-sensitive asthma who may respond well
to this new class of antiasthma drugs, but these patients often have more

Table 3 Maintenance Treatment for Mild Persistent Asthma

Daily controller medication: inhaled corticosteroid
<500 pg beclomethasone dipropionate or equivalent
Alternative treatment regimens
Theophylline (sustained-release), or
Cromone, or
Leukotriene modifier
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severe persistent asthma, needing a combination of several drug classes to
control their asthma (45).

The cromones sodium cromoglycate or nedocromil may be used as
controller therapy in mild persistent asthma. Since cromones produce only
minimal side effects and do not influence growth velocity, they are of special
interest in children with mild allergic asthma. However, both nedocromil
and sodium cromoglycate are less effective than ICS (46). Since cromones
prevent the acute airflow limitation induced by exercise, they can be admi-
nistered prophylactically before sporting. A major drawback to using cro-
mones as a maintenance treatment, however, is the fact that they need to
be administered three to four times a day, which is inconvenient for both
asthmatic children and their parents, thereby decreasing therapy compli-
ance and thus endangering clinical effectiveness.

Several patient groups, including children, pregnant women, and the
older adult asthmatics, need special consideration when the management
of asthma is discussed. We will focus here on the management of asthma
in pregnant women and in women who want to become pregnant. The
greatest risk to pregnant patients with asthma and to their babies is poorly
controlled asthma, since this can result in low birth weight, increased pre-
maturity, and increased perinatal mortality (47,48). The inhaled corticoster-
oids beclomethasone dipropionate and budesonide, inhaled short-acting 3,
agonists, theophylline (at therapeutic levels), and sodium cromoglycate are
not associated with an increased incidence of fetal abnormalities (49-51). It
is important to reassure pregnant patients with asthma that these treat-
ments are both safe and necessary (52). ICS remain the cornerstone of
pharmacotherapy of persistent asthma in pregnant women, and have been
demonstrated to prevent exacerbations of asthma specifically in pregnancy.
Since the majority of the safety data and experience concerns beclometha-
sone dipropionate and budesonide, we recommend to use these ICS in
pregnant women with chronic persistent asthma.

Combination Therapy as Maintenance Treatment of Moderate to
Severe Persistent Asthma

Combination of an ICS and a Long-Acting B>-Agonist

When low to medium doses of ICS fail to achieve control of asthma, long-
acting inhaled P,-agonists (formoterol or salmeterol) should be added
before increasing the dose of ICS (Table 4). Numerous clinical studies have
demonstrated that—in patients with moderate to severe asthma—the addi-
tion of long-acting inhaled f,-agonists to a daily therapy with ICS improves
symptoms, increases lung function, decreases the rate of asthma exacerba-
tions, and is more effective than increasing the dose of ICS twofold or more
(53-57). Indeed, most of the therapeutic benefit of ICS is achieved with a
total daily dose of <500 ng/day beclomethasone dipropionate (<400 ng/
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Table 4 Maintenance Treatment for Moderate to Severe Persistent Asthma

Daily controller medication: combination of a long-acting inhaled B,-agonist and an
inhaled corticosteroid (200-1.000 ug BDP or equivalent in moderate asthma; >
1.000 png BDP or equivalent in severe asthma)

Alternative treatment regimens for moderate asthma:

*Combination of inhaled corticosteroid (500-1000 ug BDP or equivalent) and
sustained-release theophylline, or
long-acting oral B,-agonist, or
leukotriene modifier

*Monotherapy with inhaled corticosteroid at higher doses (>1.000 ug BDP or
equivalent)

In severe asthma one or more of the following medications can be added to the
combination of a long-acting inhaled B,-agonist and high dose inhaled
corticosteroid, if needed:

sustained-release theophylline, and/or
long-acting oral By-agonist, and/or
leukotriene modifier, and/or

oral glucocorticosteroid, and/or
omalizumab (anti-IgE monoclonal antibody)

Abbreviation: BDP, beclomethasone dipropionate.

day budesonide or <250 pg/day fluticasone propionate), indicating a rela-
tively flat dose-response curve of ICS in adults with asthma (58). However,
since there is considerable individual variability in the response to ICS in
asthma, some patients—especially the more severe asthmatics with frequent
exacerbations—may obtain a greater benefit at higher doses. The greater
efficacy of adding a long-acting inhaled [3,-agonist to an ICS than increasing
the dose of ICS has led to the development of fixed combination inhalers
(formoterol plus budesonide; salmeterol plus fluticasone).

Recently, the Gaining Optimal Asthma Control (GOAL) study demon-
strated that in patients whose asthma is not controlled as defined by GINA/
NIH guidelines, asthma control was achieved more rapidly and in more
patients with salmeterol/fluticasone combination therapy than with flutica-
sone monotherapy (59). In this one-year, randomized, double-blind, parallel-
group study of more than 3400 patients with uncontrolled asthma, treatment
with either fluticasone or salmeterol/fluticasone combination was stepped up
until total control was achieved. Importantly, asthma control was achieved at
a lower corticosteroid dose with salmeterol/fluticasone combination versus
fluticasone, and patients that achieved control recorded very low rates of
exacerbations (0.07—0.27/patient/yr) and near-maximal health status scores
(as assessed by the Asthma Quality of Life Questionnaire) (59). Even in
patients entering the GOAL study as corticosteroid-naive, combination ther-
apy showed greater efficacy than fluticasone monotherapy. This contrasts
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with the OPTIMA-A trial, in which little additional benefit was obtained with
the addition of formoterol to the ICS budesonide in corticosteroid-naive
patients with mild asthma (60). However, this difference may be explained
by differences in patient selection (patients with very mild asthma) in the
OPTIMA-A trial versus uncontrolled moderate to severe asthmatics in the
GOAL study and in primary outcome selection (single endpoint of time to
first severe asthma exacerbation in the OPTIMA-A trial versus composite
measure of total control in the GOAL study).

Since both short-term and long-term treatment with long-acting
inhaled P,-agonists do not influence the chronic airway inflammation in
patients with asthma (61,62), it is imperative that this therapy should always
be combined with ICS. Indeed, two clinical trials performed by the
National Heart, Lung, and Blood Institute’s Asthma Clinical Research
Network clearly demonstrated the risks of monotherapy with the long-
acting inhaled [,-agonist salmeterol in adult patients with persistent asthma
(63,64). In the SOCS (Salmeterol or Corticosteroids) trial, patients with
moderate asthma who were treated with salmeterol alone experienced more
asthma exacerbations and more treatment failures than patients treated
with the ICS triamcinolone in monotherapy (63). Moreover, a similar wor-
sening of asthma control, including an increase in asthma exacerbations
and a decrease in pulmonary function, was observed in the SLIC (Salmeter-
ol + Corticosteroids) trial. This study examined if the addition of salmeterol
on a scheduled basis in patients with moderate asthma permitted a reduc-
tion in dose (or even elimination) of ICS over time (64). Discontinuation of
ICS in this SLIC trial was clearly not safe, indicating that long-
acting inhaled [,-agonists cannot be used as monotherapy in patients with
persistent asthma. To ensure that the long-acting inhaled [,-agonist is
always accompanied by an ICS, the use of fixed combination inhalers,
delivering corticosteroids and long-acting [,-agonist together, is strongly
recommended. Moreover, these fixed combination inhalers appear at least
as effective as giving each drug separately (65-69), and are more convenient
for patients, thereby increasing compliance (70).

Other Medications as Add-On Therapy to ICS in Patients

with Moderate to Severe Asthma

In patients with moderate to severe asthma theophylline may be used as

an add-on therapy to low or high doses of ICS when further asthma control

is needed (Table 4) (71-73). Compared to long-acting inhaled [,-agonists

however, theophylline is less effective as add-on therapy and is associated

with more frequent adverse effects, but it is less expensive (74—760).
Leukotriene modifiers (cysteinyl leukotriene receptor antagonists and

the 5-lipoxygenase inhibitor zileuton) can be used as add-on therapy to ICS

in patients whose asthma is not controlled with low or even high doses of
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ICS (45,77). In these patients with moderate (to severe) asthma, adding the
leukotriene receptor antagonist montelukast to the ICS budesonide was
superior to adding placebo (78) and appeared as effective as doubling the
dose of inhaled budesonide (79). When studying the effects of the leuko-
triene receptor antagonist zafirlukast on the rate of asthma exacerbations,
it is important to consider the dose of zafirlukast used in the clinical studies.
At the licensed dose (20 mg twice per day) adding zafirlukast to ICS was
inferior to doubling the dose of ICS, whereas at higher than licensed doses
(80 mg twice per day) zafirlukast as add-on therapy to ICS appeared as
effective as doubling the dose of ICS (80,81). Leukotriene modifiers are less
effective than long-acting inhaled [3,-agonists as add-on therapy (82),
although one study suggests a similar preventative effect on asthma exacer-
bations when montelukast was added to low-dose fluticasone, compared to
add-on therapy with salmeterol (83).

Some patients with severe persistent asthma remain inadequately
controlled despite combined available therapy. These patients represent a
significant unmet medical need, since they are at high risk of serious exacer-
bations and asthma-related mortality. Omalizumab is an anti-IgE huma-
nized recombinant monoclonal antibody, which suppresses IgE-mediated
allergic reactions by binding to free IgE (84). Results from several clinical
trials have shown that omalizumab decreases the number of exacerbations
and the need for emergency medical interventions in patients with severe
allergic asthma on high-dose ICS or on ICS/long-acting ,-agonist combi-
nation therapy (85-90). Moreover, significantly greater improvements were
achieved with omalizumab compared with placebo in asthma symptom
scores and asthma-related quality of life. Omalizumab is thus indicated
for the prevention of asthma exacerbations and control of asthma
symptoms when given as add-on therapy for adult and adolescent
patients with severe persistent allergic asthma who remain inadequately
controlled, despite daily high-dose ICS plus a long-acting inhaled f,-
agonist.

IV. Future Prospects of Asthma Pharmacotherapy

Although drug therapy is crucial in the management of patients with
asthma, there is a huge variation in drug responses between individual
patients. In asthmatics, this variation may be due to differences in disease
severity, drug adherence, environmental exposures, or age, but genetic fac-
tors may account for 60% to 80% of the heterogeneity in treatment respon-
siveness. Pharmacogenetics is the study of the contribution of these genetic
differences among individuals to the variability in the responses to
pharmacotherapy. Until now, physicians are unable to predict in which
patients a drug will work well and in whom not. Identifying the genetic
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variants responsible for this interindividual variability may lead to improved
effectiveness in the use of existing treatments, instead of the current prac-
tice of “trial and error.”

Genetic polymorphisms can produce variations in individual
responses to a given pharmacotherapy by at least two different mechanisms.
First, genetic variants may be associated with altered uptake, distribution,
metabolism, or elimination of a given medication, leading to impaired or
enhanced drug clearance. Genetic polymorphisms altering the availability
of the drug at the site of action by influencing its metabolism (e.g., cyto-
chrome P450 pathways) will determine the individual response to treat-
ment. The second major pharmacogenetic mechanism is due to genetic
variation in the drug target (e.g., the drug receptor), leading to altered drug
efficacy or differences in the expression of a disease phenotype.

Recently, genetic polymorphisms in the 5-lipoxygenase (5-LO) gene
and leukotriene C4 (LTC4) synthase gene have been described (91-93).
Moreover, it was found that asthma in carriers of these genetic variants
of the 5-LO pathway had a diminished response to treatment with antileu-
kotriene drugs, indicating a pharmacogenetic effect of these genetic poly-
morphisms on responses to treatment.

Polymorphisms of the P,-adrenergic receptor gene may similarly
dictate the relative responsiveness to [(,-agonists among asthma patients.
Several studies have demonstrated that B,-adrenergic receptor single-
nucleotide polymorphisms (SNPs) determine the response of asthmatics
to treatment with bronchodilators (94,95). Indeed, patients with asthma
who are homozygous for Gly at amino acid position 16 (Gly-16) of the
B>-adrenoreceptor are more prone to develop bronchodilator desensitiza-
tion. However, when the influence of the B,-adrenoreceptor genotype on
the response of asthmatic patients to regular versus as-needed short-acting
salbutamol was examined, those patients who were Arg-16 homozygous and
were receiving regular salbutamol had significantly lower lung function than
Arg-16 homozygous patients who took salbutamol only as needed (96,97).
Moreover, homozygous Arg-16 patients also appeared susceptible to clini-
cally important increases in asthma exacerbations during chronic dosing
with the short-acting [,-agonist salbutamol (98).

These pharmacogenetic studies are only beginning to unravel the drug
response variability among asthmatic patients. In the future, by studying
combinations of SNPs (i.e., haplotypes) of several drug target genes (e.g.,
B,-adrenergic receptor, glucocorticosteroid receptor, and the leukotriene
pathway) it might be possible to distinguish responders from nonresponders
to a pharmacological agent at the start. Extensive pharmacogenetic studies,
best built into drug trials, will teach us whether in the future we will be able
to predict a patient’s response to antiasthmatic drugs of different classes.
If this proves to be true, it might be possible to tailor drug treatments to
a specific patient’s need (99).



Outpatient Pharmacotherapy 343

V. Conclusion

Since asthma is a variable disease, all patients with asthma should be pre-
scribed rapid-acting inhaled P,-agonists PRN (as needed) to use as rescue
therapy in case of symptoms. However, one of the goals of the management
of asthma is minimal (ideally no) need for as-needed [,-agonist, together
with minimal or no chronic symptoms, no exacerbations, and no emergency
visits. Therefore, as soon as patients experience symptoms at least once a
week, controller medication(s) should be started on a daily basis to achieve
and maintain control of their asthma. In patients with mild persistent
asthma, treatment with inhaled corticosteroids at a dose of 200-500 pg
beclomethasone dipropionate (200-400 pg budesonide, 100-250 pg flutica-
sone, or equivalent) is preferred. Alternative controller medications in
patients with mild disease include sustained-release theophylline, cromones,
and leukotriene modifiers. If the patient is still symptomatic despite regular
use of inhaled corticosteroids, or if the patient experiences daily symptoms,
the patient has moderate to severe asthma, and a long-acting inhaled 3,-ago-
nist should be added to the inhaled corticosteroid. Fixed combinations of
formoterol/budesonide or salmeterol/fluticasone in a single inhaler are not
only convenient for these moderate and severe asthmatics, they also enhance
drug adherence and thereby clinical effectiveness. Alternative add-on thera-
pies to inhaled corticosteroids in patients with moderate to severe asthma
include theophylline, long-acting oral B,-agonists and leukotriene modifiers.
The overall goal of asthma pharmacotherapy is to offer the patients a (near)
normal life, implicating that they have no daytime nor nocturnal symptoms of
asthma, and that they feel no limitations in physical or social activities.

Abbreviations

BDP Beclomethasone dipropionate

FEV, Forced expiratory value in one second

ICS Inhaled (gluco) corticosteroids

SNP Single nucleotide polymorphism
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. Introduction

Asthma is a chronic inflammatory disorder of the airways. In the chronic
discase state, asthma severity can be classified based on symptom fre-
quency, spirometric evaluation, or rescue medication usage (1). Worsening
disease occurs as a result of increased bronchial smooth muscle contraction,
increased airway edema, and/or a higher burden of intraluminal mucus (1).
The hallmark features of an acute asthma (AA) attack are wheezing, cough-
ing, chest tightness, and dyspnea. These attacks are associated with variable
obstruction to airflow with an inconsistent degree of reversibility.

All patients with asthma are at risk for severe exacerbation that requires
urgent medical attention and places them at risk for respiratory failure. Signif-
icant asthma morbidity and mortality occur during these intense episodes.
Proper assessment of severity and aggressive initiation of therapy may
improve outcomes (2,3). These hyperacute, acute, or even subacute events
are referred to as severe asthma, status asthmaticus, or AA. The purpose of
this chapter is to review the epidemiology, assessment, and treatment of AA
in the emergency department (ED), hospital, and intensive care unit (ICU).
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ll. Epidemiology

Recent estimates place the cost of asthma in the United States at roughly
$6 billion a year (4,5). Direct treatment costs account for up to 88% of this
total. Nearly half of all costs related to asthma are due to hospitalization
(4,5). Given that the minority of asthmatics require ED and hospital care,
cost analysis suggests that 20% of all asthmatics utilize 80% of all resources.
This $6 billion amount is roughly 1% of the direct medical costs for all
diseases nationally and 13% of direct costs for respiratory diseases (4).
Therefore, the economic burden of asthma is sizable, but if prevention
measures, outcomes research, and awareness advocacy can direct a larger
proportion of treatment to the ambulatory setting, these costs may be
reducible.

The overall prevalence of asthma and associated hospitalizations in the
United States has steadily increased over the last four decades (6-8). The pre-
valence trends appeared to plateau over the last few years of the last century
and the first several years of the current century (Fig. 1) (9,10). It is estimated
that approximately 5% or 15 million Americans meet criteria for a diagnosis
of asthma (11). Adults over the age of 18 years make up two-thirds of this
group (11). The most recently reported data suggest that ED visits continued
to increase during the 1990s. By 1999 there were two million visits to the ED
with women comprising the slight majority. African American patients, while
still accounting for the overall minority of these visits, were largely overrepre-
sented. Comparative rates of ED entry among white and African American
patients were 59 per 10,000 versus 174 per 10,000 persons (9).

Hospitalization and mortality rates at the end of the last decade have
not increased in the way apparent from 1970 to 1990 (8,12,13) (Fig. 1) The
number of hospitalizations in 1999 was approximately one-half million, and
the overall mortality rate was 17.2 per 1,000,000 people in the general popu-
lation. This last value represents a decrease from the prior years in part due
to changes associated with the use of the new coding system (ICD-10) (9).
Regardless of this change in recording systems, the interpretation of these
trends is that hospitalization and mortality may have reached a plateau,
halting alarming increases seen over the previous decade and a half.
African American asthmatics were disproportionately represented in those
hospitalized for or succumbing to asthma (8,12,13).

lll. Emergency Department Assessment

Paramount in the evaluation of AA is determination of attack severity and
the risk of respiratory failure. Patients with AA at presentation to the ED or
clinic are often in considerable visible distress. Dyspnea and wheezing are
common clements in an asthma exacerbation. Among the myriad of other
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Figure 1 U.S. national statistics on asthma prevalence and mortality show that

consistent increases in both these values over the last three decades may have finally
reached plateaus. Source: Adapted from Ref. 9.

attributable signs and symptoms, there is no uniformly consistent finding
present in all cases. The key components of this assessment include history,
physical examination, objective measurement of airflow limitation, and quan-
tification of early response to initial therapy. Each of these components is
independently informative in the complete evaluation of the AA patient (14).
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A. History

A pertinent asthma history includes assessment of onset, progression,
and duration of the current exacerbation. Medication usage and compliance
should be obtained. A careful asthma history also includes assessment of
chronic asthma severity. While severe, labile asthmatics are at high risk, even
mild asthmatics may suffer respiratory failure or die as a consequence of AA
if thoughtful, attentive care is not provided. Patients at highest risk for
mortality include those with recurrent hospitalizations or visits to the ED,
those who have suffered life-threatening exacerbations, and patients who
carry concomitant psychiatric diagnoses (15). A complete history should
also assess evidence of alternative diagnoses discussed below that are com-
monly included in the differential diagnosis for recurrent, severe asthma.

B. Physical Examination

The general appearance of an asthmatic can reveal valuable information to
the clinician. Altered mental status, the use of accessory muscles, and inter-
rupted speech patterns have all been implicated with AA (16). In addition,
inability to remain supine or diaphoresis has been shown to predict signifi-
cant airflow limitation, and the combination of these findings portends
lower values on objective airflow measurements (17).

Derangements in vital signs frequently accompany severe asthma
exacerbations. While tachycardia and tachypnea are more frequent, a more
discerning gauge of asthma severity may be the presence of an elevated
pulsus paradoxus (PP) (16). An abnormal PP occurs when the measured
difference in systolic pressure during the respiratory cycle is greater than
10 mmHg. Usually the PP is even higher with ranges of greater than
25 mmHg, which is highly predictive of poor airflow (18). Caution must
be exercised in judging the PP, however, since PP will fall in the exhausted
patient as respiratory muscle effort declines and the swings in intrathoracic
pressure, which generate PP, narrow.

Central to the physical exam is auscultation of the thorax (19). This
examination often reveals wheezing. In patients with severe obstruction,
air movement may be so poor that there is an absence of sound. Crackles
occur in asthmatics in whom airway closure or mucous plugging leads to
atelectasis, but the presence of this finding should alert the clinician to
the possibility of alternative diagnoses such as pneumonia or heart failure.
Critical examination for alternative diagnoses should include a careful
examination of the cardiovascular system for evidence of heart failure
and the neck and oropharynx for stridor and tongue swelling suggestive
of upper airway pathology. Clinical signs of asthma complications should
also be monitored in patients with severe symptoms. Determining that
the trachea is in the midline and there is no crunch on auscultation of
the chest wall lowers the likelihood of barotrauma.
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In total, the appearance, vital signs and direct exam of the asthmatic
patient can suggest disease severity, hint at alternative diagnoses, or reveal
asthma-related complications. Yet the absence of certain findings does not
reduce the possibility of severe asthma morbidity. In fact, many of the above
findings may disappear as a direct consequence of severe asthma progres-
sion. As mentioned above, wheezing may grow quieter as airflow is more
limited, resulting in an ominously quiet chest. Similarly, increasing obtun-
dation may allow the previously agitated, upright patient to finally assume
the supine position, and fatigue may lead to lower accessory muscle use
or a decrement in previously elevated PP value. It is the occurrence of these
disparate findings, progressing over time as respiratory failure supervenes,
that can herald a worse clinical course.

C. Pulmonary Function

Objective measurements of pulmonary function (PF) provide useful informa-
tion in the assessment of severity in AA. Peak expiratory flow rate (PEFR)
and FEV, are the commonly used measurements in EDs and acute care
centers. These values can also be used to standardize inclusion criteria for
studies on AA and repeated to determine response to therapy. Consensus
guidelines routinely define AA with the cutoff PEFR or FEV; <50% pre-
dicted with most investigations of this topic using this threshold in inclusion
criteria (1). The subgroup of severe acute asthma (SAA) describes cases
where measurement of PEFR or FEV, is below 25% or 30% of predicted.

The greatest clinical utility of PF measurements is realized when serial
values are used to assess changes in airflow obstruction in response to
appropriate therapy. A good response after 30 to 60 minutes of initial ther-
apy seems to portend a favorable course (20,21). This type of response can
be assessed as either the proportional response from the baseline PF value
(i.e., 50 L/min increase in PEFR representing a 25% increase from base-
line) or as an absolute value (i.e., FEV; up to 50% of predicted). It appears
that patients that are able to improve to a PF measure > 45% of predicted
(22) shortly after therapy have a far lower chance of hospital admission and
are less likely to have a protracted clinical course.

D. Additional Data

The routine use of chest radiography as part of the initial evaluation of AA
has been criticized (23). This modality should be reserved for patients with
signs and symptoms of pneumonia or barotrauma. Once a patient has failed
initial management and requires hospitalization, the discovery of radio-
graphic findings that influence management is likely sufficiently high to war-
rant routine performance of a baseline study (24).

Routine assessment of oxygenation by pulse oximetry is recom-
mended (1). While not entirely informative of gas exchange adequacy, pulse
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oximetric values over 90% are associated with very infrequent episodes of
hypercarbia (25). Severity of an asthma exacerbation cannot be determined
by routine pulse oximetry (26), but this monitoring modality is helpful in
evaluating for pneumothorax, pneumonia, and respiratory failure.

Blood-gas analysis has a limited role in initial asthma severity scoring.
Carbon dioxide retention occurs in a small proportion of cases, often when
FEV, values are dramatically reduced (i.e., FEV; < 20% predicted). An
ABG may be helpful is assessing detailed acid-base status when metabolic
acidosis from high work of breathing or from cathecholamine therapy is
suspected, or to document the degree of hypoxia if it persists despite ther-
apy (19). Normocarbia in the patient with very significant respiratory dis-
tress may be an indicator of progression to respiratory insufficiency, but
the decision to initiate mechanical ventilation is largely clinical, assisted
mainly by signs, symptoms, and occasionally serial PF measurements.
Blood-gas analysis should play a very minimal role in making this decision.
Rather, arterial blood gases are most useful when titrating intentional hypo-
ventilation and consequent permissive hypercapnia (PH) during mechanical
ventilatory support (see below) (27).

Continuous electrocardiogram (ECG) monitoring should be employed
in older patients, especially those with concomitant heart disease (1).
Furthermore, screening for cocaine and heroin may help uncover cases of
AA that are abrupt, severe, and sometimes life threatening. Both of these illicit
substances have been shown to be associated with more severe courses in a
relatively high fraction of patients presenting to urban EDs (28-30).

E. Alternative Diagnoses

While in most cases of AA, a combination of signs, symptoms, and ancillary
measures correlate with a predictable clinical course, several alternative
diagnoses should be entertained in the treatment of asthma in most
patients, and pursued more aggressively if the setting is correct and the
diagnosis of asthma is not entirely tenable. The most commonly missed
diagnoses include diseases that cause airflow obstruction themselves or
produce acute dyspnea that may be accompanied by wheezing, and include
emphysema, chronic bronchitis, bronchiectasis, congestive heart failure, for-
eign body obstruction, and endobronchial lesions (31). Often, appropriate
history, examination, and testing can help distinguish these processes from
asthma, but sometimes patients may suffer from one or more of these dis-
eases in addition to asthma.

The presence and activity of certain chronic conditions such as rhini-
tis, sinusitis, and nasal polyposis can affect the incidence of asthma exacer-
bations (32). The last condition, nasal polyps, may occur in a subgroup of
patients that have or develop aspirin-induced asthma (AIA) via mechanisms
involving the cyclooxygenase pathway (33). AIA may be present in as many
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as 20% of patients receiving attention for AA (34), and it should be consi-
dered during early assessment of AA as avoidance of NSAIDs and aspirin
can avoid future life-threatening exacerbations (34-36). Anaphylaxis can
present similarly to severe AA, although signs and symptoms in addition
to those related to airflow obstruction may be present (32). Common food
intolerances, insect bites, latex exposure, and medications (especially f-
blockers and angiotensin-converting enzyme inhibitors) have all been impli-
cated in asthma-like processes. The presence of stridor, rash, urticaria, or
flushing can be clues to the diagnosis of anaphylaxis (32). Prompt recogni-
tion is crucial to future avoidance of the offending agent and immediate
initiation of therapy for anaphylaxis.

A myriad of additional pulmonary diagnoses can mimic AA. Certain
disease processes such as allergic bronchopulmonary aspergillosis (37) and
the Churg—Strauss syndrome (38), occur with recurrent asthma as a promi-
nent feature. Prevention of asthma exacerbations in these diseases depends
on their proper identification to ensure adequate chronic therapy with agents
such as corticosteroids (CS). Furthermore, occult, chronic thromboembolic
disease may be marked by episodic dyspnea and focal wheezing (39). These
processes are rarely considered in the differential of asthma and hence may
be missed and inappropriately treated as simple AA.

One final disorder worth mentioning is vocal cord dysfunction (VCD)
or glottic dysfunction (40). This paradoxical closure of the vocal cords during
inspiration often accompanies symptoms easily confused as episodic exacer-
bation of asthma. Frequent ED visits and repeated corticosteroid therapy
may be initiated before visualization of the vocal cords during a symptomatic
episode divulges this alternative diagnosis (41). Careful auscultation of the
neck may reveal stridor or abrupt cessation of sound during inspiration.
Treatment for VCD involves biofeedback and speech therapy (41).

F. Near Fatal Asthma and Acute Asthma Onset

A category of asthma severity commonly investigated and reported in the lit-
erature is the “near-fatal asthma” (NFA) attack. This entity was originally
proposed as part of the investigation of increases noted in asthma mortality
from the 1970s on (42). Cases of NFA are more prevalent than fatalities, yet
evidence suggests that these two groups may share common features, and
that the former may be a useful epidemiologic marker for the latter (43).
NFA is most commonly defined as asthma cases that require ventilatory
assistance (42,44,45), but the term has been used to describe patients with
hypercarbia, frequent hospitalization, or even severe respiratory symptoms
with altered level of consciousness (46,47). Clinical characteristics that have
been commonly associated with NFA include recurrent admissions, prior
need for ventilatory assistance, frequent B-agonist use, and an increased inci-
dence of psychosocial problems (48).
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Variation in inclusion criteria among studies on NFA, the largely ret-
rospective nature of their study designs, and the low frequency of asthma
mortality make extrapolation of NFA data difficult. Furthermore, none of
the commonly described characteristics have adequate sensitivity or speci-
ficity to be strong predictors of NFA or the need for hospitalization (31).
Standardizing the definition of NFA may assist in further exploration of
AA mortality risk and prevention.

Two additional asthma features that have been related to hospitaliza-
tion risk or NFA include altered sense of dyspnea and a shorter onset of
the asthma attack. Kikuchi et al. (49) first described that a decreased percep-
tion of dyspnea (POD) and diminished ventilatory response to hypoxia was
present in a small group of patients that had suffered NFA. Subsequently
Magadle et al. (50) showed that among a cohort of outpatient asthmatics,
lower POD had a statistical association with more frequent ED visits, cases
of NFA, and death. It can be supposed that decreased POD may be a conse-
quence of greater asthma severity or lead to altered duration of reported
symptoms in AA.

Early investigations of NFA suggested that patients with a shorter dura-
tion of asthma symptoms during an exacerbation might be at an increased risk
for hospitalization or mortality. A prospective study by Rodrigo and Rodrigo
(51) also supported this association. Rapid-onset asthma attacks (ROAAs)
appear to be a distinctive subgroup of AA. These patients seem to have a
lower rate of precipitating infection as an etiology for their exacerbation as
compared to slow-onset asthma attacks (SOAA). Furthermore, ROAA
patients present with more severe obstruction upon arrival to the ED but have
predictably faster recovery rates after therapy is initiated. Rodrigo and
Rodrigo found that this ROAA group comprised the minority of AA cases
that presented to the ED (10-20%) (51,52) and were less likely to require sub-
sequent hospitalization because of their advantageous response to therapy. It
is thought that ROAAs present with more acute bronchospasm and lesser
degrees of worsening airway inflammation. This is in contrast to SOAAs,
where worsening airway inflammation is thought to play a more central role.

IV. Emergency Department Therapy
A. p2-Agonists

The mainstays of initial therapy for AA are the inhaled B,-agonists. These
agents treat bronchial smooth muscle constriction and thus produce
bronchodilation. This salutary effect is more pronounced with B,-agonists
than other classes of bronchodilators (53,54). Among the intermediate-
acting f,-agonists, the most commonly used agent is albuterol (or salbutamol).
Other short-onset, intermediate-acting agents include pirbuterol, terbutaline,
metaproteronol, and fenoterol (not used in the United States).
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The most efficacious means of delivery of ,-agonist during an acute
exacerbation is the inhaled route. The peak effects of oral preparations are
delayed relative to the onset (roughly five minutes) of most short-acting 3,-
agonists (55). Oral agents are only advisable in situations of unavailability of
other delivery methods. The role of parenteral B,-agonists (terbutaline and
epinephrine) remains controversial (56,57). The largest detriment to routine
use of parenteral adrenergic agents remains concerns over a narrow ther-
apeutic index. Tachycardia and hypertension are effects that may not be
tolerated by patients with comorbid cardiac disease or in older patients. A
recent meta-analysis of studies comparing the effectiveness of IV 3,-agonists
to inhaled PB,-agonist or IV methylxanthines for the treatment of AA in the
ED concluded that the evidence did not support the preferential use of IV
B,-agonists (58). On the other hand, Cydulka et al. (59) showed that subcu-
taneous epinephrine was effective and tolerated without a cardiac event in a
group of 95 older adult asthmatics. Furthermore, subcutaneous epinephrine
has been proven to have some benefit in AA after an initial therapeutic fail-
ure of nebulized B,-agonists (60). Given current evidence, parenteral admin-
istration of these agents can only be recommended in cases where inhaled
therapy is not feasible or where there is no therapeutic response to inhaled
B,-agonists.

Among inhaled modalities, there appears to be no measurable clinical
advantage to nebulized therapy over the use of a metered-dose inhaler with
a spacer (MDI/spacer) device when doses are matched (61,62). While
MDI/spacer delivery requires less time at lower costs than wet nebuliza-
tion, it can be argued that nebulized therapy obviates the need for close
supervision of proper technique. When coupled with asthma education, a
spacer, and prescription of inhaled CS at ED discharge, MDI/spacer
administration of [3,-agonists has been linked to fewer short-term relapses
than nebulizer use (63).

Nebulized B,-agonist therapy is routinely given either in a continuous
manner or intermittently. Based on the results of a recent meta-analysis,
there appears to be no difference in hospital admission or magnitude of
PF improvement between continuous or intermittent administration of
nebulized albuterol (64). This review concluded that this non-difference
was seen regardless of the severity of the asthma exacerbation. This meta-
analysis incorporated seven studies, two of which reported an advantage
to continuous administration in a more severe asthma group (65,66). While
there may be no advantage with continuous nebulized therapy in most
patient groups, in the most severe cases with an impending requirement
for mechanical ventilation some benefit to this strategy may exist.

The optimal dose and frequency of inhaled B,-agonist administration
is not clear. Clinical effect is dose dependent and delivery of drug to distal
airways is inversely related to the degree of airflow obstruction. Sequential
doses given at a set frequency has been shown to have the same effect as the
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cumulative dose given once (67). Yet larger single doses may be associated
with more side effects. Evidence supports the use of either 2.5 mg of nebu-
lized albuterol every 20 minutes for an hour or 2.4-3.6 mg of albuterol by
MDI/spacer in an hour (four to six puffs every 10 minutes) (68). With acute
exacerbations of moderate to severe asthma, increasing dosage further pro-
vides little therapeutic advantage (69).

It has been repeatedly shown that roughly two of every three patients
presenting to the ED with AA will have a favorable response to aggressive
B,-agonist therapy (68,70,71). This consistent finding has added to the
hypothesis that two forms of AA based on predominant pathologic features
may exist: one marked by acute bronchial smooth muscle contraction and the
other by other progressive inflammatory features. The former type may have
near-complete resolution with treatment geared to abate bronchospasm.

A relatively novel therapeutic option within this drug class is a single
isomeric form of albuterol. Racemic albuterol consists of equal concentra-
tions of R- and S-enantiomers. Preferential pulmonary retention, increased
toxicity, and attenuation of bronchodilatation are all effects attributed to
S-albuterol (72-75). A recent pilot study showed levalbuterol (R-albuterol)
dosed at 1.25 mg produced greater bronchodilation than 2.5 and 5 mg of
racemic albuterol among patients treated for AA (73,76,77). The effect of
levalbuterol on clinical outcomes including ED disposition await the results
of a current larger, randomized, prospective study.

Longer-acting ,-agonists (salmeterol and formoterol) have clear roles
in outpatient asthma management. These agents are not recommended for
use in AA, but formoterol may have short enough onset properties that
make its use in AA plausible. Further investigations are required to clarify
this role.

B. Oxygen

Supplemental oxygen is routinely administered to patients with AA. It
is recommended for use (1) to resolve modest hypoxemia attributed to V/Q
mismatch. Significant hypoxemia (PaO, <55 mmHg) appears to occur only
in a minority of patients with AA (78). Recent investigation suggests that in
some patients with more severe gas exchange, early administration of 100%
O, may lead to significant worsening of hypercarbia (79,80), presumably
due to resolution of hypoxic vasoconstriction and resultant increase in
blood flow to low V/Q units. This is rarely, if ever, clinically significant,
and severe hypoxemia, if present, should always be reversed with adequate
oxygen therapy. Since hypoxemia in uncomplicated AA is due to V/Q mis-
match and not intrapulmonary shunt, large concentrations of oxygen are
not required clinically. In fact, if patients exhibit a requirement for large
concentrations of oxygen, a complicating cause of impaired gas exchange
with intrapulmonary shunt (e.g., pneumonia) should be considered.
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A potential salutary consequence of oxygen therapy is protection from
decreases in arterial oxygen concentration associated with inhaled ,-ago-
nist therapy. This modest consequence of B,-agonist use, rarely of great
clinical significance, is thought to be related to increased V/Q mismatching.

One new, small study explored the role of adding humidification to
delivered oxygen in asthmatics (81). The results suggest patients with AA
are prone to airway dehydration. Separately, in a group of clinically
stable patients, these investigators showed that dry air led to increased
bronchoconstriction in asthmatics, which was relieved by the addition of
humidification.

Patients with AA should be monitored for hypoxemia noninvasively
by pulse oximetry. When hypoxia is present, prudent administration of sup-
plemental oxygen should target normoxia (i.e., SpO, > 90% or even higher
in pregnant patients). The innocuous addition of humidification to employed
oxygen delivery systems seems reasonable.

C. Corticosteroids

CS are recommended for use in moderate to severe asthma exacerbations
(1). Response to initial inhaled bronchodilator therapy may be another
measure in determining which patients with AA should receive systemic
CS (1,68,70). Systemic CS primarily works by regulation of genes and sub-
sequent protein synthesis. This likely explains the significant lag time of at
least six hours before objective changes in PF are measurable (82-85).
Management issues surrounding systemic steroid therapy include the pre-
ferred route of administration, the role of their early application in the
emergency room, and their optimal dose.

There appears to be no difference in effect when steroids are given
orally as opposed to intravenously for the majority of patients with asthma
of moderate severity (86,87). This equivalence prompted national guide-
lines to favor the less invasive use of oral therapy (1). The role of early
CS use upon entry into the acute setting is much more controversial. Con-
founders to consensus on this topic result from wide dosing differences and
endpoint assessment among pertinent investigations (31). Results of a
recent meta-analysis assessing early administration of steroids in the ED
concluded that two groups were more likely to benefit if this therapy were
given within the first hour: the more severe asthmatics and those who were
steroid naive on ED entry (88).

Whether a larger dose of systemic steroids improves outcomes or
PFs is not certain (89,90). A review of the literature showed nonsignificant
trends towards medium and high doses being more efficacious than low
doses (82). National guidelines recommend that 120-180 mg/day of
prednisolone, prednisone, or methylprednisolone be given divided over three
to four doses for the first 48 hours of management. On subsequent days,
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60—80 mg should be continued with the goal of therapy being a PEF at 70% of
predicted (1).

Continuation of corticosteroid therapy for AA after achieving recovery
is aimed at reducing relapses (91). The optimal length of therapy is unclear,
but the dose of 40 mg of prednisone a day divided over two doses for 3 to 10
days is the current expert panel recommendation (1). The short end of this
range can be utilized if all components of outpatient therapy and monitoring
are optimally in place (92). The proper tapering technique also has no con-
sensus recommendation, but evidence exists that it can be rapid (93,94).
Limited data support the use of intramuscular steroids at the time of ED dis-
charge (95). Although not incorporated as an option in the national guide-
lines (1), depot methylprednisolone led to similar rates of relapse of AA as
seen in a group of patients discharged from the ED with oral methylpredni-
solone (96). This alternative is attractive if patient compliance is an issue.

Another modality of steroid delivery for patients with AA that has
sparked recent investigation is the inhaled route. High-dose, inhaled steroids
may create measurable immediate benefit by causing local vasoconstriction
and thereby reducing airway edema (97). In addition, these agents may
potentiate the benefit of inhaled [,-agonists (98). Recent meta-analyses have
reviewed studies on the role of ICS in the ED and upon discharge for treat-
ment and prevention of relapse in AA. The most recent report by Edmonds
et al. (99) in the Cochrane Database Review concludes that while in the ED,
ICS use may reduce admissions to the hospital, but there is inconclusive evi-
dence that it adds any benefit to concomitant use with systemic steroids.
Rodrigo and Rodrigo (100) demonstrated that the addition of high-dose
ICS to standard regimens of inhaled [,-agonists and ipratroprium in the
ED improved PFs and was associated with a trend towards reduction in hos-
pitalization rates, but in this investigation no comparison of this ‘“triple in-
haler” therapy to a schedule including systemic steroid administration was
made. Edmonds et al. (101) also reviewed ICS use at the time of ED discharge
and cautiously reported potential benefit in a subgroup of mild asthmatics.

At the present time, there is little convincing evidence that argues for
the replacement of systemic steroids in the armamentarium of AA treat-
ment with high-dose ICS. ED investigations for ICS most often require
every 10-minute administration of ICS with a spacer device. Further inves-
tigation is needed to clarify the role of ICS in AA.

D. Anticholinergics

Ipratropium bromide (IP) is the primary inhaled anticholinergic used in the
treatment of AA. The bronchodilator effect is not as pronounced as that
achieved by PB,-agonists (102). The majority of effect occurs within 30 min-
utes with duration of action around six hours (103). Importantly, routine
use of this agent has been associated with virtually no side effect (103,104).
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The results of a large RCT done by Rodrigo and Rodrigo showed that
addition of IP to albuterol therapy in an ED was accompanied by improved
PF and a lower rate of hospitalization (105). The patients that received the
most advantage were those who had more severe disease. One important
reason this study showed such significant benefit while others prior had
not may lie in the high dosing regimen used by these investigators. Confirm-
ing these benefits, several recent meta-analyses have concluded the above
advantageous effects associated with the addition of anticholinergic agents
to conventional B,-agonist therapy (106,107). Similar findings in hospitali-
zation rate and PF among pediatric patients have been demonstrated
(108,109).

Consensus guidelines recommend the addition of IP in AA patients
with more severe obstruction (1,110). Administration of high doses is appro-
priate in these cases. Either four puffs every 10 minutes from an MDI with a
spacer or 0.5 mg of nebulized ipratroprium every 20 minutes constitutes high
dosage (107). Because of differences in its muscarinic receptor selectivity
and duration of action, tiotropium may also find a role in the treatment of
AA (111). To date, no prospective RCT has been conducted with this agent
used in the treatment of AA.

E. IV Magnesium

Evidence for an adjunctive role for IV magnesium in the treatment of AA
has been forthcoming from several studies. Many smaller studies in the past
have shown modest bronchodilator properties of IV magnesium (112-115).
Reduction of hospital admission from the ED has also been reported (115).
Meta-analyses on the topic suggest PF improvement and lower hospitaliza-
tion rates may be most pronounced in severe AA (116,117).

In 2002, Silverman et al. (118) published results of a large, multicen-
ter, randomized, double-blinded study on the role of IV magnesium admin-
istration for severe AA. Two hundred and forty eight patients arriving in the
ED with severe asthma (FEV; < 30% predicted) were enrolled. Magnesium
or placebo was given after nebulized albuterol and 125 mg of IV methyl-
prednisolone were administered. At four hours, PF improved significantly
in the magnesium group with the largest differential benefit seen in the sub-
group of patients with initial FEV; <20%. Admission rate to the hospital
did not differ among treatment arms, but the authors state that the majority
of patients refused admission when this was advised.

The national guidelines over the decade have changed to reflect the
growing substantiation of purported advantages of magnesium sulfate in
a select group of patients. While there was no mention of magnesium in
the treatment algorithm in the 1997 statement (1), a more recent report
suggests considering this therapy in patients with very severe asthma (110).
The dose used by Silverman et al. (118) was 2 g infused over 10 to 15 minutes;
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no important side effects were reported. Whether continuous dosing or
repeated, interval administration would add any benefit is unknown. Further-
more, it remains unclear whether concomitant use of IP or inhaled steroids
would lead to additive or muted effects on PF and outcome.

F. Leukotriene Antagonists

These agents, which are routinely used for the management of chronic
asthma, may have a role in the acute setting as well. While having estab-
lished benefits for mild asthma, use of these agents in the oral form has
recently been linked to ED and hospital visits and greater asthma severity
(1,119,120). Dockhorn et al. (121), have described interesting advantages
of intravenous montelukast over its oral form. In their double-blind, single-
dose comparison of mild to moderate asthmatics, IV montelukast had ear-
lier PF improvement (as early as 15 minutes) and greater efficacy over oral
montelukast. Both the early onset of action and higher efficacy suggested to
the authors that IV montelukast may benefit AA patients.

To date, only one published report has demonstrated the benefit of IV
montelukast in the setting of AA. Camargo et al. (122) showed that 7 mg of
IV montelukast was beneficial over placebo in reducing subsequent [3,-ago-
nist administration, corticosteroid use, improving PF and reducing the
combined endpoints of hospitalization or prolonged ED therapy. The PF
effect was seen as early as 10 minutes and no side effects were reported.
Their methodology excluded patients who had a substantial response to
initial B,-agonist therapy (improvement by 20% predicted on FEV,). This
makes the use of this novel therapy potentially promising in those patients
known to have poorer initial bronchodilator response (68,70,71). On the
other hand, this exclusion makes it difficult to extrapolate general use of
leukotriene antagonists for all patients with AA. Furthermore, benefit has
to be determined among patients receiving steroids or oral leukotriene
antagonists chronically. Given the favorable risk—benefit balance, IV mon-
telukast should be considered in cases of AA that are not immediately
responsive to bronchodilators. The only limitation to its routine use in
the United States is its lack of availability in the intravenous form.

G. Methylxanthines

While longstanding mainstays in asthma therapy, theophylline and amino-
phylline have not consistently shown efficacy in the management of AA.
B,-agonists possess greater bronchodilator effect than aminophylline
(53). While individual studies have shown some benefits from use of these
agents, other studies have yielded negative results (123), and the results
of two meta-analyses revealed no statistical effect on PF improvement
(124,125). The more recent review suggests that side effects (palpitations,
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vomiting, etc.) predictably occur more frequently with methylxanthine use
(124). Currently, there is no established role for routine use of these agents
in the management of AA.

H. Antibiotics

The role for antibiotics in patients with AA needs to be tailored to their
risk for exacerbating bacterial infection. It is accepted that most asthma-
triggering infections are viral in nature. The latest National Institutes of
Health (NIH) guidelines suggest that antibiotic use should be considered
in patients with bacterial sinusitis, appropriate comorbid conditions, and
the combination of “fever and purulent sputum” (110). In this updated con-
sensus an effort was made to avoid associating high specificity with poly-
morphonuclear cell predominance in sputum with bacterial infection. The
only pertinent RCT among adults suggests the routine use of antibiotics
is not beneficial (126). Counter to this evidence is the observation that
newer antibiotics (esp. macrolides) may have additional roles in asthma
therapy through pathways curtailing inflammation or slowing metabolism
of other antiasthma agents (127).

I. Heliox

Heliox is a mixture of oxygen with the inert gas helium. Commonly used
concentrations of this agent utilize 60% to 80% helium (128). Its therapeutic
benefit in asthma is attributed to lower turbulent flow in high-resistance air-
ways secondary to its lower density compared with air-oxygen mixtures.
More importantly, a low-density gas such as heliox decreases the pressure
gradient required to achieve a given flow rate through turbulent airways.
This effect could lead to partial attenuation of the increased work of breath-
ing seen in the most severe cases of AA. In theory, initiation of MV could be
obviated if patients progressing to respiratory failure could be stabilized
with heliox as a result of its reduction in the overwhelming work of breath-
ing, but this has not been shown to be true in prospective trials. Heliox can
be delivered via a tight-fitting mask or through the inspiratory limb of a
ventilator.

Manthous et al. (129) showed that initiation of heliox could lower
measured PP and improve PEF. A number of studies have demonstrated
a PF improvement after heliox use. In addition, greater inhaled bronchodi-
lator delivery (130,131), improvement in oxygenation (132), and improve-
ment of hypercapnic acidosis (133) have all been implicated with its use.
Two reviews on the small amount of clinical trials have recently been simul-
taneously published. Rodrigo et al. determined that there was no overall PF
benefit or hospital admission reduction among moderate to severe cases
of AA (134). Ho et al. (135) suggested that there might be a modest, early
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benefit seen with heliox use that could be more substantial among the most
severe cases.

Given its favorable safety profile, heliox should be considered in severe
or extremely labile cases of AA (128). Its early administration, in these
select cases, should be aimed at optimizing gas exchange and bronchodilator
therapy and hence avoiding hospitalization and/or ETI (128). It may have a
further role in mechanically ventilated patients (136). In these cases, care
must be taken in evaluating ventilator settings. The less dense gaseous mix-
ture will alter tidal volume measurement if flow meters are not recalibrated.
Furthermore, the therapeutic effects of heliox may be lost after concentra-
tions of helium are dropped below 70%. Further investigation in this area
is needed (Table 1).

J. Non-invasive Ventilation

Marked increase in inspiratory and expiratory airflow obstruction leads to
dynamic hyperinflation in severe AA (137) (Fig. 2). The cumulative cost of
this is respiratory muscle fatigue that, along with the associated increase in
dead space, may lead to hypercarbic respiratory failure. Noninvasive positive
pressure ventilation (NIPPV) has been extensively reported to be beneficial
in other forms of hypercapnic respiratory failure (138-142). While only a
minority of patients with AA requires mechanical ventilation (143), such
patients suffer significantly high morbidity. Unfortunately, the literature on
NIPPV for AA treatment is fairly limited.

The goals of NIPPV in asthma are to reduce work of breathing and
potentially decrease the degree of hyperinflation, with mechanical support
conducted long enough for pharmacologic therapies to take effect. The
former is accomplished in two ways. Application of continuous positive air-
way pressure (CPAP) or expiratory positive airway pressure (EPAP) when
matched to the raised intrathoracic pressure seen as a consequence of
dynamic hyperinflation [and assessed by the measurement of intrinsic posi-
tive end expiratory pressure (PEEP)] allows inspiratory flow to be initiated
with lower intrathoracic pressure swings. This reduces the ‘“‘inspiratory
threshold load” on breathing in a dynamically inflated state. Adding inspira-
tory pressure support assists the exhausted asthmatic in generating adequate
tidal volume and further reduces work of breathing and risk of progression to
ventilatory failure. Furthermore, the addition of positive pressure may lead
to decreased inspiratory time and extension of expiratory time; to the extent
this occurs, gas trapping may be reduced.

Meduri et al. (144) reported findings associated with the early
implementation of NIPPV in patients with severe asthma exacerbations.
Tolerance of NIPPV was excellent. All but one of the 17 patients had
improvements in gas exchange as measured by blood-gas analysis, and
the majority had a reduction in respiratory and heart rate. While not a



Pharmacotherapy in the ED, Hospital Floor, and ICU 367

Table 1 Overview of Pharmacotherapy

Standard therapies

Albuterol 0.5mL of 0.5% solution (2.5mg) in 2.5mL normal saline
by nebulization every 20 minutes x 3 or 4-6 puffs by
MDI with spacer every 10 minutes initially then every
20 minutes; for intubated patients, consider 10-15 mg/hr
continuously and titrate to physiologic effect or side
effects. The role of levalbuterol (1.25 mg by nebulization)
as replacement for albuterol in patients with side effects
is promising yet requires further validation.

Corticosteroids Methylprednisolone/prednisone/prednisolone
120-180 mg/day over 3—4 doses for the first 48 hours,
then 60-80mg/day until PF reaches 70% predicted or
personal best.

Oxygen 1-3 L/min by nasal cannula; titrate using pulse oximeter to
goal saturation > 90% and consider addition of
humidification.

Anticholinergics Ipratropium bromide 0.5 mg by nebulization every

20 minutes or 4-8 puffs by MDI with spacer as frequently
as every 10 minutes initially. (Used in addition to
B-agonist, not as first line therapy.)

Adjunctive therapies for consideration in severe acute asthma

Magnesium 2 gm IV over 10-15 minutes along with standard therapy.
Benefit is seen in patients with PF < 20% of predicted.
Montelukast (IV) 7mg IV along with standard therapy. Benefit may beseen in

patients who do not have substantial PF improvement
with initial standard therapy.

Heliox 80:20, 70:30, or 60:40 helium:oxygen. Higher helium
concentrations are needed for optimal effect.

Antibiotics Use in patients with bacterial sinusitis or patients with
appropriate comorbid conditions and fever with purulent
sputum.

Theophylline Smg/kg intravenously over 30 minutes loading dose

in patients not receiving theophylline followed by
0.4 mg/kg/hr intravenous maintenance dose. Check
serum level within 6 hours of loading dose. Watch for
drug interactions and disease states that alter clearance
rates.

Epinephrine 0.3-0.5mL of a 1:1,000 solution subcutaneously every
20 minutes x 3; terbutaline (0.25mL) is favored in
pregnant patients when parenteral therapy is
indicated.Use with caution in patients older than 40 years
of ageand in patients with coronary artery disease.

Source: Adapted from Ref. 16.



368 Vinayak et al.

Ticlal volume

3.0

J Tidal volume
25

VOLUME (L)

Dynamically determined FRC

True FRC

5 PRESSURE (cmH,0)

Figure 2 Dynamic hyperinflation significantly increases the work of breathing. In
the absence of hyperinflation, a person taking a 0.5 L breath at the usual functional
residual capacity (FRC) expends a workload equal to the shaded area (a). As a con-
sequence of incomplete alveolar emptying due to limitation in airflow, asthmatic
patients may begin inspiration at a less advantageous FRC. At this dynamically
determined FRC, the work of breathing is the sum of the energy expended to bring
alveolar pressures below zero (shaded area b) and the workload at a less compliant
portion of the pressure-volume curve (shaded area c). Source: From Ref. 137.

randomized or blinded study, the patients who received NIPPV received
less sedation and had a shorter length of ICU and hospital stay than a
cohort of intubated, mechanically ventilated patients.

More recently, Soroksky et al. (145) showed in a prospective, random-
ized study that the implementation of bi-level, nasal NIPPV in the ED
improved both PF in the short term and reduced hospitalization rates.
Their control group included 15 patients who also wore nasally fitted masks
but received sham therapy at 1 cm of IPAP and EPAP through tubing that
was purposefully interrupted. Notably, inhaled therapies were administered
to both intervention and control groups during brief periods of mask venti-
lation. This methodology allowed the investigators to evaluate the direct
benefits of NIPPV use and avoid any potentially conflicting profit related
to greater bronchodilator delivery with NIPPV-administered breaths.
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The growing body of evidence suggests that the use of NIPPV can be
attempted in AA and respiratory embarrassment. Caution should be
employed in selecting appropriate patients for this ventilation modality as
not all patient populations are ideal candidates for NIPPV. Patients with
excessive oral secretions, recent upper airway or GI surgery, and patients
who are uncooperative should not be treated with NIPPV. In addition,
hemodynamic instability and inability to protect the airway are further con-
traindications to initiating mask ventilation (139) (Table 2). Close attention
to worsening respiratory status and the need for escalation to controlled
ETI is imperative if NIPPV is attempted.

Initiating NIPPV requires first fitting the mask to allow the most mini-
mal air leak possible. Evidence exists that greater reduction in hypercapnia
can be accomplished with the use of a full oronasal mask over nasal masks
alone (146). Patient comfort may be higher with nasal masks or newer hel-
met devices over tight oronasal mask delivery of NIPPV (146,147). Patient
compliance may increase if the mask is hand-placed firmly over the nose
and mouth for several minutes to allow a period of accommodation before
the straps are secured around the head. The appropriate snugness of the
straps should be tailored to minimize air leak yet ensure comfort. Initial
inspiratory and expiratory pressure ranges are 8-10 and 4-5cm of H,O,
respectively. Since hypoxemia is uncommon in AA, the reason to titrate
expiratory pressures is to offset intrinsic PEEP (PEEPi) and ease effort
of breathing (148). Inspiratory pressures should be appropriately adjusted
so adequate tidal volumes (>7 mL/kg) are achieved and, maybe more
importantly, a low respiratory rate ( <20 per minute) in order to minimize
air trapping (27). Total inspiratory pressures above 20cm of H,O are
poorly tolerated, require very tight fitting masks, and can result in skin
breakdown and excessive gastric insufflation.

Lacking larger prospective RCTs, current evidence suggests that
among the most severe cases of AA, a trial of several hours of NIPPV
may avoid ETI and prolonged hospitalization. If embarked upon, NIPPV
use should be followed with early assessment of improvement or deteriora-
tion. The use of heliox in concert with NIPPV has not been thoroughly

Table 2 Contraindications to NIPPV

After respiratory arrest

Medically unstable

Unable to protect airway

Excessive secretions

Uncooperative or agitated

Recent airway or gastrointestinal surgery

Source: From Ref. 139.



370 Vinayak et al.

investigated, but both expert opinion and anecdotal experiences seem to
favor the use of this low-risk, adjunctive therapy if a brief trial is rapidly
feasible.

V. ED Disposition

Clinical assessment along with serial objective PF measurement can be
used to determine patient disposition from the ED to home, a medical
ward, or the ICU. National guidelines utilize three categories of PF that,
along with a patient’s clinical picture, can be used to guide patient assign-
ment. Good, intermediate, and poor responses are defined as PF values of
>80%, 50% to 79%, and <50% of predicted values (1). In practice,
observational data suggests that adherence to these strict objective criteria
is poor with discharge home often occurring at a far lower value of PF. As
previously noted, early response to aggressive therapy portends a greater
chance for discharge. This early discriminatory tool may help delineate
patients who are responsive to bronchodilatation from those that need addi-
tional protracted anti-inflammatory therapy. A final ingredient in disposi-
tion planning is assessment of confounding comorbid disease, including
psychological factors and socioeconomic issues.

Patients with rapid and significant improvement of PFs and clinical
symptoms should be discharged home after a sufficient observational period
time from the last administered therapy (>30 minutes) ensures adequate clin-
ical stability. Paramount ingredients to avoiding relapses include arrange-
ment of close follow-up (within a week), ensuring patient comprehension
of prescribed medication regimens, and the institution of an action plan that
clearly outlines severity criteria that would prompt immediate return to med-
ical supervision. While the majority of AA patients should be sent home on a
course of steroids, a group of immediate responders may require little to no
systemic CS. All patients who are discharged after an episode of AA should
be transitioned to chronic anti-inflammatory therapy (i.e., inhaled CS).

VL. Hospital Ward Care

An observational period in a hospital ward is appropriate for slower, inter-
mediate responders to ED care or after an ICU stay for the poorest respon-
ders to initial care. In addition, patients with limited access to care,
concomitant psychiatric pathology, or significant cardiac comorbidity
may benefit from ward admission. Pharmacologic mainstays on the wards
are [-agonists, supplemental oxygen, and systemic CS. These cases of
asthma likely represent a more progressive inflammatory pathogenesis pat-
tern. Besides attention to barotrauma and nosocomial complications, ward
care can be focused on untethering social barriers to medical access and
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reinvestigating the differential diagnosis of recurrent cases of AA. Home dis-
charge criteria and considerations are similar to those previously discussed.

VII. ICU Care
A. ICU Admission

Admission to the ICU with SAA occurs most commonly for management
of established or progressing respiratory failure. Patients with severe airflow
obstruction who fail to improve significantly (final ED PF < 40% pre-
dicted) or those who continue to deteriorate despite aggressive medical
therapy should be admitted to the ICU. If NIPPV has been initiated in
the ED without an early dramatic reversal of clinical parameters, further
monitoring in the ICU in anticipation of possible ETI is appropriate.
Unfortunately, the easiest cases to triage to the ICU include patients who
suffer a course of progressive obtundation or cardiorespiratory collapse.

Only a minority of all patients that present with AA require ETI. Once
in the ICU, the occurrence of this therapy rises dramatically with reported
incidences varying widely from 2% to 70% (31). Pooled averages from stud-
ies over the last three decades of the 20th century (31) correlate with recently
published epidemiological data suggesting between 30% and 60% of ICU
admissions (149,150) require ETI. While considered a life-saving therapy,
ETI is associated with higher mortality rates and a number of accompanying
morbidities, including barotraumas (151), hypotension, nosocomial infec-
tion, and neuromuscular disease (152).

When to proceed to ETI and invasive ventilation remains a crucial
clinical judgment. The immediate requirement of ETI is clear in those
patients who suffer cardiorespiratory arrest or obtundation prior to ICU
or ED presentation. Elective intubation should be performed in those
patients who report being or subjectively appear to be exhausted; in patients
who are failing NIPPV; and in anyone who has evidence of worsening cardio-
respiratory status (e.g., a fall in peak flows or PP without clinical improve-
ment in RR, accessory muscle use or a falling arterial pH) (16,153).
Normocarbia or hypercarbia can be helpful measures of respiratory system
fatigue in some patients with AA, but these findings alone in the absence
of clinical worsening or a falling pH rarely proceed to ETI (143).

B. Intubation

Whenever possible, time should be taken to discuss the role and conse-
quences of ETI with the patient. ETI should be done by, or under the
guidance of, an experienced airway clinician. Laryngospasm and broncho-
spasm are well-recognized costs of excessive airway manipulation. While
there is no consensus on the route (oral vs. nasal) for intubating the AA
patient, it is the opinion of these authors that oral intubation is the
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preferred method. This technique allows for the larger endotracheal tubes
(ETTs), avoids nasal polyps, decreases the incidence of sinusitis (154),
and may be performed more expediently. Larger ETTs are preferred as they
add less resistance to the respiratory circuit and allow for more aggressive
treatment of the asthmatic’s mucous secretions (16).

In almost all cases, quick-onset sedative agents can be used for anes-
thetic induction prior to intubation. Rapid-sequence induction should be
utilized in unstable patients that require optimal conditions for expedient
airway control. The cost of this technique is the short-term use of a paraly-
tic agent, which for reasons discussed below should be avoided whenever
possible. Commonly used sedative agents prior to intubation include midazo-
lam, thiopental, propofol, and ketamine. All of these agents have the rapid
onset properties required during the peri-intubation period. Furthermore,
continuous infusions of these agents (except thiopental) can be administered
to assist in achieving the goals of mechanical ventilation successfully (16).

Hypotension frequently coincides with the initiation of mechanical ven-
tilation (155). Mechanisms for this effect often include one or more of the
following: hypovolemia, sedative effect, barotrauma (i.e., pneumothorax or
pneumomediastinum), and decreased venous return secondary to dynamic
hyperinflation (156,157). This last mechanism deserves underscoring as this
often avoidable morbidity is frequently not entertained early during the acute
intervention for hypotension. In fact, there is a robust literature implicating
cessation of aggressive resuscitation or ventilation in obstructed patients
leading to a “Lazarus syndrome” or spontaneous return of circulation
(158-160). Care should be taken to avoid overaggressive Ambu-bag ventila-
tion that may increase PEEPi. Vigorous volume challenge should be the
first response to a drop in blood pressure. Concomitantly, while administer-
ing 100% oxygen, delivered minute volumes should be minimized or ventila-
tion temporarily discontinued (60 to 90seconds, an “apnea test”) (156).
Persistent hypotension should provoke a radiographic search for a tension
pneumothorax.

C. Ventilator Management

The overall goals of MV are to provide adequate ventilatory support and
reduce work of breathing to the tired asthmatic until time and ongoing phar-
macotherapy corrects the airway obstruction. In cases of severe asthma,
strategies aimed at minimizing hyperinflation have been shown to be bene-
ficial. To this end, lowering minute volume (V7,), decreasing inspiratory time
(T;), and assuring patient—ventilator synchrony become the targets of ther-
apy (161).

Both lowered V. and shorter 7; aid in abating hyperinflation by
lengthening expiratory time and prolonging alveolar emptying. The more
powerful determinant of adequate airway emptying is minute ventilation.
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Accordingly, attention should be specifically addressed to reduce adminis-
tered tidal volumes and their frequency. Reasonable initial ventilator set-
tings used to avoid lung hyperinflation are tidal volumes up to 8cc/kg
and respiratory rates between 10 and 12 breaths/min in a volume-control
mode (162). In addition, inspiratory flow rate should be set between 70
and 100 L/min to further increase 7, (161). Setting flow rates to this level
often occurs with the ventilator alarming as the set peak inspiratory pres-
sure (PIP) alarm has been exceeded. Increasing the PIP alarm limit is
the correct remedy in this situation. Achieving lower PIPs by decreasing
V: or flow rate has been shown to increase hyperinflation. Conversely, ele-
vated PIPs at the ventilator setting described above are associated with the-
oretical risks of barotraumas that have never been clinically corroborated
(163,164).

More useful measurements of hyperinflation and the consequent risk
of barotrauma and hyperinflation include plateau pressure (Pp:) and
PEEPi values (162). These measurements are made by implementing
inspiratory and expiratory pauses and should be done when the ventilator
circuit is uninterrupted by external sources of airflow, i.e., continuous neb-
ulized therapy. Care should be taken in always discontinuing pauses pro-
grammed into the routine ventilator sequence after measurements are
made. A persistent inspiratory pause will increase the I:E ratio and not only
affect Py, measurement but may also increase the degree of hyperinflation.
Reasonable goals of Py, are below 35 cmH,O with even safer values below
30cm H,O (153). PEEPi measurements correlate with end-expiratory
alveolar volumes, but due to heterogeneity of airway closure, a large propor-
tion of alveolar units may not be in communication with the ventilator at
the time of this measurement. This phenomenon likely explains the cases
of underestimation of hyperinflation by PEEPi measurements (165,166).

A more accurate measurement of dynamic hyperinflation can be made
by quantifying the amount of gas collected from end inspiration during a
period of prolonged apnea (up to 60 seconds). This value, end-inspiratory
lung volume or Vg, was termed and validated by Tuxen et al. (163,167).
While Vg is predictably more prognostic of hypotension than PEEPi mea-
surements, it is more difficult to routinely measure and may more frequently
require paralytic use to obtain (Fig. 3).

When ventilation is completely controlled, the addition of ventilator
circuit PEEP may worsen hyperinflation (168). In tenuous cases of SAA,
sedation should be used to ablate patient-triggered breaths and ventilator
PEEP should be set to zero (27). It has been argued that potentially bene-
ficial effects of ventilator administered PEEP are seen as a result of dilating
previously collapsed airways, hence allowing improved gas exchange (169);
we have not seen this theoretical effect benefit patients and do not employ
machine PEEP during the early stabilization of an asthmatic on the venti-
lator. As patients are aroused from induced coma and resume triggering
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Figure 3 Measurements of dynamic hyperinflation. Panel (A): Described by Tuxen
et al., end-inspiratory lung volume, VEI, can be measured during a prolonged apnea
at the conclusion of a tidal volume delivery. Panel (B): An easier measurement, pla-
teau pressure (Ppy) (arrow I), can be determined by temporarily incorporating an
end inspiratory pause into the ventilator circuit (arrow 2). Another clue to the pre-
sence of hyperinflation is persistent end-expiratory flow in this example (arrow 3).
The magnitude of the auto-PEEP or PEEPi can be quantified by an end-expiratory
pause maneuver (not shown). Source: Panel B provided by G. A. Schmidt.
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breaths on the ventilator, prudent use of PEEP should be considered. At
this time airflow obstruction has improved significantly, if not completely
resolved, and administered PEEP may be acceptable if kept below PEEPi
and its addition does not adversely affect measurements of hyperinflation
(169,170).
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D. Sedation

The initial mechanical ventilation settings and subsequent pressure mea-
surements detailed above require a largely passive patient without the usual
dyspnea accompanying asthma itself, intubation, and the emergence of per-
missive hypercapnea. To assure this level of control during a disease process
that is associated with significant patient discomfort, adequate sedative
administration becomes imperative. As mentioned above, short-acting ben-
zodiazepines, and the parenterally administered anesthetics, propofol and
ketamine, are the sedative agents most commonly used, given their rapid
onset (27).

Among the benzodiazepines, the ultra-short onset of midazolam
makes it the most common agent of this class used in the authors’ ICU.
Other advantageous features of midazolam and other benzodiazepines
include their amnestic and anxiolytic properties. At higher doses respira-
tory depression can occur and may be beneficial in achieving purposeful
hypoventilation (discussed below). Metabolism is slowed by poor hepatic
function that delays conjugation and by renal dysfunction that leads to
accumulation of the less active conjugated metabolites (171).

Propofol has become another mainstay in the sedative management of
the intubated asthmatic. In addition to its rapid onset, propofol’s quick off-
set properties allow for very adjustable titration of sedation effect. Attribu-
table hypotension results from high doses of continuous infusion or during
induction phases of anesthesia. Certain patients develop hypertriglyceride-
mia with prolonged propofol administration, and a high dosage of the drug
given in this manner has been linked to fatalities among children. Its meta-
bolism is not significantly delayed by hepatic or renal impairment (171).

Both midazolam and propofol can be successfully used to accomplish
the goals of ventilator management detailed above (172). While both agents
have comparable respiratory depressive effects with bolus administration, it
appears that with ongoing, continuous use, the level of respiratory control is
attenuated with propofol (173). On the other hand, comparative studies
between the two agents reveal a predictably shorter time to awakening after
propofol discontinuation (174-177). Duration of mechanical ventilation
may not be appreciably different with either agent if a standard practice
of daily sedative interruption is employed to avoid cumulative effects of
midazolam infusion (178,179). Relative dosing requirements between these
agents have not been described for the practice of PH detailed below.

Ketamine is a unique anesthetic that, in addition to its rapid onset and
respiratory depressive effects, may have the added advantage of a direct
bronchodilator effect (180,181). This airway effect has not been shown to
be clinically additive to standard pharmacologic therapies employed with
asthmatics (182). In addition, the catecholamine surge thought to be respon-
sible for this result also is implicated in the hypertension and tachycardia
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often seen after ketamine infusion. This cardiovascular profile makes keta-
mine administration more advisable for pediatric populations (183).

Lower sedative requirements are achievable with concomitant analge-
sic use. This often forgotten adjunct to the sedative cocktail is most often
implemented with the narcotics, morphine or the shorter-acting fentanyl.
These agents can be exploited for their additional respiratory depressant
effects, if wanted (184).

E. Paralysis

The use of neuromuscular blocking agents (NMBAs) to assure complete
patient—ventilator synchrony in severe acute asthmatics has been drastically
reduced given the growing certainty of their connection with myopathy
(185-188). Since early reports of the link between combined corticosteroid
and NMBA use and neuromuscular disease, further investigation has corro-
borated this association regardless of the type of NMBA used (185). The
risk for myopathy appears to increase with duration of NMBA administra-
tion, with the vast majority of cases resolving over several weeks after
NMBA discontinuation (185,188).

Given the significant morbidity associated with their use, NMBAs
should be avoided whenever possible. Avoiding paralysis may require the
use of a combination of sedatives along with an analgesic. Combinations
of sedatives may be employed to avoid the implementation of paralysis. If
paralytic use cannot be avoided, cisatracurium is the preferred agent, given
its spontaneous serum degradation. Vecuronium and pancuronium are less
commonly used. Bedside nerve stimulators should be employed to avoid
over-titration of these agents (189). It is uncertain whether frequent NMBA
infusion interruption or titration to lower level of blockade as measured by
nerve stimulation will lower the risk for neuromuscular pathology.

F. Permissive Hypercapnia

Elevation of arterial pCO, can occur as a consequence of lowering minute
volume. This allowed effect of controlled mechanical ventilation is not
observed in all cases. Two physiologic effects may result in cumulative
improvement of gas exchange. First, adequate sedation and unloading of
fatigued respiratory muscles can lead to decreased CO, production. Sec-
ond, and likely more pertinent, as dynamic hyperinflation is minimized,
effective dead space is reduced. This result favors greater CO, elimination
if the proportion decline in dead space overrides the opposing effect of
decreased minute ventilation (16).

A strategy utilizing PH is well tolerated through most states of health
and disease (190,191). Scenarios for which PH is commonly avoided are
pregnancy, conditions leading to elevation in intracranial pressure, and
severe cardiac dysfunction. Unfavorable effects on uterine (192,193) and
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intracranial blood flow (194) can lead to fetal distress or elevation in ICP,
respectively. Furthermore, hypercapnic acidosis has several adverse cardiac
effects, including myocardial depression and elevation in pulmonary arter-
ial pressures (191). In most other cases, maintaining PH above 7.15 and
pCO, below 90 mmHg are reasonable and safe limits to allowed acidosis
and hypercapnia.

G. Inhaled Therapies

Along with ongoing corticosteroid therapy, inhaled bronchodilator treatment
should be continued in the ventilated patient. Therapy frequency should be
titrated down as asthma severity resolves. Routes of administration remain
MDI/spacer or nebulization, both through the inspiratory limb of the venti-
lator. Given proper MDI administration, ventilator maneuvers, and airway
circuit properties, this method of therapy can be significantly more efficient
than nebulized therapy (195). Yet the required ventilator manipulations are
associated with significant increases in inspiratory time fraction. The conse-
quence of this result has not been tested in patients with severe hyperinfla-
tion. Conversely, less efficient intermittent nebulizer therapy may lead to
increased direct costs and the potential for higher nosocomial infection rates
related to frequent interruption of the ventilator circuit (195). Due to its ease
of use, continuous delivery of nebulized medication may be a preferable way
to avoid the technical issues of MDI-ventilator adaptation while overcoming
the inefficiency in drug dosing of intermittent nebulization.

H. Liberation from Mechanical Ventilation

A minority of mechanically ventilated patients have rapid resolution (within
24 hours) of bronchoconstriction. The remainder of patients often require
from two up to seven days for resolution of obstruction (181). Additional
ventilatory requirements may be minimized by early recognition and appro-
priate response to dynamic hyperinflation and/or pneumothoraces and
protocols to reduce sedative accumulation. Once a patient is extubated, a
period of observation should precede ICU discharge.

. Potential Adjunctive Therapies

A number of pharmacologic agents and procedures have been reported
to have potential benefit among asthmatics in the ICU. The most note-
worthy, unproven therapy is heliox, which has already been discussed
above. The infrequent incidence of intubated asthmatics and variation in
the expedient availability of helium—oxygen have made it difficult to estab-
lish evidence-based efficacy of heliox in mechanically ventilated patients.
A number of anecdotal reports by experts argue for a potential role for this
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agent in the ICU among patients ventilated via ETI or NIPPV. Other occa-
sionally reported therapies include inhaled anesthetics and bronchoscopy.

The common inhalational anesthetics (enflurane, isoflurane, and
halothane) have all been reported to have beneficial effects via smooth mus-
cle relaxation (196-199). Limitations on the use of these agents include lack
of proper expertise among medical intensivists concerning anesthetic use
and the concomitant restrictions in the applicability of anesthesia ventila-
tors with asthmatics (200). These ventilators have flow and pressure limits
that can lead to inadequate tidal volumes and longer I:E ratios in severely
obstructed patients (200).

Asthma has long been considered a relative risk for morbidity when
considering fiberoptic bronchoscopy (FOB) due to the possibility of wor-
sening airway reactivity (201-203). In patients with severe asthma, irrever-
sible airflow may in part be due to the heavy airway burden of inspissated
mucus and atelectasis. Case reports and anecdotal use of FOB with lavage
to help with mucus disimpaction suggests a possible therapeutic role for this
procedure (204-206). Further studies need to be performed to define the
therapeutic index, proper patient selection, and safety in mechanically ven-
tilated patients before advocacy of this process is possible.

J. ICU/MV Outcomes

Predictably, outcome analyses of asthmatic patients who require ICU care
reveal overall worse mortality than asthmatics who avoid ICU admission.
Although rare reports of no mortality have been reported by single centers
(138), recent observed ICU mortality of 7% or 8% has been reported
(149,150,207,208). Consistent factors that place patients at higher risk for
death include older age, female sex, higher severity of illness score, CPR
or anoxic insult prior to admission, and worse gas-exchange parameters
on admission to the ICU (149,150,208,209). There is some evidence that
overall ICU mortality has decreased over time as a consequence of our
greater understanding of pharmacologic options and proper mechanical
ventilation strategies (207,210).

VIll. Conclusion

While overall mortality remains low, asthma cases are prevalent and contri-
bute substantially to national health expenditures. The disproportionate
majority of this cost occurs in a minority of asthmatics that suffer from epi-
sodes of AA requiring ED attention or hospitalization. Recent trends in mor-
tality and hospitalization seem to have reached a plateau in the United States.
Complete assessment of severity, full understanding of therapeutic options,
and adequate transition to outpatient treatment are all components of AA
care that may continue to contribute to currents favorable asthma trends.
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Inhaled anti-inflammatory, 195
Inhaled budesonide, 88
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