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Abstract The Childhood Asthma Management Program
(CAMP) has been in continuous existence for almost two
decades, which makes it the largest randomized, placebo-
controlled clinical trial with extended follow-up for chil-
dren with mild to moderate asthma. As such, its cumula-
tive data from baseline, active treatment, and post-
treatment have proved to be an invaluable resource for
not only assessing the efficacy and safety of long-term
inhaled corticosteroid therapy in childhood, but for dis-
covery of many other aspects of childhood asthma, in-
cluding genetics and biomarkers.
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Introduction

In the early 1990s, the Childhood Asthma Management
Program (CAMP) was developed to determine whether
long-term anti-inflammatory therapy could alter the natural
history of mild to moderate asthma of childhood by improv-
ing lung growth as measured by post-bronchodilator forced
expiratory volume in one second (FEV,). The rationale for
CAMP and study design have been extensively reviewed
elsewhere [1, 2]. Briefly, 1,041 children 5—12 years of age
with mild-to-moderate persistent asthma were enrolled from
December 1993 to September 1995 at eight clinical centers.
After a 2—4 month screening and baseline period to establish
the severity of asthma and the ability of the patients and
parents to adhere to the complexity of the trial, patients were
randomized to budesonide dry-powder inhaler (200 pg
twice daily), nedocromil metered-dose inhaler (8 mg twice
daily), or matching placebos for 4-6 years (mean 4.3 years)
(Fig. 1). The extensive baseline assessment including
lung function, airway reactivity, height, weight, race, eth-
nicity, Tanner staging, bone mineral density (BMD), asthma
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history, allergen skin testing, dust sampling in the home,
social economic status determination, and psychological
and neurocognitive development testing provided one of
the best characterized childhood asthma populations that
would enable assessment of potential predictors of response
to therapy. In addition, early genotyping of the children
and their families, funded through an ancillary genetics
study would enable assessment of genetic determinants
of asthma, their interaction with phenotypic factors known
to affect response, and analysis of the natural progression
of the disease.

After the initial clinical trial, the patients were removed
from randomized therapy and then followed for an addition-
al 13 years (Fig. 1) in three successive continuation studies,
to determine the effect of early treatment, and progression of
the asthma into adulthood. During this period the patients
were assessed by the CAMP staff but treated by their pri-
mary care physicians with recommendations sent by the
CAMP physicians for asthma treatment based upon the
National Institutes of Health guidelines for management of
asthma [3]. The percentage of time subjects were maintained
on inhaled corticosteroids (ICS) during the observation
phase of the study was similar across the three treatment
groups of the randomized clinical trial (budesonide
(31.3 %), nedocromil (30.9 %), and placebo (30.2 %)).
Being the longest and largest prospective study of childhood
asthma, CAMP provided a unique opportunity to evaluate
not just the outcomes of therapy but the natural history of
the disease. The CAMP investigators have published over
140 papers featuring the data obtained from baseline, the
treatment trial, and many years of follow-up. It is the
purpose of this review to briefly emphasize the most
clinically significant findings from CAMP to help clini-
cians in the care of childhood asthma. The long-term out-
comes from both therapy, the natural history of the
disease, and the phenotypic and genotypic predictors of
responses will also be emphasized.

Outcome of long-term therapy
Efficacy of anti-inflammatory therapy

At baseline, children were (mean + SD) 9.0+2.1 years old,
2/3 white, and 60 % male. The participants had features of
mild or moderate persistent asthma: mean+SD episode-free
days of 10+8 per month, 0.9+1.6 night awakenings/month,
use of 10+10 puffs of albuterol/week, and pre-
bronchodilator FEV| % predicted of 94+ 14 (post-broncho-
dilator FEV1 % predicted 103+13). Participants had mod-
erate to severe degree of airway hyperresponsiveness (AHR:
geometric mean FEV, PCyo 1.1+3.3 mg mL™") [2].

@ Springer

Neither ICS nor nedocromil therapy resulted in a signif-
icant improvement in the primary outcome of post-
bronchodilator FEV; % predicted versus placebo [2, 4].
However, compared with placebo, ICS treatment was asso-
ciated with a greater improvement in pre-bronchodilator
FEV; % predicted, AHR, and bronchodilator response
(BDR), and with 43 % less hospitalization, 45 % fewer
urgent care visits, and 43 % fewer prednisone courses.
Nedocromil, however, resulted in 27 % fewer urgent care
visits and 16 % fewer prednisone courses. The following
were also better in children treated with ICS compared to
those treated with placebo: symptom score, albuterol rescue
use, episode-free days, and longer time to first course of
prednisone, and initiation of supplemental therapy with
other controller. ICS therapy was also associated with a
significant improvement in the total score on the children’s
depression inventory (i.e., indicating less depression) com-
pared with placebo [2].

The first post-trial follow up study of 4.8+0.5 years made
the following key observations [5e]. There were no differ-
ences in lung function or AHR for participants treated with
ICS and those on placebo in the original trial. During this
follow up period, the participants incurred low rates of
exacerbation; children initially treated with budesonide had
29 % fewer prednisone courses (P=0.05), and 36 % fewer
urgent care visits (p=0.05) compared with those assigned
placebo. However, an estimated 15 and 32 participants
would need to be treated with ICS regularly for four years
to prevent one prednisone course per year and one urgent
care visit per year, respectively, after discontinuation of the
treatment.

Inhaled anti-inflammatory therapy, specifically cortico-
steroids, and to a lesser extent, nedocromil, afforded advan-
tages over placebo in different measures of asthma control
during the trial; however, such differences in benefits be-
tween original treatments were not sustained after those
were discontinued.

Potential adverse effects of corticosteroids in childhood asthma

Systemic corticosteroids are well known to produce a vari-
ety of adverse systemic effects when taken either continu-
ously or frequently over many years including: reduced
linear growth; reduced BMD; reduced hypothalamic—pitui-
tary—adrenal (HPA) axis activity; and posterior subcapsular
cataracts (PSCs) [6]. The CAMP trial provided a unique
opportunity to evaluate the potential long-term systemic
consequences of medium-dose ICS therapy in a prospective
manner. In the initial trial a significant reduction in linear
growth velocity was noted in the budesonide group; this
occurred over the first two years and then returned to match
that of the nedocromil and placebo groups [2]. The decrease
in velocity resulted in a significant but small reduction in
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Fig. 1 Schematic diagram of
the childhood asthma
management program. 1,041
children aged 5 to 12 years with
mild to moderate persistent
asthma were randomized to
receive budesonide,
nedocromil, or placebo. After 4
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height (mean —1.1 cm) compared with placebo at the end of
the trial. The budesonide children were predicted to reach
the same mean adult height as the placebo and nedocromil
groups on the basis of their growth velocity and bone age at
the end of the CAMP trial; however, the budesonide group
actually maintained significantly reduced height (0.9 cm;
P=0.01) compared with the placebo group after an addi-
tional 4.8 years for a total follow-up of 9.1 years [See].

BMDs measured by dual-energy X-ray absorptiometry
(DEXA) scans of the lumbar spine were obtained at baseline
and at least one follow-up BMD at a median duration of just
over seven years from 877 (93 %) of the children in both the
treatment and follow-up phases of CAMP [7]. The relation-
ships between bone mineral accretion (g cm > year ') and
both cumulative number of oral corticosteroids (prednisone)
bursts and cumulative ICS dose converted to budesonide
equivalents were assessed. A dose-dependent (>5 courses
over a median of seven years; P=0.0002) decrease in annual
bone mineral accretion in boys but not girls from oral
corticosteroids was found that resulted in an increased risk
of osteopenia. More recently, the reduced bone mineral
accretion was seen to only occur in the boys with vitamin
D insufficiency, thus providing a possible means of prevent-
ing this effect of oral corticosteroids [8¢]. There was a small
decrease in bone mineral accretion in boys only with cumu-
lative ICS dose that was not associated with a risk of
osteopenia. No increased risk of fractures was found for
either oral corticosteroids or ICSs.

The ICSs are well known to induce dose-dependent sup-
pression of the HPA axis and in very high doses have been
associated with Cushing’s syndrome and adrenal insufficiency.

Although low to medium doses of short-term ICS have
been generally found to be devoid of significant adrenal
suppression, with prolonged use it was unknown whether
there might be a long-term cumulative effect on the HPA
axis with lower doses. HPA axis was assessed in an ancil-
lary study of 63 children entering the CAMP trial at base-
line, 12, and 36 months by cortisol response to 0.25 mg
cosyntropin and 24-hour urinary free cortisol measurement
[9]. No significant effect of 400 ng day ' budesonide over
the three years was found, despite sufficient systemic
activity to produce growth suppression.

At the end of the initial CAMP trial all patients were
assessed for cataracts by lens photography [2]. One patient
had a small opacity that was diagnosed by slit lamp examina-
tion as a barely measurable (<5 mm) PSC. At 12-13 years
after initial randomization, all CAMP participants were
encouraged to have slit lamp examinations for cataracts that
were funded by CAMP [10]. Of the original cohort 232
patients (22.1 %) received slit lamp examinations. There were
16 patients with cataract findings, but no significant difference
in the percentage of patients who received corticosteroids or
never received corticosteroids over CAMP and follow-up
(6.7 % versus 8.3 %, respectively), nor was there an effect
of oral corticosteroids on the development of cataracts.

Phenotypes of childhood asthma
Post-hoc analysis of the CAMP cohort revealed different

asthma phenotypes on the basis of physiologic and clinical
characteristics. A subset of children had progressive
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reduction in lung function over time, irrespective of treat-
ment [11]. A loss of at least 1 % predicted per year in post
and pre-bronchodilator FEV, was detected in 26 % and
19 %, respectively, of the cohort over four to six years of
the treatment phase. Those who had progressive loss of lung
function were likely to be male, younger age, with a higher
post-bronchodilator FEV; % predicted at baseline.

BDR upon entry into CAMP was found to be a powerful, if
not the only phenotypic predictor of lung function response to
therapy with ICS over the four years of the treatment trial.
Increased BDR at baseline was associated with improvements
in lung function over time, a higher pre-bronchodilator FEV
and FEV,/FVC ratio and FVC at four years [12]. Fifty-two
CAMP participants had a persistently increased BDR (>12 %
improvement in FEV at each visit) over the four-year trial; and
this group seemed to define a particular phenotype with differ-
ent outcomes from those with an increased BDR at baseline
alone. Persistent BDR was associated with a lower FEV at the
end of study trial. Those with persistent BDR over just three
visits had similar outcomes [12]. Participants with persistent
BDR had an increased frequency of asthma exacerbation,
increased nocturnal awakening, and increased school absence.
For participants with persistent BDR, increased AHR was a
predictor of persistence, suggesting that persistent BDR may
be a clinical manifestation of AHR [12]. Factors associated
with a persistent BDR included a lower baseline pre-
bronchodilator FEV, higher log IgE, and lack of ICS therapy
[12].

Some participants during the treatment phase had per-
sistent symptoms (on the basis of diary card recording of at
least “1” for a mean of >2 days per week of symptoms for
four weeks within a four-month period) and/or severe
exacerbation (use of >3 days oral steroid or need for
emergency department (ED) visit or hospitalization for
asthma) [13¢]. Only 26 % of the ICS-treated group com-
pared with 37 % in the nedocromil group and 44 % in the
placebo groups (P<0.0001) had persistent symptoms. Sim-
ilarly, 21 %, 30 %, and 37 % in the ICS, nedocromil, and
placebo groups, respectively, had severe exacerbation. Par-
ticipants with persistent symptoms were more likely not to
have been treated with the ICS, and have lower FEV,/
forced vital capacity (FVC) ratio and greater AHR. Partic-
ipants with severe exacerbation were younger, with a his-
tory of previous exacerbation, and also had lower FEV,/
FVC ratio, greater AHR, and higher peripheral eosinophil
count at baseline. Although the presence of persistent
asthma symptoms was significantly associated with having
severe asthma exacerbation, a subpopulation of subjects
(14 %) with no documented persistent symptoms had one
or more instances of severe exacerbation.

Participants with mild to moderate asthma do not all
behave in the same way. Some develop deterioration in lung
function whereas a few manifest with persistent BDR; some
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have persistent symptoms whereas asthma in some is char-
acterized by the occurrence of severe exacerbation. Hence,
assessment of impairment and risk features of asthma should
be performed separately.

Predictors of response to inhaled corticosteroid

CAMP also provided data regarding predictors of poor ICS
response. In-utero smoke exposure was associated with blunt-
ing of the beneficial effects of ICS therapy on AHR [14e].
Overweight or obese children had a decreased response to
ICSs in both measures of lung function and asthma exacerba-
tion compared with children of normal weight [15¢]. Poor
lung function response (lack of at least a 7.5 % improvement
in pre-bronchodilator FEV, at any of the study visits) was
found in approximately 24 % of the 311 participants random-
ized to the ICS treatment arm [16¢¢]. Poor responders were
likely to be younger, and had higher pre-bronchodilator FEV,
% predicted, lower BDR to albuterol, and lower AHR. Mul-
tivariable analysis showed only BDR and the two single
nucleotide polymorphisms (SNPs), FCER2 and CRHRI, as
predictors of poor ICS response. Reduced AHR at baseline
was the best predictor of improvement of patients who were
not placed on ICS therapy. The differences in the prediction of
treatment response between baseline BDR and AHR suggest
that these two measures are independent predictors of treat-
ment response [17].

Natural history of childhood asthma
Remission of asthma

Prevalence of remitting asthma varies in different epidemi-
ologic studies. In general, the course of asthma in children
gets better over time with reduced exacerbation and reported
symptoms and improving AHR; our data, however, revealed
that fewer than 10 % are likely to be in remission during
adolescence, quite different from most published data [5ee,
18e¢]. Those who are likely to have remitting asthma in
adolescence are those who are not sensitized and exposed
to relevant indoor aeroallergens, with milder disease fea-
tures in early childhood, older age at presentation, less
AHR, and better lung function.

Lung function

Inhaled anti-inflammatory therapy did not protect against a
progressive deterioration of lung function [11, 19]. Distinct
patterns in lung growth (using annual sex—age-specific
mean values of pre-bronchodilator FEV,, FVC, FEV,/
FVC % and growth velocity) were seen in children in
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CAMP using longitudinal measures during the treatment
phase and four years of observational phase, compared with
children without asthma [19]. No differences in these pat-
terns were detected between the two active treatment groups
compared with placebo. The comparative group were 5,415
children without a doctor diagnosis or self and parent report
of wheeze or asthma, enrolled as first or second graders in
the cohort from schools in six cities in the US between 1974
and 1979 (H6CS).

Differences in FEV;, FVC, and FEV/FVC trends over
time between asthmatics and controls were found. Using
lung growth velocities, FEV for both boys and girls in the
two cohorts track similarly until age 10 years when the
growth velocity in children with asthma starts to lag. Chil-
dren with asthma had higher FVC velocities until peak
growth velocities were achieved at age 14 years for boys
(0.56 Ly ' for CAMP and 0.53 Ly ! for H6CS) and at age
12 years for girls (0.36 L'y ' for CAMP and 0.33 Ly ' for
H6CS). After age 15 years for boys and 13 years for girls,
annual velocities are similar. The percentage of children
with asthma whose FEV, fell below the lower limit of
normal (LLN: <5 % predicted percentile using the sex—
race-specific prediction equations) was 12 % at age six years
and 19 % at age 18 in boys. The difference was smaller in
girls with 11 % of girls in CAMP having a FEV below the
LLN at age six, 16 % at age 14, and only 13 % at age 18.
The presence of airflow limitation among asthmatics was
magnified by use of the FEV/FVC ratio. Thirty one percent
of boys had FEV/FVC ratio below the LLN at age six and
52 % were below the LLN at age 18; FEV/FVC ratio in
31 % of girls was below the LLN at age seven years and in
51 %, it was below the LLN at age 18 years [19].

During the CAMP trial, a decrease in AHR occurred in
both boys and girls from age 5 to 11 years. This decrease
continued in boys after age 11, but plateaued in girls, with-
out any further decrease from ages 11 to 18 years [20].

Exacerbation of asthma

The exclusion of children with two or more hospitalizations
within the year before CAMP was required to maximize
patient safety and exclude patients with more severe and
uncontrolled disease. At enrollment, 31 % (n=320) of
CAMP participants reported being hospitalized for asthma
at least once during their lives, with only 6 % (n=66) of
participants having been hospitalized once during the year
before the trial. CAMP participants with previous hospital-
ization for asthma had more severe asthma defined by
airway obstruction (lower FEV/FVC ratio), and a younger
age of asthma onset and longer duration of the disease. Their
families also had fewer psychological resources so may
have had a greater difficulty effectively managing the child’s
illness well enough to avoid hospitalization [21].

A prospective evaluation of the association between
FEV, % predicted, symptoms, and health care utilization
revealed a clear relationship between pre-bronchodilator
FEV, % and future risk of exacerbation. Compared with
children with an FEV; >100 % predicted, children with
FEV; 80 to 99 %, 60 to 79 %, and <60 % were 1.3, 1.8,
and 4.8, respectively, more likely to have a serious asthma
exacerbation during the ensuing four months [22].

Traditionally, measurements of airway function, symptoms
and/or activity limitation, medication use, inflammatory and
atopic markers, and morbidity are used in the assessment of
asthma. However, correlations between measurements of asth-
ma health status, the overall burden, or impairment of health
related to asthma, are weak and inconsistent, suggesting these
outcomes actually comprise independent components of
asthma health status. Using factor analysis and incorporating
the extensive clinical data collected as part of the CAMP trial
enabled examination of the major domains previously identi-
fied for asthma and the consistency of the factors identified
across time and treatment arm. In each of the study windows,
factor analysis consistently identified five factors that explained
between 50 % and 60 % of the common variance suggesting
that each of these factors provides independent information for
assessment of asthma. Factors identified included:

1. inflammatory markers;
2. symptoms and/or medication use;
3. asthma exacerbation

and measures of lung function, subdivided into:

4. FEV, and FVC; and
5. BDR and the FEV/FVC ratio.

Exploratory analysis suggests that fractional exhaled
nitric oxide loaded with the atopy and/or inflammatory
factor, and sputum eosinophil measurements separated out
as a sixth, factor [23].

Building on this analysis, Forno et al. developed and
validated a predictive score for asthma exacerbation [24¢].
The authors used an exploratory dataset from an asthma
population in Costa Rica to identify a similar cluster of
variables corresponding to six categories: asthma symp-
toms, health-care utilization, medical history, asthma medi-
cations, laboratory tests, and AHR; the categories laboratory
tests and AHR were, however, excluded for ease of use of
the clinical score in the office setting. The resulting score
with 17 total points was grouped into three categories: low
risk (score, <5), intermediate or average risk (score, 6-8),
and high risk (score, >9). Using the CAMP asthma popula-
tion as a validation dataset, the hazard ratios for an exacer-
bation after one-year follow-up in the low-risk and high-risk
groups were 0.6 (95 % CI, 0.5-0.7) and 1.9 (95 % CI, 1.4—
2.4), respectively, with similar results at two years.
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As indicated earlier, the demographic and laboratory pre-
dictors of having persistent symptoms were not identical to the
predictors of severe asthma exacerbation [13¢]. In a second
analysis, investigators examined 17 phenotypic variables to-
gether with polymorphisms in FCER2 and CRHRI1. A history
of previous asthma exacerbation, younger age, and higher IgE
level were associated with recurrent exacerbation. Variables
that predicted risk of recurrent asthma exacerbation were not
the same as predictors of impairment [10]. This supports the
current focus of the National Asthma Education and Preven-
tion Program guidelines on the two separate domains of
asthma control—impairment and risk [3].

Vitamin D has been shown to have effects on innate and
adaptive immunity that could modify the severity of asthma
exacerbation. Published together, work by Poon et al. [25]
and the genetics ancillary group [26], were the first reports
linking vitamin D and asthma. Brehm et al. further exam-
ined the relationship between vitamin D levels and risk of
hospitalization or ED visits in a prospective manner in the
CAMP study. Thirty-five percent of all subjects were cate-
gorized as vitamin D insufficient (<30 ng mL™") [27+].
Mean vitamin D levels were lowest for African—American
subjects and highest for white subjects. After adjusting for
age, sex, body mass index, income, and treatment group,
insufficient vitamin D status was associated with higher
odds of severe exacerbation over a four-year period (OR,
1.5; 95 % CI, 1.1-1.9; P=0.01).

In CAMP, children with a history of severe asthma exac-
erbation requiring hospital admission started having symp-
toms early and eventually developed greater airflow
limitation. Whether the impairment in lung function was a
result of an early injury or low lung function preceded the risk
of exacerbation in the first place could not be ascertained.
From the CAMP data, having low lung function at baseline
predisposed to a greater risk of future exacerbation. Although
the presence of exacerbation is a marker of asthma severity,
there are patients who remain exacerbation prone without
associated persistent symptoms or even lung function impair-
ment. Therefore, a comprehensive assessment of impairment
and risk should be undertaken and therapy designed for spe-
cific aspects of asthma control should be identified. Vitamin D
supplementation in children whose level is insufficient seems
a promising intervention to reduce asthma exacerbation.

Pharmacogenetics of asthma

Investigators in the Channing Laboratory, Brigham and
Women’s Hospital, developed the CAMP genetics ancillary
study group combining the extensive phenotype information
obtained from the CAMP participants. Use of an integrative
genomic approach to map regulatory variants for more than
1,500 genes revealed that genetic variants are responsible
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for inter-individual differences in gene expression and con-
tribute to disease susceptibility [28]. In a genome-wide
expression study of peripheral blood CD4+ T cells, Hun-
ninghake and colleagues observed a relationship between
expression of the interleukin 17 receptor B (IL17R{3) and
variation in total serum IgE level in asthmatics. Interesting-
ly, sex-stratified analysis revealed that the correlation be-
tween IL17R and IgE was restricted to males only,
providing evidence of the importance of sex in genomic
regulation of IgE [29]. CAMP has made significant contri-
butions to the mapping of susceptibility genes. In genome-
wide association studies, the CAMP cohort has been studied
to map multiple asthma-susceptibility genes, including
PDE4D [30], IL1RL1, TSLP, and IL33 [31]. In addition, a
functional variant in MMP12 was found to confer a positive
effect on lung function in children with asthma and associ-
ated with a reduced risk of COPD in adult smokers [32¢°].
An additional focus of the CAMP genetic ancillary group
has been the identification of novel pharmacogenetic deter-
minants of asthma therapy. Genetic variation in FCER2 may
help predict ICS response in asthma. Tantisira et al. demon-
strated an association between variation in the low-affinity
IgE receptor gene, FCER?2, IgE level, and severe exacerba-
tion in patients with asthma on ICS [33]. Second, a func-
tional variant TBX21, which encodes for T-bet, is associated
with improved FEV, response to ICSs [34], and polymor-
phisms of the corticotrophin-releasing hormone receptor
(CRHRI) are associated with improved lung function in
asthmatics treated with ICSs [35]. In a fourth analysis, a
functional variant in a novel pharmacogenetic gene, the
glucocorticoid-induced transcript 1 gene (GLCCII), was
shown to be associated with decrements in the response to
ICS in patients with asthma, results that were replicated in
four independent populations. The identified variant allele
has a frequency approaching 0.4, suggesting approximately
16 % of the population will be homozygous for the geno-
type responsible for the more limited response to ICS [36°¢].
Parallel to the work revealing the effects of genetics on re-
sponse to ICSs, Litonjua et al. published the first major
description of a replicable gene that is not the (32-adrenergic
receptor, but is associated with (3-agonist response, identify-
ing the arginase 1 gene (ARG/) as a potential (3-agonist
response gene in both children and adults with asthma [37].
Himes et al. analyzed asthmatic subjects from six independent
clinical trials for association with BDR, with replication in
two independent asthma cohorts, including the CAMP popu-
lation [38]. A strong association was noted for a SNP on
chromosome 2 near SPATS2L. Inhibition of SPATS2L expres-
sion is associated with increased (32-adrenergic receptor lev-
els, suggesting that SPATS2L may be an important regulator of
[32-adrenergic receptor down-regulation. These results pro-
vide important evidence that genetic variants may be useful
in predicting therapeutic response in asthma.
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Conclusion

In conclusion, CAMP investigations have established that
long-term use of ICS at a low—medium dose over 4-6 years
is safe in children although it does produce a small decrement
in height that is not progressive after the first few years.
Although ICS reduce the risk of exacerbation, and improve
symptoms and baseline lung function overall, these effects
disappear upon discontinuation of therapy. In addition, ICS
therapy does not prevent the reduction in lung function seen in
a number of patients nor does it seem to affect the natural
history of childhood asthma. Various phenotypic features and
genotypic variants modify both long-term asthma outcomes
and response to ICS in childhood asthma.
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