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Serum vitamin D levels and severe asthma exacerbations in
the Childhood Asthma Management Program study
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Background: Asthma exacerbations, most often caused by
respiratory tract infections, are the leading causes of asthma
morbidity and comprise a significant proportion of asthma-
related costs. Vitamin D status might play a role in preventing
asthma exacerbations.

Objectives: We sought to assess the relationship between serum
vitamin D levels and subsequent severe asthma exacerbations.
Methods: We measured 25-hydroxyvitamin D levels in sera
collected from 1,024 children with mild-to-moderate persistent
asthma at the time of enrollment in a multicenter clinical trial of
children randomized to receive budesonide, nedocromil, or
placebo (as-needed 3-agonists): the Childhood Asthma
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Management Program. Using multivariable modeling, we
examined the relationship between baseline vitamin D levels and
the odds of any hospitalization or emergency department visit
over the 4 years of the trial.

Results: Thirty-five percent of all subjects were vitamin D
insufficient, as defined by a level of 30 ng/mL or less 25-
hydroxyvitamin D. Mean vitamin D levels were lowest in
African American subjects and highest in white subjects. After
adjusting for age, sex, body mass index, income, and treatment
group, insufficient vitamin D status was associated with a higher
odds of any hospitalization or emergency department visit (odds
ratio, 1.5; 95% CI, 1.1-1.9; P = .01).

Conclusion: Vitamin D insufficiency is common in this
population of North American children with mild-to-moderate
persistent asthma and is associated with higher odds of severe
exacerbation over a 4-year period. (J Allergy Clin Immunol
2010;mum; NEN-NEN,)

Key words: Asthma, vitamin D, inhaled corticosteroids, asthma
exacerbations

Asthma is a major public health problem affecting an estimated
22 million persons in the United States' and 300 million persons
worldwide.? Much of the burden of the disease is a consequence
of asthma exacerbations, which result in missed time from work,
increased absence from school, and increased health care expen-
ditures. Asthma is the third leading cause of hospitalization
among children younger than 15 years, with 26.2 discharges per
10,000 population.3 In the United States asthma health care costs
are estimated to be $19.7 billion each year," and hospitalizations
from exacerbations are estimated to be responsible for a third of
these costs.”

Vitamin D has been shown to have several effects on the innate
and adaptive immune systems that might modulate the severity of
asthma exacerbations. Airway epithelia contain high levels of the
enzyme that converts circulating 25-OH-vitamin D; to its active
form, 1,25-OH-vitamin Ds. This active form of vitamin D has
local effects in response to infections® and might dampen the in-
flammation that is the consequence of these infections.” Vitamin
D also has potentially beneficial effects on the adaptive immune
system through its effects on Ty1, Ty2, and regulatory T cells.®
Through these mechanisms, vitamin D might also have a thera-
peutic role in reducing asthma exacerbations.

Our group recently published the first epidemiologic study
demonstrating an association between low vitamin D levels and
increased markers of asthma severity, including serum IgE levels,
eosinophil counts, hospitalizations in the previous year, and
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inhaled steroid use.” However, this study was cross-sectional and
retrospective and limited to a single geographic location and age
group (children 7.5-10.5 years of age) in Costa Rica. We now ex-
amine the association between vitamin D levels and risk of hospi-
talizations or emergency department (ED) visits in a prospective
manner in the Childhood Asthma Management Program (CAMP)
study, a diverse population of North American asthmatic children.

METHODS
Study population

CAMP was a multicenter, randomized, double-blind, placebo-controlled
trial established to investigate the long-term effects of commonly prescribed
asthma treatment regimens. In total, 1,041 children were randomized to
receive inhaled budesonide, inhaled nedocromil, or placebo. Participants were
subsequently followed for a mean of 4.3 years, with lung function studies and
questionnaires at regular intervals. Serum IgE levels and eosinophil counts
were measured at the time of enrollment in the study, and other outcomes, such
as lung function, response to methacholine, and symptom scores as calculated
from diary data, were recorded at baseline and at regular intervals over the 4-
year follow-up period. At regularly scheduled follow-up visits (approximately
every 4 months), children and caretakers were asked about hospitalizations or
ED visits specifically caused by an asthma exacerbation. At the screening visit,
children and caretakers were also asked about any ED visits or hospitalizations
that occurred in the year before enrollment in the study. Trial design,
methodology, and the primary outcomes analysis of the CAMP study have
been previously published.'®!!

At enrollment, CAMP participants had mild-to-moderate persistent asthma
based on the presence of symptoms, the use of inhaled bronchodilators at least
twice weekly, or the use of daily asthma medication for at least 6 months in the
year before screening. Patients with severe persistent and mild intermittent
asthma were excluded from the study. Spirometry was performed at least 4
hours after short-acting bronchodilator use and 24 hours after long-acting
bronchodilator use. Spirometry was required to meet American Thoracic
Society criteria for acceptability and reproducibility. At least 3 spirometric
maneuvers were performed, with at least 2 reproducible maneuvers required
for each test. Bronchodilator response to albuterol was assessed at random-
ization and at all subsequent visits, except when a methacholine challenge was
performed. Postbronchodilator spirometric values were obtained at least 15
minutes after the administration of 2 puffs of albuterol (90 pg per puff).

Approval was obtained from the institutional review boards at each of the
CAMP-participating institutions before initiation of the trial. Informed
consent was obtained from the parent or guardian of the participant, and the
child’s assent was obtained before study enrollment.

Serum 25-hydroxyvitamin D3

Serum levels of 25-hydroxyvitamin Dj (hereafter referred to as vitamin D)
are considered the best circulating biomarker of vitamin D metabolic status
and reflect contributions from all sources of vitamin D (ie, diet and sun expo-
sure). 1213 A single measurement of vitamin D was obtained for 1,024 subjects
(98% of enrolled subjects) by using a radioimmunoassay method in Dr Bruce
Hollis’ laboratory at the Medical University of South Carolina.'*'> Vitamin D
levels have been shown to be relatively stable when specimens have been prop-
erly stored.'® We categorized vitamin D levels into insufficient (<30 ng/mL)
and sufficient (>30 ng/mL) based on previous recommendations.'’ "'
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Statistical analysis

A descriptive analysis of univariate predictors and outcomes was performed
by using a dichotomous vitamin D variable with a cutoff of less than or equal to
30 ng/mL. For the purposes of this analysis, a severe exacerbation was defined as
any hospitalization or ED visit specifically caused by an asthma exacerbation
over the 4-year course of the study. P values were calculated by using 2-sided
t tests for continuous predictors with equal variance and the Wilcoxon rank
sum test for continuous predictor with unequal variances. X” tests were per-
formed to obtain P values for binary variables.

Multivariable models were constructed by using linear and logistic regres-
sion, and proportional hazards models were used for time-to-event analysis. We
initially conducted a retrospective analysis relating baseline vitamin D levels
with the subjects’ (or parents’) report of an ED visit or hospitalization for asthma
in the previous year, which was obtained at the initial screening visit. The
analysis is retrospective because the events had occurred before measurement of
vitamin D levels, and it recapitulate the analysis we conducted in the Costa Rican
study.” We then conducted the main prospective analyses relating baseline vita-
min D levels with subsequent reports of ED visits or hospitalizations for asthma
over the 4 years of the trial. Potential confounders were included in the multivar-
iable models if they were associated with vitamin D insufficiency on a univariate
basis ata P value of .05 or less or if they were plausibly related to both vitamin D
levels and asthma severity. The baseline covariates are age, sex, income, and
body mass index (BMI). Prospective models for asthma hospitalizations or
ED visits were additionally controlled for treatment group. Additional con-
founders that are possibly causally related to the relationship between vitamin
D and the outcome of interest were then added in a stepwise fashion and include
season of vitamin D level draw, baseline asthma severity as determined by a phy-
sician, and race. All models were additionally stratified by treatment group
(budesonide vs either placebo or nedocromil) to assess for effect modification
by inhaled steroid use. In the stratified analysis the term for treatment group
was removed from the models. All analyses were performed with SAS version
9.1 and JMP 7 software (both from SAS Institute, Inc, Cary, NC).

RESULTS
Characteristics of the study population

The baseline characteristics of the study population stratified by
vitamin D sufficiency are shown in Table I. Thirty-five percent of
the children were vitamin D insufficient, as defined by a level of
30 ng/mL or less. In a univariate analysis vitamin D insufficiency
was significantly associated with older age, higher BMI, and
African American race. A higher proportion of the vitamin D—
sufficient group was randomized to the budesonide treatment
group, although the blood samples were drawn before randomiza-
tion. Vitamin D insufficiency was not more common among sub-
jects with low income (<$30,000 per year) in a univariate analysis.

Distribution and predictors of serum vitamin D
levels in the study population

The distribution of vitamin D levels by study center, season,
and subjects’ self-reported race are shown in Fig 1. The highest
average levels were in Denver, Colorado, and Albuquerque,
New Mexico, and the lowest were in Boston, Massachusetts.
Vitamin D levels also varied by season, with summer having
the highest mean level, whereas winter and spring had the lowest
levels. African American subjects had the lowest average vitamin
D levels, and white subjects had the highest levels, although there
was a wide range of levels among the white subjects.

Among the entire cohort of children with asthma, the distribu-
tion of vitamin D levels were right skewed, with a few subjects
having levels greater than 90 ng/mL, but 95% of subjects had levels
between 14 and 72 ng/mL (see Fig El in this article’s Online
Repository at www.jacionline.org). In addition, a plot of the
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TABLE I. Baseline characteristics of study participants
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Vitamin D level

All children Insufficient (<30 ng/mL; Sufficient (>30 ng/mL;

Characteristic* (n = 1024) n = 361 [35%]) n = 663 [65%]) P valueti
Age (y) 8.9 (7.2-10.6) 9.3 (7.6-11.0) 8.7 (7.0-10.4) .0002
Female sex 413 (40%) 155 (43%) 258 (39%) 21
BMI (kg/mz) 17.2 (15.7-19.8) 17.7 (16.2-20.8) 17.0 (15.5-19.2) <.0001
African American race 134 (13%) 88 (24%) 46 (7%) <.0001
Income <$30,000 239 (24%) 87 (25%) 152 (24%) .61
Budesonide group 305 (30%) 89 (25%) 216 (33%) .008
Moderate severity§ 538 (53%) 195 (54%) 343 (52%) .49
Positive skin test response to any allergen 898 (88%) 326 (90%) 572 (86%) .06
Total IgE level (IU/mL) 437 (174-1,216) 468 (178-1,380) 427 (170-1,175) 15
Eosinophil count (cells/mm?) 398 (200-646) 389 (200-617) 398 (200-676) 44
Postbronchodilator lung function

FEV, (L)|| 1.85 (1.83-1.87) 1.82 (1.78-1.85) 1.87 (1.84-1.89) .009

FEV,/FVC ratio 86 (82-90) 86 (81-90) 86 (82-90) .79
Bronchodilator response (% FEV,) 8 (4-15) 9 (4-15) 8 (4-15) .66
Health care use

Hospitalizations for asthma in the year before randomization 328 (32%) 142 (39%) 186 (28%) .0002

Any hospitalization or ED visit over 4 y 346 (34%) 136 (38%) 210 (32%) .05

FVC, Forced vital capacity; FEV, forced expiratory volume in 1 second.

*Results are expressed as medians (interquartile ranges) for continuous variables and numbers of subjects (percentage of group) for categorical variables.

FInformation is missing on some subjects for eosinophil counts (n = 14), spirometry and bronchodilator response (n = 2), and BMI (n = 10).

1P values are 2-sided ¢ tests or Wilcoxon rank sum tests (depending on equality of variances) for continuous variables and xz tests for binary variables.

§Only subjects with mild persistent or moderate persistent asthma were enrolled in the study.

|[FEV is the predicted value from the regression model, including age, sex, and vitamin D status (for stratified columns), for subjects at a mean age of 9 years and of male sex.

probability of having an ED visit or hospitalization over the 4 years
of the trial versus serum vitamin D level is demonstrated in Fig 2.
A smoothing function was used to fit a line between these points to
assess for nonlinear trends over the range of vitamin D levels in the
study. At around 30 ng/mL, the probability of having an asthma ex-
acerbation decreases. Given this finding and in keeping with prior
recommendations for “sufficient” levels, all subsequent analyses
were performed with a dichotomous variable for vitamin D levels.

Severe asthma exacerbations

For the purposes of this analysis, any asthma exacerbation
requiring hospitalization or an ED visit was defined as severe,
according to Global Initiative for Asthma guidelines.20 Over the 4
years of the study, 106 children were hospitalized for asthma, and
352 children had either a hospitalization or a visit to the ED for an
asthma exacerbation. Univariate and multivariable analyses of the
relation between vitamin D levels and odds of an ED visit or
hospitalization before and during the CAMP study are shown in
Table II. The odds of any ED visit or hospitalization in the year be-
fore enrolling in the trial (retrospective analysis) were significantly
increased in the vitamin D—insufficient group, even after control-
ling for age, sex, BMI, and physician-determined severity at base-
line. We additionally adjusted for race and season of blood draw in
a stepwise fashion, although these covariates are strong determi-
nants of vitamin D levels and therefore might be an overadjust-
ment. The effect remained significant after additionally adjusting
for these variables, although the effect size was attenuated.

The odds of any hospitalization or ED visit over the 4 years of
the CAMP study (prospective analysis) in the vitamin D-
insufficient group were also increased after adjustment for age,
sex, BMI, and baseline physician-determined severity. We also
analyzed the association stratified by treatment group. Subjects
who were randomized to inhaled budesonide and were vitamin D

insufficient tended to have higher odds of hospitalizations than
subjects who were randomized to nedocromil or placebo and were
vitamin D insufficient. This effect was largest in subjects
randomized to budesonide and nonsignificant in subjects ran-
domized to placebo or nedocromil.

Because inhaled corticosteroids had a large protective effect on
severe exacerbations,'! we calculated the risks of hospitalization
or ED visit over 4 years for all combinations of vitamin D status
and inhaled corticosteroid use (Table III). Compared with the
reference group of children receiving inhaled steroids and with
sufficient vitamin D levels, all other combinations had increased
odds of severe exacerbation, with the highest risk occurring in
children who were not receiving inhaled corticosteroids and
were vitamin D insufficient. Because children who were receiving
inhaled corticosteroids and were vitamin D insufficient also had
increased risks for severe exacerbations, these results also suggest
that having sufficient vitamin D levels conferred additional bene-
fit to use of inhaled corticosteroids. Children not receiving inhaled
steroids and with insufficient vitamin D levels had the highest risk
of hospitalization compared with the reference group.

Because some children had more than one severe exacerbation in
the 4 years of the trial, we also conducted a time-to-first-event
analysis. With a proportional hazards model, vitamin D insufficiency
conferred a higher hazard ratio for hospitalization or an ED visit (see
Table E1 in this article’s Online Repository at www.jacionline.org).
As in the logistic regression analysis, the effect was strongest in the
budesonide treatment arm and remained significant after controlling
for season of vitamin D draw, baseline asthma severity, and race.

Measures of atopy and asthma symptoms

After adjustment for potential confounders, there was no
significant difference in skin test reactivity, total serum IgE levels,
or eosinophil counts between the vitamin D—sufficient and vitamin
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FIG 1. Vitamin D levels and distributions by study center (A), season (B), and race (C).

D-insufficient subjects (see Table E2 in this article’s Online
Repository at www.jacionline.org). Subjects with insufficient
vitamin D at randomization also had a significantly lower percent-
age of visits with reports of moderate symptoms (defined as >2
days of symptoms in each of the 4 weeks before the visit). We
found no difference in the odds of receiving a prednisone burst
over the 4 years of the study in the vitamin D—insufficient children.

Spirometric measures of lung function and airway
hyperreactivity

Table E2 also shows the results of multivariate models for pre-
diction of postbronchodilator FEV,; and FEV,/forced vital

capacity ratio and the natural log dose of methacholine required
to cause a 20% decrease in FEV,. After controlling for con-
founders, insufficient vitamin D status predicts a slightly lower
postbronchodilator FEV, and a trend toward a slightly higher
FEV /forced vital capacity ratio. There was no difference in air-
way hyperreactivity as measured by log-transformed PC,, dose.

DISCUSSION

Our group previously reported an inverse relationship with
vitamin D levels and several markers of asthma and allergy
severity in Costa Rican children.” The present data from the
CAMP cohort of 1,024 children confirms the finding in the Costa


http://www.jacionline.org

J ALLERGY CLIN IMMUNOL
VOLUME mmm, NUMBER um

1. I
T RS e

Probability of hospitalization or ED visit over 4 years

ool i AR B 1 ) G0

o 10 20 30 40 sSo 0 70 8 90 100 110 120
Vitamin D level (ng/ml)

FIG 2. Sensitivity analysis of risk of hospitalization or ED visit by vitamin D
level. The probabilities of severe exacerbations were plotted for the range
of vitamin D levels in the study, and a smoothing function was used to draw
a line through the values. Vertical lines represent quartiles of vitamin D
levels. The risk of hospitalization starts to decrease around a vitamin D level
of 30 ng/mL.

Rican study that low vitamin D levels are associated with in-
creased odds of asthma-related ED visits or hospitalization in
the previous year. In this study we further demonstrate that after
adjustment for age, sex, BMI, and baseline asthma severity, vita-
min D insufficiency at baseline is associated prospectively with
increased odds of severe asthma exacerbations, defined as hospi-
talizations, ED visits, or both, over the 4-year course of the study.
In addition, children with insufficient vitamin D levels had a
slightly lower mean FEV; compared with children with sufficient
levels. However, unlike the Costa Rican study, we did not find any
association between vitamin D levels and allergy markers.

Higher vitamin D levels are likely associated with decreased
risk of severe exacerbations through multiple mechanisms. One
mechanism might be through improved response to respiratory
tract infections because vitamin D has been shown to induce the
production of antimicrobial proteins (AMPs), such as cathelicidin
(which has both antimicrobial and antiviral properties)®?' and de-
fensin B 4. Induction of AMPs has been shown to occur at the
airway epithelium. In addition to the induction of AMPs, vitamin
D might modulate the inflammatory response to viral infections.
Airway epithelial cells exposed to vitamin D produce less inflam-
matory cytokines (without adversely affecting viral clearance)
than cells not exposed to vitamin D when infected with viruses.®’
These findings suggest that although higher vitamin D levels
might not prevent the occurrence of infections, higher levels
might allow improved handling of these infections and decreased
inflammatory responses, resulting in less severe disease and se-
quelae of these viral infections. This is supported by our data,
which show no difference in the odds of receiving a prednisone
burst in the vitamin D—insufficient group but a higher odds of hos-
pitalization or an ED visit, suggesting that the number of exacer-
bations are the same but the severity of exacerbations are worse in
the vitamin D-insufficient children. However, we are unable to
directly test the hypothesis that vitamin D improved the host re-
sponse to infections because we did not have specific information
regarding infections.

In addition to the response to infections, another mechanism of
vitamin D in asthmatic subjects might be through enhancement of
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the response to both exogenous and endogenous steroids. This
could explain why we saw a stronger beneficial vitamin D effect
among the children randomized to the budesonide group. Al-
though inhaled steroids were effective in significantly decreasing
exacerbations in this trial,!! children who continued to have se-
vere exacerbations despite inhaled corticosteroids might be a sub-
group that is not responding fully to inhaled corticosteroids. Our
results suggest that having sufficient levels prevents some of these
exacerbations while receiving inhaled corticosteroids. These re-
sults, in particular, are consistent with a proposed mechanism,
as demonstrated in vitro by Xystrakis et al,>* that vitamin D re-
stores the ability of steroid-treated regulatory T cells from
steroid-resistant asthmatic subjects to secrete IL-10, a potent
anti-inflammatory cytokine in airway epithelial cells, thus en-
hancing steroid uptake and effectiveness.

In contrast to our findings on severe exacerbations, vitamin D
insufficiency was significantly associated with the report of fewer
symptoms. A possible explanation is that daily symptoms and
exacerbations might be related to vitamin D through different
mechanisms. Because vitamin D likely reduces the severity of
viral infections rather than eliminating them, another explanation
is that vitamin D reduces severe exacerbations by preventing the
severe sequelae of viral infections without affecting the incidence
of such infections. Further investigation will be required to
resolve these inconsistencies.

Although this study confirms and extends the results of the
Costa Rican study with regard to asthma exacerbations, we did
not see similar results for markers of allergy, such as serum IgE
levels and eosinophil counts. The CAMP and Costa Rican cohorts
have important similarities and differences that might explain
some of these discrepant findings. Because the Costa Rican study
was designed as a genetic epidemiology study, the study popu-
lation is homogenous by design: all subjects were required to have
6 of 8 grandparents from the Central Valley of Costa Rica, and all
subjects live in or near the Central Valley. In contrast, CAMP has a
diverse outbred population composed predominantly of white,
black, and Hispanic subjects. Subjects were recruited from 8
centers across the country, each at different latitudes and altitudes.
Atopy is highly prevalent in both populations, with 88% of CAMP
subjects having positive skin test responses to at least 1 allergen
compared with 85% of Costa Rican subjects. Unlike equatorial
Costa Rica, which does not have much variability in UV exposure
throughout the year, the vitamin D levels of CAMP subjects vary
by season. Therefore although the overall median values for
vitamin D levels in CAMP and the Costa Rican study are similar
(35.1 vs 35.7 ng/mL, respectively), there is likely much more
variability in vitamin D levels over the course of a year in the
CAMP population. To the extent to which this is true, it would
represent a null bias in our results. Finally, it is possible that
vitamin D influences atopy only in certain environmental back-
grounds. As a multicenter trial, the participants in CAMP would
be expected to have quite different quantitative and qualitative
seasonal allergen exposures when compared with subjects in
Costa Rica. An important area of future research is to clarify the
interaction between vitamin D and environmental exposures on
allergic outcomes, as well as asthma severity.

Because the Costa Rican study was a cross-sectional study, it
was difficult to establish causality for the association between
vitamin D levels and asthma severity. It is possible that children
with more severe disease are more likely to spend time indoors,
which can lead to an association that is spurious. A major
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TABLE IlI. Hospitalizations or ED visits: Values are odds ratio (95% Cl) (p value) for severe exacerbations in vitamin D insufficient group

(<30 ng/ml) vs. vitamin D sufficient group (>30ng/ml)

Adjusted for age,
sex, BMI, income,
treatment group*

Unadjusted
odds ratio

Additionally adjusted Additionally adjusted Additionally
for season of vitamin D for baseline asthma adjusted
draw severity for race

Retrospective analysist: ED or hospitalization in year prior to study
All subjects* 1.7 (1.3 = 2.2) (.0002) 1.9 (1.4 —2.5) (<.0001)
Prospective analysis: ED/Hospitalization over 4 years of study
All subjects 1.3 (1.0 - 1.7) (.05) 1.5 (1.1 - 1.9) (.01)
Subjects randomized 1.2 (0.9 - 1.6) (.36) 1.3 (1.0 - 1.9) (.08)
to Placebo or
Nedocromil*
Subjects randomized to
Budesonide*

1.7 (1.0 — 2.8) (.06) 1.8 (1.0 — 3.2) (.05)

2.0 (1.5-27) (<.0001) 1.9 (14 -2.6)(<.0001) 1.7 (1.2-2.7)(001)
1.5 (1.2 - 2.1) (.004)

1.4 (1.0 - 2.0) (.03)

1.5 (1.1 — 2.0) (.006)
1.4 (1.0 — 2.0) (.06)

1.4 (1.0 - 1.9) (.03)
1.3 (9 - 1.8) (.15)

1.8 (1.0 — 3.3) (.06) 1.8 (1.0 — 3.4) (.05) 1.7 (9 -3.2) (.11)

*Models for hospitalization prior to randomization and stratified models are not adjusted for treatment group.
fThe terms retrospective and prospective refer to the timing of the outcomes relative to the timing of phlebotomy from which vitamin D levels were measured.

TABLE lll. Risk of severe exacerbation over 4 years by a combination of inhaled corticosteroid use and vitamin D status

No Yes Percentage Odds ratio*
Receiving inhaled steroids, sufficient vitamin D 162 52 24 1.0 (reference)
Receiving inhaled steroids, insufficient vitamin D 58 31 35 1.7 (1.0-2.9)
Not receiving steroids, sufficient vitamin D 289 158 35 1.7 (1.2-2.5)
Not receiving steroids, insufficient vitamin D 166 105 39 2.0 (1.3-2.9)

*Qdds ratios are for each stratum in reference to a subject receiving inhaled corticosteroids with sufficient vitamin D. The Cochran-Armitage 2-sided P value for trend over the 4

strata is .0009.

advantage of the current study is that we were able to measure
vitamin D levels in blood samples collected at the time of
enrollment and perform an analysis when the hospitalizations or
ED visits occurred after the time of phlebotomy, which is a stronger
study design than a retrospective analysis. This prospective design
reveals more modest effects of vitamin D than that seen in the
retrospective design, but these effects remain statistically signif-
icant after adjustment for age, sex, BMI, treatment group, and
physician-determined severity. Because vitamin D production in
the skin is dependent on skin pigmentation and amount of UVB
exposure,'® covariates such as race and season of vitamin D
measurement are strongly related to vitamin D levels, and therefore
adjusting for them in a multivariate model likely represents overad-
justment for vitamin D. However, because both race and season
likely affect asthma severity through pathways independent from
vitamin D, they are also likely to confound the association
between vitamin D and severe asthma exacerbations. Accordingly,
we have presented models with race and season added in a stepwise
fashion. Despite this concern for overadjustment, the full models,
including race and season, predict a significantly higher odds ratio
for ED/hospitalization in the vitamin D-insufficient group. At this
point, a randomized, placebo-controlled trial of vitamin D supple-
mentation to prevent asthma exacerbations is needed to confirm the
findings from our observational studies.

Another potential confounder of our results is vitamin D
supplementation. Although significant vitamin D supplementation
will be reflected in higher vitamin D levels, this might also reflect a
“healthy user” effect or act as a proxy for intake of other vitamins
that might influence asthma severity. For this type of confounding
to significantly affect our results, vitamin D supplementation
would have to substantially change serum levels, and one would
have to postulate that those who were insufficient at the start of the
study were supplemented with relatively large doses. As Heaney

et al* demonstrate, standard recommended replacement doses of
vitamin D (400 IU/d) do not have any substantial effect on serum
levels, and therefore we believe this is unlikely to be a significant
source of error. At the time the CAMP study was conducted,
vitamin D supplementation was not as publicized as it is today;
thus it is likely that children who were vitamin D insufficient
remained in the insufficient range throughout most of the study.

The current study is limited by only having one measure of
serum vitamin D at enrollment. An ideal analysis would be to
perform repeated measures over time for testing in a proportional
hazards model, which would be able to account for seasonal
variations in vitamin D levels. Our inability to capture this
variability does not invalidate these results; rather a low corre-
lation between repeated measures would reduce power to detect a
true association, possibly resulting in a false-negative result.”’
Furthermore, work by Hilgenfeld et al*® suggests that although
seasonal variation in vitamin D levels in school-aged children oc-
curs, over the course of the year, there was no variation in urinary
calcium excretion, suggesting that these fluctuations in serum
levels might not be physiologically relevant.

Because asthma exacerbations account for a large proportion of
overall asthma-related health care costs and because vitamin D
deficiency is so common, we calculated the population attribut-
able risk (PAR) for vitamin D insufficiency on asthma exacerba-
tions. Given the prevalence of insufficiency in our study in both
the budesonide group and the total group of children in the CAMP,
the PAR% is at least 11%. Although this might appear small,
decreasing asthma health care costs by this proportion translates
into more than $2 billion in savings per year if circulating vitamin
D levels could be brought up to at least 30 ng/mL in all asthmatic
subjects. Furthermore, in a recent analysis of the National Health
and Nutrition Examination Survey data collected between 2001
and 2006, 48% of children had levels of less than 30 ng/mL,27 and
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therefore our PAR% estimate is likely conservative. Although this
prevalence of vitamin D insufficiency is higher than in the CAMP
cohort, we point out that CAMP subjects were recruited from
1993 through 1995, and vitamin D insufficiency has become
more prevalent in the years since.”®

The current recommended level of sufficiency (>30 ng/mL) is
thought to be the minimum necessary level for overall health
because beneficial effects on musculoskeletal function are seen
beginning at this level.!” However, the circulating level of vitamin
D for optimal immune function is unknown, although there are
suggestions that this level might very well be greater than
40 ng/mL.>*° Beneficial effects are likely to be greatest in black
subjects and in those already receiving inhaled steroids. Given the
potential public health benefits, a randomized controlled trial is
indicated to confirm the observational results presented here.

In summary, we demonstrate that vitamin D insufficiency is
common in childhood asthmatic subjects in the United States, and it
predicts increased odds of severe exacerbations over a 4-year period,
even after adjusting for a range of potential confounders. Even in
those already receiving inhaled steroids, vitamin D insufficiency
increased this risk. These results confirm and extend the findings
from the Costa Rican cohort in regard to severe exacerbations.
A randomized controlled trial should be done to confirm these
results and to generalize to other subgroups of asthmatic subject.

Key messages

e Vitamin D insufficiency is common in a North American
population of subjects with mild-to-moderate childhood
asthma.

e Vitamin D insufficiency is associated with higher odds of
severe asthma exacerbation over a 4-year period.

e Having sufficient vitamin D levels conferred protection
against severe exacerbations that was in addition to the
effect of receiving inhaled corticosteroids.
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FIG E1. Distribution of vitamin D levels at randomization in all subjects.
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TABLE E1. Proportional hazards model time-to-event analysis
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Adjusted for age,

Unadjusted sex, BMI, income, + Physician
hazards ratio treatment group + Season severity + Race
First ED/hospitalization over course of the study (all subjects)* 1.2 (.05) 1.3 (.02) 1.4 (.005) 1.3 (.01) 1.3 (.06)
First ED/hospitalization (placebo or nedocromil) 1.1 (4) 1.2 (.14) 1.3 (.06) 1.3 (.1D) 1.2 (.29)
First ED/hospitalization (budesonide) 1.6 (.04) 1.7 (.02) 1.8 (.02) 1.8 (.02) 1.7 (.03)

Values are hazards ratio (P values) for time to first ED visit or hospitalization in the vitamin D—insufficient group (<30 ng/mL) versus the vitamin D—sufficient group (>30 ng/mL).

*Models for all subjects are adjusted for treatment group (budesonide vs placebo/nedocromil).
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TABLE E2. Markers of asthma and allergy severity, adjusting for age, sex, BMI, baseline severity, and income
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Average no. of

Eosinophil FEV,/FVC Log PCyo visits with moderate
IgE level count FEV, (mL) ratio (%) dose symptoms
Vitamin D <30 ng/mL =55 (75 —19(.52) —0.07 (.0003) 0.31 (.46) 0.03 (.72) —0.07 (.002)
Vitamin D <30 ng/mL (placebo or nedocromil group) —214 (.32) —11(76) —0.08 (.0004) 0.31 (.53) 0.08 (.46) —0.10 (.0003)
Vitamin D <30 ng/mL (budesonide group) 301 (.20) =59 (.22) —0.05 (.23) 0.34 (.66) —0.11 (.48) —0.04 (.36)

Results are shown as 3 coefficients (P values).
FVC, Forced vital capacity.
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