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Rationale: Little is known about vitamin D status and its effect on
asthma pathophysiology in children with severe, therapy-resistant
asthma (STRA).
Objectives: Relationships between serum vitamin D, lung function,
and pathology were investigated in pediatric STRA.
Methods: Serum 25-hydroxyvitamin D [25(OH)D3] was measured in 86
children (mean age, 11.7 yr): 36 with STRA, 26 with moderate asthma
(MA), and 24without asthma (control subjects). Relationships between
25(OH)D3, theasthmacontrol test (ACT), spirometry, corticosteroiduse,
and exacerbations were assessed. Twenty-two of 36 childrenwith STRA
underwent fiberoptic bronchoscopy, bronchoalveolar lavage, and endo-
bronchialbiopsywithassessmentofairwayinflammationandremodeling.
Measurements andMainResults: 25(OH)D3 levels (median [IQR])were
significantly lower in STRA (28 [22–38] nmol/L) than in MA (42.5
[29–63] nmol/L) and control subjects (56.5 [45–67] nmol/L) (P ,

0.001). There was a positive relationship between 25(OH)D3 levels
and percent predicted FEV1 (r ¼ 0.4, P , 0.001) and FVC (r ¼ 0.3, P ¼
0.002) inall subjects.25(OH)D3levelswerepositivelyassociatedwithACT
(r¼0.6,P,0.001),and inverselyassociatedwithexacerbations(r¼ –0.6,
P,0.001)andinhaledsteroiddose(r¼–0.39,P¼0.001) inMAandSTRA.
Airway smoothmuscle (ASM)mass, but not epithelial shedding or retic-
ular basement membrane thickness, was inversely related to 25(OH)D3

levels (r¼ –0.6,P¼0.008).TherewasapositivecorrelationbetweenASM
mass and bronchodilator reversibility (r¼ 0.6, P¼ 0.009) and an inverse
correlation between ASMmass and ACT (r¼ –0.7, P, 0.001).
Conclusions: Lower vitamin D levels in childrenwith STRAwere associ-
ated with increased ASM mass and worse asthma control and lung
function. The link between vitamin D, airway structure, and function
suggests vitamin D supplementation may be useful in pediatric STRA.
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For most children with ready access to healthcare, asthma can
be controlled with low doses of inhaled steroids. There
remains, however, a significant number of individuals with
asthma who, despite apparently appropriate treatment, remain
symptomatic and at risk of exacerbations. Most assessments
have suggested that this difficult-to-treat population represents
5–10% of individuals with asthma (1–3). Even though this
high-risk group represents only a small portion of all individ-
uals with asthma, they suffer the greatest morbidity and need
for healthcare use.

Exposure to solar ultraviolet radiation within a wavelength
band of 290–315 nm, leading to production of vitamin D in
the skin, is the primary source of vitamin D for humans (4).
Over the last few decades, vitamin D deficiency and insuffi-
ciency are increasingly being recognized in the general popula-
tion, and have been largely attributed to dietary, lifestyle, and
behavioral changes (4). The musculoskeletal consequences
of vitamin D deficiency are well established; however, a number
of pulmonary disorders, including asthma, have now been
linked to vitamin D deficiency and insufficiency. Cross-
sectional data suggest that low serum vitamin D in children
with mild to moderate asthma is associated with poor asthma
control, more exacerbations, reduced lung function, and in-
creased medication use (5–7). However, little is known about
vitamin D levels and their impact on disease control and air-
way pathology in children with severe, therapy-resistant
asthma (STRA).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Children with mild to moderate asthma are more likely to
have vitamin D insufficiency. Epidemiologic data suggest
that low serum vitamin D in children with asthma is asso-
ciated with poor asthma control, reduced lung function, and
increased medication use. However, little is known about
the relationship between serum vitamin D levels and
pathophysiology in children with severe therapy-resistant
asthma (STRA).

What This Study Adds to the Field

Children with STRA have lower serum vitamin D levels
compared with children with moderate asthma and control
subjects. Reduced vitamin D levels in STRA are associated
with lower lung function, poor asthma control, increased
medication use, and asthma exacerbations. The serum vi-
tamin D level is inversely associated with airway smooth
muscle mass.
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An increase in airway smooth muscle (ASM) mass is a key
feature of airway remodeling in asthma (8–10). Importantly,
increased ASM hypertrophy and hyperplasia have been dem-
onstrated in endobronchial biopsies from children with severe
asthma and are significantly related to bronchodilator respon-
siveness (10). However, to date, there is little evidence that
any asthma therapies affect airway remodeling. In vitro studies
have shown that vitamin D may influence ASM remodeling by
exerting an inhibitory effect on passively sensitized ASM
growth and contractility (11–13). However, the relationship
between airway pathology in bronchial tissue from individuals
with asthma and serum vitamin D levels has not been reported.

We hypothesized that our cohort of children with STRA
would have lower serum vitamin D levels than children with
moderate asthma (MA) and nonasthmatic control subjects,
and that lower serum vitamin D levels would be associated with
worse lung function, airway inflammation, and remodeling.

Some of the results of these studies have been previously re-
ported in the form of abstract (14).

METHODS

Detailed methods are described in the online supplement.

Subjects

Children aged 6–16 years with STRA (n ¼ 36) or MA (n ¼ 26) and
nonasthmatic control subjects (n ¼ 24) were recruited prospectively
(Table 1). The Royal Brompton and Harefield Hospital (London, UK)
Research Ethics Committee approved the study. Informed consent was
obtained from parents and age-appropriate assent from children.

A detailed definition of STRA is given in the online supplement.
Briefly, these were all children receiving at least 800 mg of inhaled
steroids (beclomethasone equivalent) per day and additional con-
troller medications, and had undergone detailed assessments to ex-
clude a wrong diagnosis, asthma with important comorbidities, and
difficult asthma (underlying modifiable factors identified) (15, 16).
Children with MA were well controlled on a lower dose of inhaled
corticosteroids (,800 mg of beclomethasone equivalent per day).

Nonasthmatic control subjects comprised either children with no respi-
ratory disease whose parents had consented for blood tests during an
elective surgical procedure (n ¼ 18) or children undergoing a clinically
indicated bronchoscopy for upper airway symptoms (n ¼ 6).

Asthma Control Test

Symptom control was assessed by childhood asthma control test (ACT)
(17) (see the online supplement).

Exacerbations and Medication Use

Regular medications were recorded in MA and STRA. Acute exacer-
bations were defined as episodes necessitating high-dose oral steroids
for at least 3 days, in the previous 6 months.

Lung Function

Spirometry was performed in accordance with American Thoracic So-
ciety guidelines (18) (see the online supplement).

Serum 25-Hydroxyvitamin D

Serum levels of 25-hydroxyvitamin D [25(OH)D3] were measured in all
subjects, using a two-dimensional high-performance liquid chromatog-
raphy system–tandem mass spectrometry (2D LC-MS-MS) system (19).
Vitamin D deficiency was defined as serum 25(OH)D3 less than
50 nmol/L (20 ng/ml) (4, 20) and serum levels less than 75 nmol/L were
defined as insufficient (4, 20) (see the online supplement).

Sputum Eosinophils and Neutrophils

Sputum induction, processing, and cell counts were performed in a sub-
group of STRA (n ¼ 22) as previously described (21) (see the online
supplement).

Bronchoscopy, Bronchoalveolar Lavage,

and Endobronchial Biopsy

Bronchoscopy was performed under general anesthetic (22) in children
with STRA (n ¼ 22) as part of clinical investigations (15) (see the online

TABLE 1. DEMOGRAPHIC CHARACTERISTICS OF SUBJECTS

STRA (n ¼ 36) MA (n ¼ 26) Control Subjects (n ¼ 24) P Value

Age, yr 11.5 (9.5, 14) 12.5 (11, 13) 10.5 (9–13) 0.24*

Male 21 (58%) 11 (42%) 15 (62%) 0.17†

BMI, kg/m2 19.5 (16, 24) 19 (16, 25) 18 (15.7, 23) 0.16*

Ethnicity 0.056†

White 23 (64%) 22 (84%) 21 (88%)

Nonwhite 13 (36%) 4 (16%) 3 (12%)

FEV1, % predicted 76 (63, 85) 88 (84, 95) 94 (90, 97) ,0.001*

FVC, % predicted 88 (78, 97) 103 (96,110) 96 (94, 108) ,0.002*

FEV1/FVC ratio 73 (68, 84) 84 (78, 92) 92 (89, 96) ,0.001*

Atopic,‡ % 32 (88) 20 (77) 3 (12) ,0.001†

IgE,x IU/ml 530 (196, 645) 717 (254, 1,377) 12.5 (8, 51) ,0.001*

BDR,k % 15 (7, 25) 4 (3.5, 6) (n ¼ 4) — 0.065¶

ACT** 11 (8.5, 14) 18 (17, 21) — ,0.001¶

Daily inhaled corticosteroid dose,†† mg/d 1,600 (1,000–2,000) 600 (500–800) — ,0.001¶

Median exacerbations in last 6 mo requiring oral steroids 3 (2, 4) 1 (0, 2) — ,0.001¶

Definition of abbreviations: ACT ¼ asthma control test; BDR ¼ bronchodilator response; BMI ¼ body mass index; MA ¼ moderate asthma; STRA ¼ severe therapy-

resistant asthma.

Note: Decimal values were approximated to closest integer for ease of exposition.

Note: Values are given as medians (interquartile range) for continuous variables or as number (%) for binary variables.

* P value calculated by Kruskal-Wallis test.
y P value calculated by chi-square test.
zOne or more positive allergen-specific IgE responses.
x Sum of specific IgE to nine allergens: cat, dog, egg, milk, peanut, grass, tree pollen, Dermatophagoides pteronyssinus, and Aspergillus fumigatus.
kRise in FEV1 after bronchodilator administration (%).
¶ P value calculated by Mann-Whitney test.

** Score out of 25.
yyBeclomethasone equivalent.
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supplement). Details of bronchoalveolar lavage (BAL) and endobron-
chial biopsy processing are in the online supplement. Eosinophils and
neutrophils were quantified in BAL and biopsy, and mast cells were
quantified in biopsy alone. Smooth muscle proliferation was quanti-
fied by immunohistochemistry for proliferating cell nuclear antigen
(PCNA). Reticular basement membrane (RBM) thickness (23), epi-
thelial shedding (24), and airway smooth muscle (ASM) mass (10)
were quantified in sections stained with hematoxylin and eosin (see
the online supplement).

Statistical Analysis

Differences between three groups were assessed using one way analysis of
variance (ANOVA) (normal data) orKruskal-Wallis test (nonnormal dis-
tribution). To assess the association between serum vitamin D levels and
severity of disease, linear regressionwas used for continuous variables and
logistic regression was used for categorical variables. When a nonnormal
variable remained skewed even after log transformation, this variable was
dichotomized and used in the logistic regression. For both types of regres-
sion analyses, two models (an unadjusted model and a multivariable
model) were constructed. Follow-up tests performed after ANOVAwere
determined a priori unless specified otherwise. Correlations were
assessed by Pearson correlation (normal data) or Spearman’s rank cor-
relation (skewed data). Statistical significance was reported at P , 0.05.
Stata version 10.1 (StataCorp, College Station, TX) and GraphPad Prism
version 5.02 (GraphPad Software, San Diego, CA) were used (see the
online supplement).

RESULTS

Subjects

Demographic data of the children studied are presented in Table
1. There were no significant differences between children with
MA, children with STRA, and nonasthmatic control subjects in
age, ethnicity, sex distribution, or body mass index.

Serum 25(OH)D3 Levels in Subjects with Asthma

and Control Subjects

Serum 25(OH)D3 levels (median [IQR] nmol/L) were significantly
lower in children with STRA (28 [22–38] nmol/L) than in those
with MA (42.5 [29–63] nmol/L) and nonasthmatic control subjects
(56.5 [45–67] nmol/L) (P , 0.001 for both) (Figure 1A). The prev-
alence of vitamin D deficiency [25(OH)D3 level, 50 nmol/L] was
94, 54, and 33% in STRA, MA, and control subjects, respectively
(P , 0.001) (Figure 1B) and 97% of children with STRA, 92% of
children with MA, and 83% of control subjects had insufficient
serum 25(OH)D3 levels [25(OH)D3 level , 75 nmol/L].

There was no significant impact of season of sample collection
on serum vitamin D level in the three groups (see Figure E1 in
the online supplement).

Vitamin D and Atopic Status

Serum 25(OH)D3 was inversely related to serum total IgE (r¼ –0.3,
P ¼ 0.01), specific IgE to cat (r ¼ –0.27, P ¼ 0.01), dog (r ¼ –0.29,
P ¼ 0.01), tree pollen (r ¼ –0.28, P ¼ 0.02), Dermatophagoides
pteronyssinus (r ¼ –0.3, P ¼ 0.01), and Aspergillus fumigatus (r ¼
–0.36, P ¼ 0.009) (Table E1). In a post hoc analysis, there was
a significant inverse relationship between serum 25(OH)D3 levels
and sum of specific IgE to aeroallergen (r ¼ –0.28, P ¼ 0.009)
but not to sum of specific IgE to food allergens.

Lung Function, Bronchodilator Reversibility, and Vitamin D

There was a positive correlation between serum 25(OH)D3 lev-
els and percent predicted FEV1 (r ¼ 0.43, P , 0.001) (Figure

2A) and FVC (r ¼ 0.32, P ¼ 0.002) (Figure 2B). Serum 25
(OH)D3 was significantly and inversely associated with per-
cent BDR (r ¼ –0.4, P ¼ 0.003) and, in a post hoc analysis,
positive BDR (FEV1 improvement of at least 12%) (Figures
2C and 2D).

Asthma Control, Exacerbations, and Vitamin D Levels

A positive relationship was found between 25(OH)D3 level and
ACT (r ¼ 0.6, P , 0.001) (Figure 3A), whereby higher serum
25(OH)D3 was associated with better asthma control. Lower
serum 25(OH)D3 levels were associated with increased acute
asthma exacerbations in the previous 6 months (r ¼ –0.6, P ,
0.001) (Figure 3B).

Medication Dose and Vitamin D Levels

Of the various therapies received by children withMA and STRA,
the use of daily maintenance oral steroids (P , 0.001), oral theo-
phyllines (P ¼ 0.02), and leukotriene receptor antagonists (P ¼
0.005) was significantly associated with lower 25(OH)D3 levels,
but there was no association between antireflux therapy and se-
rum 25(OH)D3 level (Table 2). Moreover, the daily doses of
inhaled corticosteroid (r¼ –0.39, P¼ 0.001) and oral maintenance
corticosteroids (r ¼ –0.43, P , 0.001) were inversely related to

Figure 1. (A) Serum vitamin D levels in subjects with severe therapy-
resistant asthma (STRA), subjects with moderate asthma (MA), and

control subjects. Serum 25-hydroxyvitamin D levels were lower in sub-

jects with STRA and subjects with MA than in control subjects (Kruskal-

Wallis test, P , 0.0001). Horizontal bars represent median values. The
Mann-Whitney U test, followed by a Bonferroni correction, was used to

compare differences between groups. (B) A higher prevalence of vita-

min D deficiency (serum 25-hydroxyvitamin D levels less than 50 nmol/L)
is shown in subjects with STRA compared with subjects with MA and

control subjects (P , 0.001, calculated by chi-square test). ***P ,
0.001.
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serum 25(OH)D3 levels (Figures 3C and 3D). There was no asso-
ciation between use of anti-reflux medications and serum 25(OH)
D3 levels.

Serum Vitamin D Levels and Asthma Pathology

Airway inflammation. Table E3 (see the online supplement)
outlines the relationship between serum 25(OH)D3 levels and

Figure 2. Positive association between

serum vitamin D levels and (A) percent

predicted FEV1 (R ¼ 0.43, P, 0.001) and
(B) FVC (R ¼ 0.32, P ¼ 0.002). Lower

serum vitamin D levels were associated

with (C) higher bronchodilator response

(BDR) (r ¼ –0.40, P ¼ 0.003) and (D)
positive BDR (FEV1 improvement of at

least 12%) (P , 0.001). BDR (%) ¼ per-

centage increase in FEV1 after inhalation

of 1,000 mg of salbutamol. Correlation
was determined by Spearman rank cor-

relation coefficient. The Mann-Whitney

U test was used to compare differences
between groups. ***P , 0.001. MA ¼
moderate asthma; STRA ¼ severe ther-

apy-resistant asthma.

Figure 3. Positive association between
serum vitamin D level and asthma con-

trol test (ACT) (r ¼ 0.6, P , 0.001). (A)

Children with higher serum vitamin D

levels had fewer asthma-related symp-
toms. Correlation was determined by

Spearman rank correlation coefficient.

(B) Children with lower serum vitamin
D levels had more acute exacerbations

in the last 6 months. Lower serum vita-

min D levels were associated with in-

creased (B) oral and (C) inhaled
corticosteroid (ICS) use. The Kruskal-

Wallis test and Mann-Whitney U test, fol-

lowed by a Bonferroni correction, were

used to compare differences between
groups. **P , 0.01; ***P , 0.001. BDP ¼
beclomethasone dipropionate; MA ¼
moderate asthma; STRA ¼ severe ther-

apy-resistant asthma.
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measures of airway inflammation in children with STRA. There
was no significant correlation between serum 25(OH)D3 levels
and eosinophils or neutrophils in induced sputum (n ¼ 18),
BAL (n ¼ 22), or endobronchial biopsy (n ¼ 19). There was also
no association between tissue mast cells and serum 25(OH)D3.

Airway remodeling. Endobronchial biopsies were of suffi-
cient quality to quantify airway remodeling in 19 of 21 children
with STRA.Median volume fraction of smooth muscle was 0.16
(range, 0.07–0.20). There was a significant negative correlation
between serum 25(OH)D3 and volume fraction of ASM (r ¼
–0.63, P ¼ 0.007) (Figure 4A). Median RBM thickness in chil-
dren with STRA was 8.4 (range, 7.9–9.7) mm. There was no
relationship between serum 25(OH)D3 and RBM thickness
(r ¼ –0.12, P ¼ 0.62) (Figure 4B). Median percent epithelial
shedding in the biopsies was 98% (range, 87.4–99.7%). There
was no significant relationship between epithelial shedding
and serum 25(OH)D3 (r ¼ –0.09, P ¼ 0.69) (Figure 4C).
Smooth muscle proliferation was assessed by quantifying the
proportion of PCNA-positive smooth muscle cells (Figure E2).
Median myocyte proliferation was 35.3% (range, 25.3–64.3%).
There was no relationship between serum 25(OH)D3 and

percentage of smooth muscle cells positive for PCNA (r ¼
0.007, P ¼ 0.07) (Figure 4D). There was a significant positive
correlation between volume fraction of ASM and BDR (r ¼ 0.6,
P ¼ 0.009) (Figure 5A) and a negative correlation between vol-
ume fraction of ASM and ACT (r¼ –0.7, P, 0.001) (Figure 5B).

DISCUSSION

We have shown for the first time that children with STRA have
significantly lower serum 25(OH)D3 levels than do children with
MA. Lower serum 25(OH)D3 levels were associated with worse
lung function, poor asthma control, and more steroid use in MA
and STRA. Within STRA, low 25(OH)D3 levels were associ-
ated with increased ASM mass, but not with other parameters
of airway remodeling, nor with airway inflammation despite an
association with aeroallergen sensitization.

Importantly, the children in this study with STRA had been
carefully assessed such that their basic management had been
optimized, and any “difficult asthmatics” (whose asthma was
uncontrolled because of modifiable factors such as poor adher-
ence to treatment) had been excluded. The detailed multidisci-
plinary assessment to ensure as far as possible that basic
management is correct is one of the novel features of this study.

In this group with STRA, a significant negative association
was present between volume fraction of ASM and 25(OH)D3

levels. Of note, however, there was no association between
RBM thickness or epithelial shedding and vitamin D. Although
a negative relationship between ASM mass and lung function has
been reported in pediatric cases with difficult asthma (10), this is
the first demonstration of an association between low serum
25(OH)D3, poor lung function and asthma control, increased
BDR and ASM mass. It is therefore plausible that the link
between ASM mass and lung function in severe asthma may
partly be explained by low 25(OH)D3 levels. The association
between increased ASM mass and low 25(OH)D3 is supported
by in vitro studies, which have shown that vitamin D inhibits
smooth muscle proliferation (11–13). Vitamin D blocked smooth

Figure 4. Relationships between serum

25-hydroxyvitamin D [25(OH)D3] levels
and airway remodeling. (A) There was

a significant negative correlation be-

tween serum 25(OH)D3 and volume frac-
tion of airway smooth muscle (ASM) (r ¼
–0.6, P ¼ 0.008). There was no significant

correlation between serum 25(OH)D3

and (B) reticular basement membrane
(RBM) thickness or (C) epithelial shed-

ding. (D) There was no relationship be-

tween serum 25(OH)D3 and proliferating

cell nuclear antigen (PCNA)–positive
smooth muscle cells. Correlation was de-

termined by the Spearman rank correlation

coefficient. Vv (sm/sm 1 submucosa) ¼
volume fraction of smooth muscle indexed

to volume of submucosal tissue PCNA SM

cells per total SM cells; (%) ¼ positively

stained smooth muscle nuclei were
counted in every biopsy at 3400 magnifi-

cation and divided by the total number of

smooth muscle nuclei and expressed as

a percentage.

TABLE 2. SERUM VITAMIN D LEVELS AND MEDICATION USE
IN SUBJECTS WITH MODERATE ASTHMA AND SUBJECTS WITH
SEVERE THERAPY-RESISTANT ASTHMA

Medication(s) Used Median 25-Hydroxyvitamin D Levels (IQR) P Value*

Oral CS Oral CS: 28 (21–33) ,0.001

No oral CS: 45 (21–61)

LTRA LTRA: 33.7 (27–39) 0.005

No LTRA: 47 (40–53)

Theophylline Theophylline: 31 (21.5–39.5) 0.02

No Theophylline: 38.5 (27–59)

Antireflux medications Yes: 39 (33–44) 0.60

No: 44.2 (32–57)

Definition of abbreviations: CS¼ corticosteroid; IQR¼ interquartile range; LTRA¼
leukotriene receptor antagonist.

* The Wilcoxon test was used for median value differences for categorical variables.
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muscle proliferation in a concentration-dependent manner in hu-
man smooth muscle cells sensitized with asthmatic serum (12),
and it inhibited ASM cell proliferation by preventing progression
of the cell cycle, not by inducing apoptosis (13). Furthermore,
vitamin D inhibits cell growth in muscle cell cultures (13). More-
over, vitamin D increases glucocorticoid bioavailability in bron-
chial smooth muscle cells (25). In contrast to the published
in vitro studies, there was no relationship between serum 25
(OH)D3 levels and ASM proliferation assessed by myocyte
PCNA staining in our subjects. However, all in vitro work has
been done in adult ASM, and mechanisms may be different in
children. For example, ASM apoptosis may be reduced. Impor-
tantly, ASM mass is still increasing as part of normal growth and
development in children (26), and therefore the influence of
superimposed pathological abnormalities is likely to be different
from those in adults. Further work is needed to determine the
mechanistic effects of 25(OH)D3 on pediatric ASM.

The cross-sectional nature of the biopsy data prevent us from
being certain whether the relationship between increased ASM
mass and vitamin D is a result of severe asthma, or whether
the increased ASM mass may have been present before the

development of disease and caused the asthma. It is possible that
a developmental structural defect of the airway wall, such as ASM
hypertrophy in children with STRA, results from vitamin D defi-
ciency in utero, and that may have led to asthma in the first place.
It may be that exaggerated ASM hypertrophy is a cause of their
asthma, rather than a consequence, as a result of in utero (27, 28)
and postnatal vitamin D deficiency. The effects of vitamin D
deficiency in utero (27, 28) could be in addition to, or indepen-
dent of, airway remodeling. This is especially important as a ran-
domized controlled trial of vitamin D therapy in children with
STRA could potentially reverse the ASM hypertrophy and
change the course or natural history of these patients’ asthma.
However, if vitamin D induces a smooth muscle developmental
defect in utero, then it may prove more challenging to reverse.
Importantly, it should be noted that in a previous study of infants
with severe wheeze at a median age of 1 year (29), there was no
increase in ASM mass on biopsy (30). Vitamin D levels were not
measured in that study, but the findings mitigate against, al-
though do not exclude, the developmental hypothesis.

Interestingly, we did not find an association between any of the
inflammatory cells quantified (eosinophils, neutrophils, ormast cells)

TABLE 3. SERUM VITAMIN D LEVELS AND DISEASE SEVERITY IN SUBJECTS WITH MODERATE ASTHMA
AND SUBJECTS WITH SEVERE THERAPY-RESISTANT ASTHMA

A. Linear Regression Used for Continuous Measures of Disease Severity

Beta Coefficient* [95% Confidence Interval] (P Value)

Outcome Unadjusted Multivariate Model†

ACT 0.18 [0.13 to 0.24] (,0.001) 0.15 [0.09 to 0.20] (,0.001)

Daily inhaled corticosteroid dose, mg/d 20.006 [–0.01 to –0.003] (0.001) 20.004 [–0.007 to 0.0001] (0.05)

B. Logistic Regression Used for Categorical Variables

Odds Ratio‡ [95% Confidence Interval] (P Value)

Outcome Unadjusted Multivariate Modelx

Positive BDRk 0,91 [0.84 to 0.98] (0.01) 0.86 [0.76 to 0.97] (0.01)

Oral CS¶ 0.92 [0.88 to 0.98] (0.004) 0.92 [0.86 to 0.98] (0.006)

Exacerbation** 0.87 [0.80 to 0.95] (0.001) 0.79 [0.64 to 0.97] (0.02)

Definition of abbreviations: ACT ¼ asthma control test; BDR ¼ bronchodilator response; CS ¼ corticosteroid.

Note: Decimal values were approximated to closed integer for ease of exposition.

* Beta coefficient is for each nmol/L increase in serum vitamin D levels.
yMultivariate model adjusted for age, sex, BMI, FEV1, and ethnicity.
zOdds ratio are for each 1-nmol/L increase in serum vitamin D levels.
xMultivariate model adjusted for age, sex, BMI, FEV1, and ethnicity.
k Positive bronchodilator response (BDR) ¼ FEV1 improvement of at least 12% after inhalation of 1,000 mg of salbutamol.
¶ CS ¼ corticosteroid; use of maintenance daily oral corticosteroids.

** Exacerbation ¼ any acute exacerbations in the last 6 months requiring oral steroids.

Figure 5. Relationship between volume

fraction of airway smooth muscle (ASM)
in endobronchial biopsies from children

with severe therapy-resistant asthma

(STRA), and asthma control test (ACT)

and bronchodilator response (BDR). (A)
A significant negative relationship was

found between volume fraction of ASM

and ACT (r ¼ –0.7, P , 0.001). (B) A

significant positive relationship was pres-
ent between BDR and volume fraction of

ASM (r ¼ 0.6, P ¼ 0.009). BDR (%) ¼
percentage increase in FEV1 after inhala-

tion of 1,000 mg of salbutamol; Vv (sm/
sm 1 submucosa) ¼ volume fraction of

smooth muscle indexed to volume of

submucosa tissue.
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and serum 25(OH)D3 levels. This remained true for both luminal
inflammation (BAL and sputum) and tissue inflammation (endo-
bronchial biopsy). It is possible that the substantial antiinflamma-
tory treatment prescribed for these children may have masked
a relationship between vitamin D and airway inflammation in
STRA. Having established a link between serum 25(OH)D3 levels
and lung function and asthma control, and importantly, having now
seen a novel link between serum vitamin D levels and airway
smooth muscle alone, we suggest that vitamin D supplementation
in children with STRA and low 25(OH)D3 levels may be a novel
therapeutic target directed against some aspects of remodeling. Of
note, there are currently no treatments that inhibit or prevent air-
way remodeling.

Even after adjusting for confounding factors including age, sex,
body mass index, FEV1, and ethnicity, a significant relationship
between serum vitamin D levels and asthma control, exacerba-
tions, inhaled and oral steroid use, and positive BDR remained
(Table 3). Some of our findings concur with reports in children
and adults with much less severe asthma. These include the asso-
ciations found between low 25(OH)D3 levels and asthma control
and exacerbations (5–7), lower lung function (6, 31–33), increased
reversibility to bronchodilator (5, 33), and greater antiinflamma-
tory medication (inhaled corticosteroid, oral steroid, and leuko-
triene receptor antagonist) use (5, 31).

Although total serum IgE levels and specific IgE to cat, dog,
pollen, Dermatophagoides pteronyssinus, and Aspergillus fumi-
gatus were inversely related to 25(OH)D3 levels, there was no
relationship between 25(OH)D3 and serum, BAL, or biopsy
eosinophils. Some (5, 31), but not all (6), investigators have
found correlations between lower 25(OH)D3 levels and markers
of allergy in childhood asthma. A U-shaped association be-
tween low and high 25(OH)D3 levels and serum total IgE levels
has been demonstrated (34). An association between 25(OH)D3

deficiency and increased sensitization to 11 of 17 environmental
and food allergens in children (n ¼ 3,136), but not in adults (n ¼
3,454), in the National Health and Nutrition Examination Sur-
vey has also been shown (35). Our results are in agreement with
this report (35) that children with low serum 25(OH)D3 levels
are more likely to have allergic sensitization. Interestingly, we
have only found an association between sensitization to aero-
allergens and 25(OH)D3 levels, but not food allergens.

In terms of ethnicity, because numbers were small we allocated
the children into “white” and “nonwhite” groups, but did not
attempt to classify ethnicity in more detail. There were more
nonwhite children in the STRA group (36%) compared with
the MA group (16%) and control subjects (12%) (P ¼ 0.056).
Children with nonwhite skin had lower serum vitamin D levels
(Figure E3A), as reported by others (4). Moreover, nonwhite
children had more severe asthma compared with white children
(Figure E4). However, the ANOVA results have shown that
there is no interaction between ethnicity and disease severity
for levels of vitamin D (P ¼ 0.20). This could be due to the small
number of subjects in the study. Importantly, race is a proxy for
skin color, and although skin color is a proxy for low vitamin D
levels, our conclusions relate to the relationship between low
serum vitamin D levels, whether driven by diet, sunlight, ethnic-
ity or another factor, and asthma severity and pathology.

The cross-sectional design of this study made it impossible to
determine whether low 25(OH)D3 levels result in severe asthma
in children, or whether children with severe asthma have low
25(OH)D3 levels because, for example, they are unable to go
outside and exercise normally. Also, because of the ethics of
performing bronchoscopy for research in children, we could not
perform invasive endobronchial biopsies in control subjects and
subjects with MA, and this is a potential source of information
bias. One of the other limitations of this study was that BDR

and ACT were not performed in normal control subjects. Al-
though the potential to correlate ASM mass with the results of
airway challenge would be of interest, given the subjects’ disease
severity, this was thought to be both unsafe and unethical.

It is challenging to propound a unifying hypothesis to account
for ASM changes being the sole manifestation of vitamin D defi-
ciency. In terms of remodeling, we speculate that this may be due
to a heightened sensitivity ofASM to vitaminDdeficiency as com-
pared with other airway wall components. The lack of any effect
on inflammation may in part be due to high-dose inhaled and oral
steroid therapy. Although vitamin D deficiency causes a degree of
steroid insensitivity, the high doses used in the children with
STRA may have overcome this. However, we acknowledge that
these ideas remain speculative at the present time and the deter-
mination of the exact mechanism between low 25(OH)D3 and
airway remodeling in STRA will require intervention studies.

In summary, in this cross-sectional study, children with gen-
uine severe asthma had significantly lower serum vitamin D lev-
els than children with MA and control subjects. Lower serum
vitamin D levels were associated with worse parameters of
asthma severity, and we propose that a contributory mechanism
may be via an effect on ASM. As numbers are small, and rep-
resent a selected population, the conclusions drawn must be ten-
tative. However, these findings suggest that detecting and
treating low serum vitamin D levels in children with STRA
may aid in the treatment of specific structural airway changes.
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