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Abstract

Background—The mechanisms and consequences of the observed association between obesity
and childhood asthma are unclear.

Objectives—To determine the effect of obesity on treatment responses to inhaled corticosteroids
in asthmatic children.

Methods—We performed a post hoc analysis to evaluate the interaction between body mass
index (BMI) and treatment with inhaled budesonide on lung function in the Childhood Asthma
Management Program (CAMP) trial. Participants were then stratified into overweight/obese and
non-overweight, and their response to inhaled budesonide was analyzed longitudinally over the 4
years of the trial.

Results—There was a significant interaction between BMI and budesonide for pre-BD FEV;/
FVC (P=0.0007) and bronchodilator response (BDR) (P=0.049), and a non-significant trend for an
interaction between BMI and budesonide on pre-BD FEV, (P=0.15). Non-overweight children
showed significant improvement with inhaled budesonide in lung function (FEV1, FEV1/FVC,
and BDR) during the early (years 1-2) and late stages (years 3-4) of the trial. Overweight/obese
children had improved FEV, and BDR during the early but not the late stage of the trial, and
showed no improvement in FEV1/FVC. When comparing time points where both groups showed
significant response, the degree of improvement among non-overweight children was significantly
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Clinical implications

Overweight/obese asthmatic children have a decreased response to inhaled steroids. Management of these children may require other
treatment approaches, such as weight management.
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greater than in overweight/obese children at most visits. Non-overweight children had a 44%
reduction in the risk of ER visits or hospitalizations throughout the trial (P=0.001); there was no
reduction in risk among overweight/obese (P=0.97).

Conclusions—Compared to children of normal weight, overweight/obese children in CAMP
showed a decreased response to inhaled budesonide on measures of lung function and ER visits/
hospitalizations for asthma.
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INTRODUCTION

Asthma and obesity are major public health concerns. Over the last few decades, the
prevalence of both diseases has increased worldwide (1-4). In the U.S., the prevalence of
overweight increased from 6.5% to ~19% in school-aged children between 1976-1980 and
2003-2004 (5,6).

There is ample evidence of an association between obesity and asthma in children and adults
(7-15). A recent meta-analysis of 12 longitudinal studies found that children with high birth
weight and/or high body mass index (BMI) had an increased risk of developing asthma (7).
The mechanisms underlying the association between obesity and asthma are incompletely
understood but may include genetic predisposition, abnormal immune-modulation and/or a
pro-inflammatory state in obese individuals, hormonal influences, and mechanical effects
(e.g. certain studies have reported decreased FEV4 and FVC in morbidly obese adult
asthmatics, a restrictive deficit likely caused by the increased amount of adipose tissue on
the chest wall and in the abdominal cavity)(9,16).

Little is known about treatment responses in children with asthma and overweight or
obesity. Because obesity may promote inflammation, we hypothesized that overweight/
obese asthmatics would have suboptimal response to anti-inflammatory medications
compared to non-overweight/non-obese asthmatics. In this report, we demonstrate that the
effect of inhaled budesonide on lung function and clinical outcomes is reduced in
overweight or obese asthmatic children compared to non-overweight asthmatics.

METHODS

Study population

The Childhood Asthma Management Program (CAMP) study is a randomized clinical trial
that enrolled 1,041 children with asthma between 1993 and 1995. A detailed description of
the trial has been previously published (17). Inclusion criteria were age 5-12 years, a history
of asthma for at least 6 months in the previous year, mild to moderate asthma severity, and
airway responsiveness to <12.5 mg/ml of methacholine. Subjects were randomly assigned to
one of three inhaled treatment arms (budesonide 200 mcg twice daily, nedocromil 8mg
twice daily, or placebo twice daily) and were followed every 4 months for 4 years. The
institutional review board at each of the participating centers approved the study, and
parents or guardians of the participating children gave informed consent. The present study
is a post hoc analysis using data from CAMP.

Pulmonary function tests (PFTs)

Spirometry testing was performed according to American Thoracic Society (ATS) criteria
(17). The completion rate for lung function measures during the trial was ~94%.
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Serum 25-Hydroxy Vitamin D3 (vitamin D)

Measurement of serum 25-hydroxyvitamin D (“vitamin D”) was performed on all subjects
using serum banked at the start of the trial (18). Levels were logyg-transformed for analysis.

Outcome measures

Our main outcomes were pre-bronchodilator FEV; and FEV1/FVC, and bronchodilator
response (BDR). BDR was defined as the percentage change in FEV4 from baseline [(post
FEV1 — pre FEV1)/pre FEV]. Secondary asthma-related outcomes included the number of
prednisone bursts and the number of ER/urgent care visits and hospitalizations reported for
each visit interval during the trial.

Overweight/obese status

The Centers for Disease Control and Prevention (CDC) defines “overweight” as having a
BMI = 85 percentile (pct) for age and gender, and “obesity” as a BMI = 95pct (19). To
attain maximal power and due to clinical considerations, we grouped both categories into
one: participants were classified as “overweight/obese” if their randomization BMI was >
85pct, and as “non-overweight” if it was <85pct. BMI data were available for 1027 (98.7%)
participants.

Statistical analysis

We analyzed data for each outcome from randomization through month 48 post-
randomization. As previously done (12), the placebo and nedocromil treatment arms were
combined into one because of lack of effect of nedocromil on lung function and to maximize
statistical power. All multivariate analyses were adjusted for age and height at
randomization, gender, race/ethnicity, duration of asthma (age at randomization — self-
reported age of onset of asthma symptoms), environmental tobacco exposure (ETS) in early
life (parental report of ETS in the child’s household during the first ~5 years of life, from
birth to first grade), vitamin D level (at randomization), and study center.

To assess the longitudinal effect of inhaled budesonide on lung function over the 4-year
course of the trial, we used mixed-effects regression models incorporating all available
measurements. Residual maximum likelihood estimation with a spatial-exponential
covariance structure was used, since measurements were obtained at different intervals.
Fixed-effects test statistics were adjusted using the “sandwich” error estimator. P-values for
the overall effect of treatment arm are from 2 tests with n-1 degrees of freedom, where n is
the number of measurements for each outcome; the overall longitudinal effect was divided
into an early stage (months 0-20) and a late stage (months 24-48) of the trial. When
reported, P-values at each time point are from t-tests within the mixed effects regression
model. For count data (prednisone bursts) and binary outcomes (ER visits/hospitalizations)
we used marginal logistic regression models with Poisson distribution and marginal log-
linear regression models, respectively.

To assess the interaction between BMI and budesonide beyond their main effects, the initial
longitudinal analysis included the main effects for BMI (as a continuous variable) and
treatment arm (budesonide vs. placebo/nedocromil), as well as an interaction term
(BMI*budesonide). Once the significance of the interaction was established, all subsequent
analyses were performed by stratifying children according to their BMI, as above, in order
to maximize power and to present data based on a clinically relevant definition. All analyses
were performed using SAS version 9.1 (SAS Institute, Cary, NC).
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Baseline characteristics of the study population are presented in Table I. As expected from
randomization, there were no differences in most subject characteristics among treatment
arms at baseline within each BMI group (overweight/obese vs. non-overweight). However,
serum vitamin D levels were slightly higher in children on inhaled budesonide than in those
on inhaled placebo or nedocromil, regardless of BMI group. The mean age of the 1,041
participating children was 8.9 years, with a mean duration of asthma of ~6 years and a mean
BMI percentile of 63.2. Of these 1,041 children, ~60% were male and ~68% were white. As
expected in a study of children with mild to moderate asthma, the mean pre-bronchodilator
FEV; was normal (93.7% of predicted) but the mean FEV1/FVC was slightly reduced
(79.6%); the mean BDR was 10.8% of baseline FEV;.

Of the 1,027 participating children who had data for BMI at randomization, 322 (31.4%)
were overweight/obese (176 overweight and 146 obese). Compared to non-overweight
children, overweight/obese children were more likely to be African American (p=0.002), to
be older (by ~0.4 years, p=0.002) and taller (by ~6 cm, p <0.0001), and to have a longer
duration of asthma symptoms (by ~0.3 years, p=0.02), a lower FEV/FVC ratio (~1.1%
lower, p=0.046), and a lower vit.D level. There were no differences in total IgE level or
eosinophil count between the BMI groups or the treatment arms.

Table Il summarizes the adjusted longitudinal analysis of the relations among BMI,
treatment with inhaled budesonide, and lung function. Both BMI (as a continuous variable)
and treatment arm (budesonide vs. placebo/nedocromil) had significant effects on lung
function. Beyond those effects, there was a significant interaction between BMI and
budesonide (BMI*budesonide) on FEV{/FVC and BDR, and a non-statistically significant
trend on percent-predicted FEV; (p=0.15). This means that, among children treated with
budesonide, each 1% increase in BMI would diminish their response to budesonide
treatment by ~0.04% in FEV1/FVC (95% CI = 0.02-0.06), and by ~0.025% in BDR (95%
Cl = 0.0001-0.05).

Figure 1 depicts the mean responses to inhaled budesonide (assessed by percent-predicted
FEV,, FEV1/FVC, and BDR) from randomization to month 48 of the trial, stratified by BMI
group (overweight/obese vs. non-overweight). Non-overweight children showed a
significant improvement in all of the outcomes (FEV1, FEV1/FVC and BDR) during the
early (months 0-20) and late (months 24-48) stages of the trial. Among overweight/obese
children, there was significant improvement in FEV1 and BDR during the early stage of the
trial but not thereafter. Overweight/obese children had no improvement in FEV1/FVC at any
point during follow-up.

We then analyzed the magnitude of improvement with budesonide at each individual time
point (Table I11). During the early stage of the trial (0—20 months), non-overweight children
had a significant improvement with inhaled budesonide: FEV1 improved by 5.1-5.8% of
predicted, FEV1/FVC improved by 2.8-3.5%, and BDR decreased by 2.3-3.8%. Among
overweight/obese children, inhaled budesonide produced a significant improvement in FEV;
(~3.5%-3.9% of predicted) but not in FEV1/FVC or BDR during the early stage of the trial.
During the late stage of the trial (24-48 months), non-overweight children continued to
show a significant improvement: FEV1 improved by 2.5-3.7% of predicted, FEV,/FVC
improved by 2.1-2.8%, and BDR decreased by 1.5-2.4%. In contrast, overweight/obese
children showed no significant response to inhaled budesonide at any point in the late stage
of the trial. At most time points, the improvement in the non-overweight group was
significantly greater than the improvement among the overweight/obese.
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The effect of inhaled budesonide on asthma-related outcomes after stratification by BMI
group is shown in Figure 2. Non-overweight children on inhaled budesonide had a
significant overall reduction in the number of prednisone bursts reported at each visit
(p<0.0001). When evaluating individual visits by non-overweight children during the trial,
there was a significant decrease in the number of prednisone bursts in the budesonide arm on
months 4, 8, 12, 16, 20, 28, and 32: non-overweight children on inhaled budesonide received
32-55% fewer prednisone bursts than children on inhaled placebo/nedocromil across these
visits (95% CI = 0.5%-74%). Among overweight/obese children, the overall effect of
inhaled budesonide on reducing prednisone bursts was also significant (p=0.001). When
evaluating individual visits by overweight/obese children during the trial, children on
inhaled budesonide reported a 58% (95% CI = 14-79%) reduction in prednisone bursts at
month 2, and a 77% (95% CI = 47-90%) reduction at month 24, compared to children on
inhaled nedocromil or placebo; there was no significant difference in prednisone bursts
between the treatment arms at the other time points.

For the interval incidence of ER visits/hospitalizations, the effect of inhaled budesonide
among non-overweight children was significant: the risk of requiring an ER visit or hospital
admission between visits throughout the trial was reduced by ~44% (95% CI = 20.7-60.9%,
p=0.001). In contrast, among overweight/obese children there was no significant difference
in ER visits or hospital admissions between the treatment arms (p=0.97).

DISCUSSION

To our knowledge, this is the first report of modification of the effect of inhaled
corticosteroids (ICS) on pediatric asthma control by overweight/obesity status. Among
children in a large multi-center clinical trial, non-overweight children had more consistent
and significant effects of inhaled budesonide on measures of lung function and asthma
morbidity and severity than overweight/obese children.

FEV, and FEV{/FVC are widely used in clinical practice and constitute one of the
components in the Guidelines for the Diagnosis and Management of Asthma from the
National Heart, Lung and Blood Institute (NHLBI) to assess asthma severity and asthma
control, and to adjust management (20). Decreased ICS response in FEVq and FEV{/FVC
has been reported in adults followed for 6-12 months (21). In our study, children of normal
weight on inhaled budesonide showed a significant improvement in FEV,, FEV{/FVC and
bronchodilator response throughout the 4 years of the trial. Overweight/obese children had
an improvement in FEV that was of lesser magnitude, and it was limited to the first half of
the trial; they also showed no improvement in their FEV1/FVC. By the latter half of the trial,
overweight/obese children showed no improvement in any of the measures of lung function.
A secondary analysis using BMI z-scores instead of BMI percentiles yielded similar results
(data not shown).

Moreover, we performed an exploratory analysis including only children who belonged to
the same BMI category at all time points, and excluding all children whose BMI crossed the
85t percentile at any time during the trial: the effects seen on FEV; in the overweight/obese
group at months 2, 4, 12, and 16 became non-significant, while all time points remained
significant and of the same magnitude for the non-overweight (data not shown). Although
this exploratory analysis needs to be interpreted with caution, it suggests that the initial
response seen for FEV1 in overweight/obese asthmatics may have been driven by a
subgroup of children who were “incorrectly” classified as overweight/obese but who had
normal BMI after randomization.

J Allergy Clin Immunol. Author manuscript; available in PMC 2012 March 1.
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Many mechanisms have been suggested to explain the relationship between asthma and
obesity. Studies in morbidly obese adult asthmatics have reported symmetrically reduced
FEV, and FVC with a normal FEV1/FVC (22,23), pointing towards a restrictive pattern that
could explain increased dyspnea and other symptoms by mechanical effects (24). However,
some pediatric studies have found that overweight asthmatic children have low FEV/FVC,
compatible with an obstructive deficit (12,25). We found a similar pattern, with overweight/
obese children in CAMP showing low FEV{/FVC. More importantly, inhaled budesonide
failed to improve the obstructive deficit observed in these children.

There is increasing evidence of shared genetic determinants of asthma and obesity. The
genes for the p2-adrenergic (ADRB2) and the glucocorticoid (NR3C1) receptors are located
on chromosome 5q, and have been implicated in pathways related to both asthma and
obesity (15,26,27). Tumor necrosis factor o (TNF-a) haplotypes have been associated with
asthma and airway hyper-responsiveness (28) and with obesity (29). Recently the gene for
protein kinase Ca (PRKCA) was reported to be associated with both asthma and BMI (30).
Similarly, different genetic polymorphisms could reduce the efficacy of inhaled steroids by
conferring obese asthmatics higher resistance, lower receptor binding, and/or lower retention
of the medication in the lung.

There also is evidence of a generalized pro-inflammatory state in obesity, with several
cytokines and chemokines increased in obese individuals (31). TNF-a and interleukin 6
(IL-6) are produced by adipocytes and correlate with total body fat (32); TNF-a increases
production of IL- 6 and IL-1b, which are all elevated in both obesity and asthma (33).
Adipose tissue can express other pro-inflammatory molecules such as transforming growth
factor 1 (TGF-B1)(34), which has also been linked to asthma and asthma exacerbations
(35). Similarly, polymorphysms of the fractalkine CX3CR1 receptor have been linked with
asthma, atopy, and obesity (36,37).

Inhaled steroids may be less effective in overweight and obese asthmatics, in whom the
inflammatory state might have a systemic component rather than be confined to the airways.
Peters-Golden et al. reported decreased effect of inhaled beclomethasone on asthma control
days and night-time awakenings for asthma with increasing BMI, whereas the response to
oral montelukast was not affected (38). The p-isoform of the glucocorticoid receptor (GRp)
has been associated with steroid resistance in asthma (39): GRp does not activate
glucocorticoid- responsive genes, but it strongly inhibits the activation of such genes by
GRa, which is the active isoform. Cytokines associated with obesity such as TNF-a, I1L-6,
etc., regulate GR expression with accumulation of GRp (40). Sutherland et al. demonstrated
that increasing BMI in asthmatics produced a decreased in vitro response to glucocorticoids
(e.g. blunted inhibition of mitogen-activated protein kinase phosphatase-1, MKP1, and a
consequent increase in TNF-a) both in blood mononuclear cells and in bronchoalveolar
lavage cells, with no such effect in non- asthmatic controls (41).

Other mechanisms postulated include differences in the hormonal milieu between obese and
lean individuals. Adipocytes secrete a number of substances that may influence airway
inflammation and reactivity. Shore et al. have shown that leptin can increase IgE and airway
responsiveness after allergen exposure in murine models (42). Adiponectin is the only
adipokine reduced in obesity, and it has been shown that exogenous adiponectin reduces or
abolishes airway inflammation and responsiveness in mice exposed to inhaled allergens
(43); recently, Kattan et al. reported that adiponectin was associated with increasing FEV1/
FVC and decreasing asthma symptoms and exacerbations in asthmatic teenage males (44).
Our group has reported that reduced Vit.D levels are associated with asthma severity (45)
and Vit.D levels differ between lean and obese subjects. Accordingly, we showed decreased
serum levels of Vit.D among overweight/obese participants, and these levels were
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significantly associated with some of our outcomes. However, the interaction between BMI
and budesonide remained significant after adjustment for Vit.D levels.

Medication compliance plays an important role in asthma control (46). Gamble et al.
reported that up to 35% of patients with severe asthma filled less than 50% of their inhaled
medication prescriptions (47). While they did not find a difference in compliance between
obese and non-obese asthmatics, obesity is associated with depression and other factors
(48,49) that could decrease compliance with asthma medications. However, our results were
unchanged by further adjustment for medication compliance (as reported by the child or the
CAMP physician) or indicators of socioeconomic status.

Despite our incomplete understanding of the mechanisms involved, overweight and obese
asthmatics report a higher prevalence and severity of symptoms than non-overweight
asthmatics (7,50). In our analysis, non-overweight children receiving budesonide had a
significant decrease in the number of prednisone courses between visits, when looking at
either the overall effect over time or at individual visits. Overweight/obese children had an
overall accumulated improvement over time, but only 1 visit (at 24 months) showed
significant interval improvement. Finally, children of normal weight had a significant
reduction in the incidence of ER visits and hospitalizations during the trial, while there was
no improvement in the overweight/obese group.

Of interest, overweight/obese children receiving placebo had a steady increase in FEV as
percent of predicted during the 4 years of the trial (i.e., FEVq increased ~0.5%/year from
~94% to ~96%, whereas children of normal weight had stable levels at ~93-94%). Rather
than an “improvement” in overweight/obese asthmatics, this might represent residual
confounding by BMI in the equations used to calculate predicted values. Because current
pediatric reference values may thus underestimate the effect of high BMI on lung function.

There are several limitations to this study. First, this is a post hoc analysis of a randomized
clinical trial. Bias could thus be present that we are not aware of (e.g., children were not
randomized based on their BMI status; there may be other unmeasured characteristics which
account for our findings). The probability of a Type I error in subgroup analysis increases
significantly with the number of subgroups tested (51). Second, CAMP excluded children
with severe asthma, and thus we had limited ability to evaluate modification of the effect of
inhaled budesonide by BMI in these children. . Similarly, given that the budesonide doses
were predetermined in the trial, we could not assess whether higher doses would have been
effective in overweight children. Although frequent systemic steroid use in poorly controlled
asthmatics can lead to overweight, this is an unlikely explanation for our findings, as there
was no difference in the number of days on oral corticosteroids in the 6 months prior to the
study between overweight and non-overweight children (2.6 +/— 4.9 vs. 2.9 +/-5.1, P=0.43).
Finally, our power to assess small differences in the overweight/obese subgroup may have
been suboptimal, particularly for binary and count data such as hospitalizations or number of
prednisone courses.

In summary, we found that the effect of budesonide on measures of lung function and
clinical outcomes among overweight/obese asthmatic children was of lesser significance
and/or magnitude than in non-overweight children with asthma. The treatment of asthma in
overweight/obese children may require new approaches such as a simultaneous management
of obesity and/or treatment of systemic inflammation.
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Figure 1. Effect of budesonide on measures of lung function and bronchodilator response by
BMI group

A. Pre FEV1 (% of predicted); B. Pre FEV,1FVC; C. BDR. Budesonide in blue/diamonds;
placebo/nedocromil in red/squares. Solid lines indicate time points where difference
between treatment arms was significant; non-significant visits in dotted lines. Stars show
points where there was a significant difference between arms and from baseline. Arrows and
p-values are for overall longitudinal effect of budesonide over months 0-20 or 2448,
compared to baseline.
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Figure 2. Effect of budesonide on asthma-related outcomes, by overweight status

Lines represent the difference between treatment arms (budesonide — placebo/nedocromil;
negative numbers indicate an improvement in the budesonide arm compared to the non-
budesonide arm). Overweight/obese group in orange/circles; non-overweight in green/
triangles. A: Average number of prednisone courses per patient since the previous visit. B:
Percentage of children reporting any urgent care visits or hospital admissions. Note: Solid
lines/symbols represent visits where difference was significant; non-significant time points
in dotted lines.
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Table Il

Longitudinal Analysis of the Relation Among BMI, Use of Inhaled Budesonide, and Measures of Lung
Function

P-values from adjusted longitudinal analysis"

FEV; (%pred)® FEVy/FVC®  BDR

Timet <0.0001 <0.000L  <0.0001
Budesonidet <0.0001 <0.000L  <0.0001
BMI (percentile) <0.0001 0.001 0.04
oM budesnide 0150007 o
Gender <0.0001 <0.0001 0.36
Age (years) 0.02 0.29 0.29
Height (cm) 0.002 0.003 0.4
Duration of asthma 0.07 0.004 0.005
Tobacco exposure 0.02 0.91 0.6
Race3: African-American 0.56 0.19 0.01
Hispanic/Other 0.009 0.96 0.43
Vitamin D (log;o) 0.03 0.92 0.17

Shown are the P-values for each variable from the adjusted longitudinal analysis. The interaction between BMI (as a continuous variable) and
treatment with budesonide is highlighted in grey. Both budesonide and BMI had significant effects on all three lung function measures (P<0.05), as
do some of the covariates. There was a significant interaction between budesonide treatment and BMI (budesonide*BMI) for FEV1/FVC and for

BDR.

*Pre-bronchodilator FEV1 and FEV1/FVC.

TAs months of follow-up during CAMP.

IEffect of budesonide compared to placebo/nedocromil.
§Compared to non-Hispanic whites.

All models were adjusted for all of the variables listed in the first column.
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