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What is already known about this topic? History of a diagnosis of maternal asthma and asthma control during preg-
nancy have been linked to increased risk of preeclampsia. Vitamin D status during pregnancy might be a potential factor
moderating the risk of asthma exacerbations and the subsequent risk of preeclampsia.

What does this article add to our knowledge? The present study found the association of uncontrolled asthma during
pregnancy with the risk of preeclampsia and revealed that maternal vitamin D status at early pregnancy could possibly
affect the extent to which uncontrolled asthma may be associated with a higher risk of preeclampsia.

How does this study impact current management guidelines? Attention to vitamin D levels in pregnant women with
asthma as well as optimal asthma control may decrease the risk of preeclampsia. Future study is warranted to define the
optimal level of vitamin D concentrations during pregnancy for maternal-fetal health.
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Abbreviations used
250HD- 25-hydroxyvitamin D
aOR- adjusted odds ratio
BIC- Bayesian information criterion
BMI- body mass index
BP- blood pressure
1U- international unit
IVF- intrauterine fertilization
OR- odds ratio
p-ACT- Pregnancy-Asthma Control Test
VDAART- Vitamin D Antenatal Asthma Reduction Trial

of early pregnancy vitamin D concentrations on this
relationship.

METHODS: A total of 816 subjects with available pregnancy
outcome data and risk factors of interest were analyzed. A group
of experienced obstetricians and gynecologists from 3 study
centers validated the preeclampsia diagnoses. Vitamin D was
measured using the DiaSorin method at 10 to 18 weeks of
gestation. The Pregnancy-Asthma Control Test was used to
assess asthma control during pregnancy. Criterion-based step-
wise variable selection algorithm was applied to investigate the
relationships of risk factors of interest (history of asthma diag-
nosis, uncontrolled asthma during pregnancy, and vitamin D) to
preeclampsia.

RESULTS: The incidence of preeclampsia was not related to the
presence of asthma diagnosis (8.9% with vs 7.4% without). The
adjusted odds of preeclampsia controlled for maternal serum 25-
hydroxyvitamin D (250HD) concentrations was higher for
women with a higher proportion of uncontrolled asthma months
per visit during pregnancy (adjusted odds ratio, 3.55; 95% CI,
1.15-13.0). Adjusting for asthma control status during preg-
nancy, an additional decrease in the associated preeclampsia risk
by 7% was observed for a 10-unit (ng/mL) increase in early
pregnancy 250HD levels (adjusted odds ratioo_ynie 0.605 95%
CI, 0.43-0.82) as compared with the previous risk estimate of
preeclampsia associated with low maternal 250HD unadjusted
for asthma control status.

CONCLUSIONS: Uncontrolled asthma during pregnancy is
associated with an increased risk of preeclampsia. Early
pregnancy 250HD contributes to the association of
uncontrolled asthma status with preeclampsia. © 2017
American Academy of Allergy, Asthma & Immunology (J Allergy
Clin Immunol Pract 2018;6:600-8)

Key words: Asthma; Exacerbation; Pregnancy; Vitamin D;
250HD; Preeclampsia

Asthma is one of the most common serious medical problems
during pregnancy affecting up to 8% of pregnant women.' Some
studies have shown that maternal history of asthma diagnosis or
uncontrolled asthma during pregnancy might increase the risk of
adverse pregnancy and prenatal outcomes such as low birth
weight and preeclampsia, whereas other reports do not support
these findings.”* A few studies have particularly investigated the
association of maternal history of asthma diagnosis or asthma
control status during pregnancy with preeclampsia. Two studies
showed that pregnant women with symptomatic asthma had 2 to
3 times higher odds of preeclampsia as compared with those
without asthma symptoms.% In contrast, the results from 2
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earlier studies had been inconsistent with these 2 recent obser-
vations.”® The conflicting results in relating asthma and pre-
eclampsia might be due to differences in study populations and
inadequate control for confounding. None of the studies inves-
tigated the asthma-preeclampsia relationship adjusted for
vitamin D status during pregnancy, which might be a potential
moderating factor contributing to both risk of preeclampsia
occurrence and asthma exacerbations.”'” This notion is princi-
pally conceived from systematic reviews and meta-analyses of
clinical trials suggesting that vitamin D supplementation and
higher serum levels of 25-hydroxyvitamin D (250HD) might be
associated with reduced risk of asthma exacerbations.'”'* The
most recent meta-analysis study suggested that vitamin D sup-
plementation could result in a reduced rate of exacerbations (rate
ratio, 0.63; 95% CI, 0.45-0.88) and the risk of having at least 1
of the exacerbation requiring emergency room visit or hospital-
ization (odds ratio [OR], 0.39; 95% CI, 0.19-0.78)." Further-
more, epidemiological studies have provided evidence on the
association of lower serum vitamin D levels with increased
asthma prevalence in general population samples.'” Therefore,
the main objective of this study was to investigate the association
of asthma diagnosis and asthma control during pregnancy with
preeclampsia development and determine the impact of maternal
250HD levels on this relationship.

METHODS
Vitamin D Antenatal Asthma Reduction Trial and
study population

To attain the objective of the study, we used the data on the
outcomes of pregnancy from the Vitamin D Antenatal Asthma
Reduction Trial (VDAART). VDAART (www.vdaart.com) is a
multicenter clinical trial conducted at 3 study centers across the
United States (Washington University in St Louis, Boston Medical
Center, and Kaiser Health Care San Diego). The trial was sponsored
by the National Heart, Lung, and Blood Institute and registered at
ClinicalTrials.gov (NCT00920621). The institutional review boards
of the participating clinical centers and the data coordinating center
in Brigham Women’s Hospital (Partners Health Care, Boston,
Mass) approved VDAART, and written consent was obtained from
all the participating pregnant women at the first enrollment visit.
Pregnant women were randomized between September 2009 and
July 2011. The study population consisted of pregnant women with
singleton pregnancies at 10 to 18 weeks who were enrolled in a
multicenter, double-blind, randomized trial to investigate the effect
of vitamin D supplementation during pregnancy. The VDAART
aims were to investigate a reduction in risk of predefined pregnancy
outcomes including preeclampsia as well as wheezing and asthma in
the born children from mothers who received vitamin D supple-
mentation. All the pregnant participants received prenatal vitamins
containing 400 international unit (IU) (10 pg/d) of cholecalciferol;
thus, the vitamin D treatment arm received a total of 4400 IU/d
(110 pg/d) and the placebo arm received 400 IU/d (10 pg/d). The
participants were 18 up to 39 years old, who had either a personal
history of physician-diagnosed asthma and/or allergies (ie, allergic
thinitis and eczema) or a partner who had either asthma or allergies.
The pregnant women’s clinical course was followed prospectively
from randomization to the end of the pregnancy.'®'’
criteria for VDAART enrollment included current smoking and user
of other nicotine products (eg, nicotine patch for at least 1 month
before enrollment), chronic conditions (ie, diabetes mellitus and

Exclusion
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current treatment for chronic hypertension), multiple gestation
pregnancy, pregnancy achieved by assisted reproduction techniques
(eg, intrauterine insemination and intrauterine fertilization), para-
thyroid and thyroid disease, kidney stones and sarcoidosis, intake of
vitamin D supplements more than 2000 IU/d, and taking illicit
drugs in the last 6 months. The details of the trial design and clinical
trial outcomes for the vitamin D supplementation effect on pre-
eclampsia occurrence and wheezing in the offspring of the mothers
have been published.“”18 In brief, administration of 4000 IU
vitamin D at 10 to 18 weeks of gestation did not reduce the risk of
study outcomes; however, further analyses demonstrated that preg-
nant women with higher 250HD concentrations (>30 ng/mL) at
enrollment experienced a lower risk of preeclampsia during their

pregnancy and wheezing in the first 3 years of their infants’ lives.®"®

Data collection

Throughout the VDAART, the selected 10-member Data and
Safety Monitoring Board monitored the trial. The enrollment visit
occurred at the subjects” prenatal visit between 10 and 18 weeks of
gestation, and serum 250HD levels were measured at enrollment. A
completed questionnaire at enrollment and monthly thereafter, in
addition to medical record review, obtained information on maternal
health characteristics during pregnancy.

Main outcome measure: Preeclampsia diagnosis and
validation

The occurrence of preeclampsia was a prespecified secondary
outcome of the trial and was also an adverse event. Every month,
study coordinators performed a medical record review for cases of
preeclampsia as part of the protocol for identifying severe adverse
events in the trial. After all participants completed their deliveries,
medical records were abstracted for all participants. A committee of 4
board-certified obstetricians reviewed 276 abstracted charts with any
evidence of hypertension, proteinuria, or preeclampsia diagnosis in a
blinded fashion to determine or validate preeclampsia status. The
diagnosis of preeclampsia at the time of record reviews was based on
the American Congress of Obstetricians and Gynecologists” guide-
lines'”: the identification of high blood pressure (BP) with pro-
teinuria (>300 mg per 24-hour collection or >1+4 on urine
dipstick) or the presence of elevated liver enzymes, high platelet
count, headache, or visual disturbances after 20 weeks of gestation.
The BP criteria included either systolic BP of 140 mm Hg or more
or diastolic BP of 90 mm Hg or more, or both, with a second
elevated measurement at least 6 hours after the first measure in the
medical record.

Primary and secondary exposure variables: Maternal
asthma status and serum vitamin D

Maternal asthma and its control status during
pregnancy. Completed questionnaires at the first appointment
(enrollment visit) and monthly maternal health questionnaires
thereafter provided the information on absence or presence of
maternal asthma and monitored asthma control throughout the
study, from enrollment until delivery (Figure 1). A subject was
considered to have asthma if she reported physician-diagnosed
asthma at any time in her life. Thereafter, the monthly question-
naires prospectively collected all the information characterizing
uncontrolled status of asthma, if any. The Pregnancy-Asthma
Control Test (p-ACT), a 5-item questionnaire included in the
monthly questionnaires, was used to assess a multidimensional
perspective of asthma control on the basis of activity limitation,
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frequency of shortness of breath due to asthma, nighttime symp-
toms, use of rescue medication, and self-perception of asthma con-
trol over a period of 4 weeks.”” A p-ACT score of 16 or less was
considered the cutoff for discrimination of uncontrolled asthma
from controlled asthma during pregnancy.”** Accordingly, occur-
rence (p-ACT score <16) or nonoccurrence (p-ACT score >16) of
uncontrolled asthma month was abstracted from the monthly
questionnaires of each subject. Thereafter, the number of uncon-
trolled asthma months during study time (from enrollment until
delivery) in each woman was defined as the total number of p-ACT
scores of 16 or less. To avoid any potential bias due to differences in
subjects’ study time, the proportion of uncontrolled asthma months
to the number of total study visits in each subject was used as the
main exposure variable of interest for asthma control status during
pregnancy (expressed as uncontrolled months per visit).

Vitamin D assay. Serum assays of 250HD were performed at
the Channing Division of Network Medicine. The applied method
for quantitative determination of 250HD is a Food and Drug
Administration—approved, direct, competitive chemiluminescence
immunoassay using the DiaSorin LIAISON 25-OH Vitamin D
Total assay.”® This assay is cospecific for 25-hydroxyvitamin D3 and
25-hydroxyvitamin D,. All assays were performed at the data
coordinating center blinded for treatment assignment, and for
quality control, the laboratory used US National Institute of Stan-
dards and Technology level 1 protocol.

Additional variables

A priori covariates as risk factors for preeclampsia and potential
confounders of the measure of association for the main variables of
interest with preeclampsia were extracted from the study question-
naires and data records. These variables included the number of
previous pregnancies, maternal age, gestational diabetes in the pre-
sent pregnancy, race (African American, white, and other), treatment
arm of the trial (placebo vs vitamin D supplementation), serum
250HD concentrations, body mass index (BMI) at first appoint-
ment, clinical centers, annual household income, marital status, and
educational status (Table I).

Statistical analysis

We conducted a secondary analysis of the VDAART data using a
cohort design. The cohort consisted of all randomized subjects
included in the intent-to-treat analysis of VDAART (N = 816; see
Figure E1 in this article’s Online Repository at www.jaci-inpractice.
org). Missing data were assumed to be completely at random as was
confirmed by Little’s Missing Completely at Random test. R version
3.3.2 was used for all analyses. Differences in means of continuous
variables for groups by the primary exposure of interest (asthma vs
no asthma) were evaluated with # tests, and differences in pro-
portions were evaluated with chi-square tests (Table I). Stepwise
logistic regression analyses were used to explore the relationship of
self-reported asthma, asthma control status (uncontrolled asthma
months per visit), and early pregnancy vitamin D (250HD) in
association with the response variable (preeclampsia) after adjust-
ment for demographic characteristics of pregnant women and
additional potential confounding variables. Stepwise regression is a
semi-automated process of building a model by successively adding
or removing variables on the basis of solely # statistics of their esti-
mated coefficients and is especially useful for examining a large
number of potential independent variables. Previous studies to
investigate the risk factors of preeclampsia considered either maternal
asthma or vitamin D levels in different population samples or neither
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Baseline 250HD,

Asthma diagnosis SREsiE | in

VDAART (Yes, No), morlth of 3
Enrollment Visit at enrollment:
10-18 weeks

Asthma control
status (p-ACT) if
asthmatic

of gestation Asthma control

status

Third visit in 2 Continued monthly
moth of follow-up
enrollment:

Delivery
Preeclampsia
(Yes, No)

Asthma control
status

FIGURE 1. The follow-up scheme of VDAART study to collect the data on the variable of interest (history of physician-diagnosed asthma,
asthma control status, vitamin D levels at enrollment, and preeclampsia diagnosis).

of them. Accordingly, we included asthma, asthma control status,
baseline vitamin D, potential confounding variables, and & priori
known risk factors in the regression models using comparative
approaches and the same study population to represent procedures
in the previous studies. In these approaches, the key assumption is
that one of the fitted models is true, in the sense that it contains all
possible important predictors and no unimportant predictors. To
this end, a criterion with a high probability of discovering that model
is needed. The best-recommended procedure tailored for this goal is
Bayesian information criterion (BIC). Accordingly, we used BIC as
our model selection tool to determine the model resulting in the
lowest BIC over the whole set of included variables during the above
steps. BIC decreases the risk of overfitting by introducing the penalty
term 4 X log(lV), which increases with the number of parameters
resulting in more accurate estimation of several parameters on a
given data set of size N.**

Univariate and comparative criterion-based stepwise regression
models were as follows:

o Univariate test of association to independently explore the rela-
tionship of each exploratory variable with preeclampsia.

o Assessing the relationship of maternal asthma, uncontrolled
asthma months per visit during pregnancy, and baseline 20HD
level with preeclampsia controlling for potential confounders or
covariates (Kitchen Sink regression, model 1).

o Assessing the relationship of all exploratory variables with pre-
eclampsia excluding asthma diagnosis, uncontrolled asthma
months per visit, and baseline 250HD level using stepwise
logistic regression (model 2).

o Assessing the relationship of asthma diagnosis and uncontrolled
asthma months per visit along with other exploratory variables
with exclusion of baseline 250HD level using stepwise logistic
regression (model 3).

o Assessing the association of baseline 250HD level with pre-
eclampsia including other exploratory variables with exclusion of
asthma diagnosis and uncontrolled asthma months per visit using
stepwise logistic regression (model 4).

o Assessing the relationship of asthma, uncontrolled asthma months
per visit in the presence of 250HD, and other exploratory vari-
ables and measure of their association with preeclampsia using
stepwise logistic regression (model 5: stepwise logistic regression of
model 1).

Model calibration was assessed with the use of Hosmer-
Lemeshow chi-square test to avoid overfitting. Using the fitted
model with the lowest BIC adjusted for all other variables, we dis-
played the scaled risk of uncontrolled asthma months per visit in
association with preeclampsia. We also tested for possible in-
teractions by fitting interaction terms into the multivariable models.
No significant interactions were identified. Continuous variables
are presented as mean £ SD and 95% Cls. ORs are reported with
95% ClIs. For interval variable, median and range were used. Tests
with 2-sided P values of less than .05 were considered to indicate
statistical significance.

RESULTS

The baseline characteristics of the women included in this
study are presented in Table I. A total of 816 randomized sub-
jects to the trial arms who were included in the intent-to-treat
analysis for VDAART main outcomes were used in this anal-
ysis.'*'® Of these women, 67 developed preeclampsia. The mean
of weeks of gestation at enrollment was 14.20 =+ 2.8 and it was
not different among women with or without asthma diagnosis
(Table I). Pairwise comparisons of groups’ characteristics (asthma
vs no asthma) were not statistically different (Table I). There was
no difference in distributions of preeclampsia among women
with or without self-reported physician-diagnosed asthma
(8.87% and 7.36%, respectively). Among 327 women with
asthma, 31.5% experienced at least 1 episode of uncontrolled
asthma status during their pregnancy.”

Table II demonstrates results from univariate associations of
study variables (asthma diagnosis, uncontrolled asthma months
per visit, early pregnancy 250HD, and other potential con-
founders) with preeclampsia and adjusted measure of associations
including all variables in a multivariable logistic regression model
with the lowest BIC. The details of results from other compared
models and BIC values have been provided in Table E1 in this
article’s Online Repository at www.jaci-inpractice.org. In uni-
variate analysis, both uncontrolled asthma months per visit and
maternal serum 250HD at enrollment but not self-reported
physician-diagnosed asthma were associated with preeclampsia
(OR, 0.95; 95% CI, 0.92-0.98; OR, 4.15; 95% CI, 1.70-12.53;
and OR, 1.15; 95% CI, 0.69-1.90, respectively; Table II and
Table E1).
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TABLE |I. Pregnant women’s characteristics by history of
physician-diagnosed asthma according to the intention-to-treat

TABLE 1. (Continued)
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Asthma No asthma
population of VDAART (N = 816)* Feature (N = 327) (N = 489)
] NAsfh;‘za7 Nl\? asz‘&a Asian 9 (2.8) 28 (5.7)
sanre W=-327 (MW= 489 Native Hawaiian 4(12) 7 (1.4)
Preeclampsia, n (%) Other 32 (9.8) 43 (8.8)
Yes 29 (8.9 38 (7.4) Gestational age at delivery (wk)
No 298 (91.1) 451 (92.6) Mean + SD 38.75 +£ 2.1 388 £24
Maternal monthly visits during Range 23.3-42.1 21-42.3
pregnancy, n Maternal marital status, n (%)
Median 5 5 Not married/divorced 190 (58.1) 254 (51.1)
Range 1-7 1-7 Married 137 (51.9) 235 (48.9)
Gestational age (wk) Education completed, n (%)
Mean + SD 142 +238 14.26 + 2.8 Less than high school 49 (14.9) 53 (10.8)
Median 13.7 13.7 High school, technical school 98 (30) 146 (29.9)
Range 10-18 10-18 Some college 84 (25.7) 110 (22.5)
Age (y) College graduate/graduate school 96 (29.7) 180 (36.8)
Mean + SD 2567 £545 2779+ 549  Annual family income
il Lol LR <$50,000 151 (46.2) 193 (39.5)
Vitamin D level at 10-18 wk (ng/mL) >$50,000 95 (29.0) 177 (36.2)
Mean + SD 22.65 + 10.3 23.15 £ 10.2 Unknown or refused 81 (248) 119 (243)
Range 4.6-65.3 4.5-80.8 By— P—— - . h A —
o values ol pairwise comparisons etween characteristics of sul ]eCtS with an
95% central rangef 6.3-46.2 6.9-44.6 without asthma are >.05 except BMI at first appointment (P = .001 using Welch’s t-test).
Sufficiency status at 10-18 wk $95% central range is defined by the 2.5th and 97.5th percentiles of the values.
(ng/mL), n (%)
<15 74 (22.63) 104 (21.27)
15-29.9 180 (55.05) 276 (56.44) After adjustment for all variables except baseline vitamin D
>30 71 1.71) 106 (21.68) (.ZSOHD) ang applyin'g stepwise dmultivljriabi:e logistic 'regLes—
n missing 2 (0.61) 3 (0.61) sion, BMI at first appointment an number of pregnancies but
. not uncontrolled asthma months per visit were associated with
No. of pregnancies ; i .
Median ) 5 preeclampsia (adjusted odds ratio [aOR], 1.04; 95% CI, 1.01-
Range 111 1-13 1.08; aOR, 0.71; 95% CI, 0.57-0.87; and aOR, 2.97; 95% CI,
g 0.85-10.40, respectively). On addition of baseline vitamin D to
95% central range 1-6 1-6 . . .
B Cn the model and re-running the algorithm did not change the
a&fgory status, 1 (%) associated odds of preeclampsia with BMI and the number of
First 107 (32.7) 179 (36.1) pregnancies. However, this adjustment substantially increased
Second 81 (24.8) 126 (25.8) ; o
. the associated odds of preeclampsia with uncontrolled asthma
Third 63 (19.3) 100 (20.4) months per visit by 27% and the association became significant
>3 76 (23.2) 84 (17.7) (@OR, 3.75; 95% CI, 1.15-13.0; P = .038). This model
Site, n (%) demonstrated the lowest BIC as compared with all other models
Boston 112 (34.2) 165 (37.3) and showed no change in associated odds of preeclampsia with
San Diego 96 (29.4) 147 (30.3) vitamin D as compared with other models (aOR, 0.95; 95% CI,
St Louis 119 (36.4) 177 (32.4) 0.92-0.98; P = .002) as well as those of number of pregnancies
Trial arm, n (%) and BMI at first appointment (Table E1). Furthermore,
Vitamin D intervention 173 (52.9) 235 (48.1) Hosmer-Lemeshow test indicated an acceptable fit for the model
Control 154 (47.1) 254 (51.9) with the lowest BIC (P = .51). Of note, the results of
Gestational diabetes, n (%) comparative models using BIC were also consistent with those
Yes 19 (6.0) 28 (5.7) attained applying Akaike information criterion (Table E1).
No 307 (94.0) 461 (94.3) Adjusting for the variables derived from the final best-fit
BMI at first appointment (kg/m?) logistic regression model, we demonstrated the probability of
Mean + SD 30 + 8.25 282 + 7.1 preeclampsia affected by uncontrolled asthma months per visit
Range 17.9-61.9 16.3-56.4 among pregnant women with asthma during pregnancy. The plot
DT p— 24.1.53.1 23.1-45.2 .showed a trend in increased risk of preeclampsia by the increase
Race. n (%) in uncontrolled asthma months (Figure 2). The results from this
. . model showed that a 10-unit increase in maternal serum 250HD
African American 152 (46.5) 203 (42.5) K
. . (ng/mL) at 10 to 18 weeks of gestation decreased the odds of
Non-African American 175 (53.5) 286 (58.5) R o o
= 125 (38.2) 204 (41.7) preeclampsia by 40% (aORjo_yni 0.605 95% CI, 0.43-0.82).
American Indi Alusk s 5 400 8 The associated adjusted odds of preeclampsia for 20- and 30-unit
enican ndian or A asma 145 0¥ increase in early pregnancy vitamin D were 0.36 (95% CI,
(continued) 0.19-0.68) and 0.22 (95% CI, 0.10-0.56), respectively.



J ALLERGY CLIN IMMUNOL PRACT MIRZAKHANI ET AL 605
VOLUME 6, NUMBER 2

TABLE Il. Univariate and multivariable logistic regression to investigate the relationship of asthma diagnosis, uncontrolled asthma status
during pregnancy, and early pregnancy 250HD (10-18 wk of gestation) with preeclampsia including other potential confounders
(Nsubjects = 816)

Multivariable model including all variables*

Variable Univariate model, OR (95% CI) (with lowest BIC), adjusted OR (95% CI)

Physician-diagnosed asthma
No
Yes

Uncontrolled asthma month per monthly visit?
Serum 250HD at enrollment (10-18 wk) (ng/mL)

Age >35y
No
Yes
No. of pregnancies§
Site
Boston
San Diego
St Louis
Trial arm
Control
Vitamin D intervention
Gestational diabetes
No
Yes
BMI at first appointment (kg/m?)
Race
White
African- American
Other
Maternal marital status
Not married/divorced
Married
Education completed
College graduate/graduate school
Less than high school
High school, technical school
Some college
Annual family income
<$50,000
>$50,000
Unknown or refused

Reference
1.15 (0.69-1.90)
4.15 (1.2-12.53)

0.95 (0.92-0.98)1

Reference
0.78 (0.23-1.99)
0.79 (0.64-0.96)

Reference
0.99 (0.48-2.0)
2.0 (1.10-3.90)

Reference
0.97 (0.57-1.60)

Reference
1.35 (0.46-3.25)
1.05 (1.02-1.08)

Reference
1.65 (0.95-2.94)
1.20 (0.53-2.57)

Reference
0.95 (0.92 0.99)

Reference
3.83 (1.68-8.94)
2.75 (1.35-5.94)
2.31 (1.07-5.20)

Reference
0.98 (0.94-1.02)
1.03 (0.98-1.08)

3.75 (1.15-13.0)
0.95 (0.92-0.98)1

0.69 (0.55-0.86)

1.04 (1.01-1.07)

BIC was applied to identify the model with important variables (lowest BIC) using a step-by-step inclusion and exclusion of confounders and main variable of interests (please

see Table E1 for additional comparative models).
*P = .51 By Hosmer-Lemeshow test for goodness of fit.

FTotal number of uncontrolled asthma months during study time until delivery/number of monthly visits during study time until delivery.

iValues were rounded by 2 digits.
§Total number of previous and current pregnancies.

DISCUSSION

In this secondary analysis of VDAART cohort, we showed
that self-reported physician-diagnosed asthma was not associated
with an increased risk of preeclampsia and that pregnant women
with controlled asthma during pregnancy do not have a higher
risk of preeclampsia as compared with pregnant women without
asthma. We also showed that the increased frequency of
uncontrolled asthma status during pregnancy was associated with
an increased risk of preeclampsia (Figure 2). Our investigation
suggests that controlled status of asthma during pregnancy might
reduce the risk of preeclampsia. Our study also suggests that

maternal 250DH status might have a moderating role in the
association of maternal asthma control status with the risk of
preeclampsia. This observation implicates the potential role of
higher vitamin D levels in reducing the risk of uncontrolled
asthma during pregnancy and the subsequent risk of pre-
eclampsia development.

The lack of association of physician-diagnosed asthma with
preeclampsia is consistent with other reports.”® Our adjusted risk
assessment of preeclampsia controlling for maternal vitamin D
status is in contrast with some researchers’ findings of no associ-
ation between asthma control status and preeclampsia.”” There
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FIGURE 2. The associated effect of asthma control during pregnancy after approximately 10 weeks of gestation with risk of preeclampsia
controlling for other covariates and plausible confounders derived from criterion-based stepwise logistic regression. The model with
lowest BIC was used for construction of the effect plot representing the relationship of uncontrolled asthma month per visit with risk of
preeclampsia occurrence (Table Il and Table E1). The solid line demonstrates the point risk estimate and the gray shade its 95 % point-wise
confidence band. The ticks on the horizontal axis represent the subjects with uncontrolled asthma status assessed by proportion of

uncontrolled asthma months to number of visits in each subject.

are 2 important points to be considered regarding previous in-
vestigations. First, most of these studies had a retrospective case-
control design and used International Classification of Diseases,
Ninth Revision codes to identify subjects with asthma and pre-
eclampsia. Second, although these studies considered varying risk
factors or potential confounders, none of them included maternal
250HD status. In the present study, the association of uncon-
trolled asthma status during pregnancy with an increased risk of
preeclampsia after controlling for maternal vitamin D status agrees
with several other studies demonstrating that women with asthma
who were symptomatic during pregnancy had a higher risk of
preeclampsia.”® The relatively recent meta-analysis investigating
adverse perinatal outcomes in women with asthma concluded that
there could be at least 50% increased risk of preeclampsia
development in pregnant women with asthma.” Furthermore, the
subgroup analysis by active asthma management showed a higher
imposed risk of maternal asthma on preeclampsia occurrence in
studies without active management (relative risk [RR], 1.70; 95%
CI, 1.11-2.59). In our recent work, we demonstrated the inverse
dose-response effect of early pregnancy 250HD on the risk of
preeclampsia adjusted for other covariates and confounders.'® In
contrast with our previous report from VDAART, controlling for
the effect of uncontrolled asthma status in this study not only did
not change the previous observed inverse association of maternal
early pregnancy 250HD serum concentrations with risk of pre-
eclampsia but also resulted in an additional reduction in the
associated preeclampsia risk by 7%, 6%, and 8% for 10-, 20-, and
30-unit increase in early pregnancy 250HD levels, respectively.
Accordingly, our findings suggest that maternal vitamin D status
during pregnancy might play an important role in the association

of uncontrolled asthma status with an increased risk of pre-
eclampsia and should be considered along with uncontrolled
asthma status during pregnancy as risk factors of preeclampsia.
This finding also highlights the potential effect of vitamin D on
asthma control during pregnancy, which has been widely inves-
tigated in nonpregnant adults with asthma and children."”*® In a
recent study, Confino-Cohen et al*® investigated this association
in a cohort of 308,000 adults with known vitamin D status.
According to their study, although there was no significant
association between vitamin D status and physician-diagnosed
asthma, low vitamin D status was associated with 25% higher
odds of asthma exacerbations as compared with vitamin D suf-
ficiency (20-40 ng/mL). The authors also found an inverse linear
association between the proportion of patients with asthma with
exacerbations and vitamin D levels.”® It is noted that the
approximate 30 to 40 ng/mL circulating vitamin D level has been
suggested by some experts as the cutoff for vitamin D deficiency
in adults and during pregnancy.z’—/’z() However, the 2011 US
Institute of Medicine report defines values above 20 ng/mL
(50 nmol/L) as the adequate level, which was based solely on
skeletal integrity, and not considering any extraskeletal effects of
vitamin D during pregnancy (2011). VDAART was not specif-
ically designed to investigate the effect of vitamin D supple-
mentation on asthma control status during pregnancy as one of
the outcomes of the trial. However, we have shown a graduated
inverse relationship of 250HD with the risk of preeclampsia
development and uncontrolled asthma status as early as 10 weeks
of gestation with maximum effect for values above 30 ng/mL."**
Accordingly, it is advisable that clinicians pay attention to the
current recommendation by the Institute of Medicine for vitamin
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D concentrations of at least 20 ng/mL in adults, particularly at
preconception in women until further studies define the optimal
concentration of vitamin D during pregnancy.

A few studies provide information on the potential mecha-
nisms involved in the association of asthma control during
pregnancy and preeclampsia, but the mechanisms linking un-
controlled asthma to preeclampsia require further investigation.
Tamasi et al’” observed a higher proliferation of IFN-y"— and
IL—4+—producing T cells (Tyl and Ty2) in pregnant women
with asthma who developed preeclampsia than in pregnant
women with asthma without preeclampsia.”” There is substantial
evidence that 1,25(0OH),D directly affects both Tyl and T2
cells and modulates the production of IFN-'Y+ and 1L47", 2
cytokines that are involved in asthma severity. In addition,
vitamin D controls regulatory T cells, which are pivotal for T-cell
balance.”' >’ The potential effects of vitamin D sufficiency on
reducing respiratory infections as a trigger of uncontrolled
asthma and better response to inhaled corticosteroids should also
be added to the potential effect modulation of vitamin D on
asthma and its severity.”*?’

The VDAART cohort is a unique population in which to
investigate the relationship of maternal asthma diagnosis, asthma
control status, and vitamin D status with preeclampsia. However,
VDAART’s inclusion criteria, a maternal or paternal history of
allergies or asthma, might limit the generalizability of the find-
ings to pregnant women with these conditions rather than all
pregnant women. Because clinical control of asthma varies in
different clinical settin(gs because of its multidimensional and
heterogeneous nature,”® we considered the cutoff p-ACT score of
16 or less as the threshold for any occurrence of uncontrolled
asthma. This cutoff has demonstrated an objectively validated
higher accuracy in discriminating controlled and uncontrolled
asthma during pregnancy as compared with the recommended
cutoff score of 19 for adults with asthma®” and is consistent with
findings and applied cutoff in 2 other studies.”””" However,
sample size of patients with asthma, low occurrence of uncon-
trolled asthma during pregnancies, and lack of study predefined
objective assessment of asthma control limited our ability
to assess the risk domain of asthma control. Adherence to
treatment with inhaled corticosteroid may be one of the con-
tributors to asthma exacerbations in patients with asthma,
particularly pregnant women.””’

CONCLUSIONS

Our data indicate that physician-diagnosed asthma does not
increase the risk of preeclampsia development. However, preg-
nant women with uncontrolled asthma might have 3 times
higher risk of preeclampsia than women with asthma with well-
controlled asthma or pregnant women without asthma. Pregnant
women with asthma that is not well controlled and at high risk of
preeclampsia may benefit from increased surveillance to achieve
and maintain optimal control of asthma. Early pregnancy
vitamin D (250HD) might contribute to the association of
uncontrolled asthma status with preeclampsia such that early
pregnancy correction of 250HD deficiency in pregnant women
might decrease the risk of uncontrolled asthma and the degree of
its effect on the subsequent associated risk of preeclampsia. Our
study further highlights the potential application of early preg-
nancy p-ACT (as early as 10 weeks of gestation) as a clinical tool
with easy applicability and interpretability for evaluation of

MIRZAKHANI ET AL 607

asthma control during pregnancy. A study that considers vitamin
D supplementation at early pregnancy and asthma control
intervention during pregnancy might be beneficial to women
who are at risk of adverse pregnancy outcomes including pre-
eclampsia. Such an investigation also helps to understand the
mechanisms by which asthma control influences pregnancy
complications.
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TABLE E1. Univariate and multivariable logistic regression to investigate the relationship of uncontrolled asthma status during pregnancy
and early pregnancy 250HD (10-18 wk of gestation) with preeclampsia

Univariate model,

aOR (95% CI)

Variable OR (95% CI) Model 1: Full model Model 2 Model 3 Model 4 Model 5
Physician-diagnosed asthma
No Reference Reference Not included — Not included —

Yes
Uncontrolled asthma month
per monthly visit*
Serum 250HD at enrollment
(10-18 wk) (ng/mL)
Age >35y
No
Yes
No. of pregnancies
Site
Boston
San Diego
St Louis
Trial arm
Control
Vitamin D intervention
Gestational diabetes
No
Yes
BMI at first appointment (kg/m?)
Race
White
African- American
Other
Maternal marital status
Not married/divorced
Married
Education completed
College graduate/graduate school
Less than high school
High school, technical school
Some college
Annual family income
<$50,000
>$50,000
Unknown or refused
BIC

1.15 (0.69-1.90)

4.15 (1.2- 12.53)

0.95 (0.92-0.98)

Reference
0.78 (0.23-1.99)
0.79 (0.64-0.96)

Reference
0.99 (0.48-2.0)
2.0 (1.10-3.90)

Reference
0.97 (0.57-1.60)

Reference
1.35 (0.46-3.25)
1.047 (1.02-1.08)

Reference
1.65 (0.95-2.94)
1.20 (0.53-2.57)

Reference
0.95 (0.92 0.99)

Reference

3.83 (1.68- 8.94)
2.75 (1.35- 5.94)
2.31 (1.07- 5.20)

Reference

0.98 (0.94- 1.02)
1.03 (0.98- 1.08)

NA

0.89 (0.49-1.63)

3.59 (0.86- 15.02)

0.96 (0.92-0.99)

Reference
0.93 (0.26-3.35)
0.70 (0.55-0.88)

Reference
1.38 (0.55-3.48)
1.84 (0.90-3.74)

Reference
0.97 (0.57-1.65)

Reference
1.57 (0.55-4.52)
1.03 (1.001-1.07)

Reference
0.74 (0.33-1.67)
1.08 (0.46-2.57)

Reference
0.85 (0.39-1.85)

Reference

3.95 (1.29- 12.15)

2.75 (1.02- 7.42)
2.61 (1.01- 6.76)

1.60 (0.69-3.73)
1.08 (0.56-2.09)
530.94

Not included

Not included

0.71 (0.58-0.89)

Reference
1.44 (0.67-3.11)
1.96 (1.02-3.78)

1.04 (1.01-1.08)

Reference

2.97 (0.85-10.40)

Not included

0.70 (0.57-0.87)

1.04 (1.01-1.08)

Reference

4.08 (1.61-10.32) 2.51 (1.16-5.43)

2.56 (1.15-5.66)
2.5 (1.18-5.83)

469.41

3.59 (1.49-8.64)
2.44 (1.07-5.53)

464.03

Not included  3.75 (1.15-13.0)

0.96 (0.93-0.99) 0.95 (0.92-0.98)

0.70 (0.56-0.87) 0.69 (0.55-0.86)

1.04 (1.01-1.08) 1.04 (1.006-1.073)

Reference
2.97 (1.21-7.32)
2.13 (0.97-4.70)
2.08 (0.91-4.79)

460.67 449.37

NA, Not available/applicable.

A criterion-based stepwise logistic regression was applied to identify the model with the lowest BIC using a step-by-step inclusion and exclusion of confounders and main

variable of interests.

*Total number of uncontrolled asthma months during study time until delivery/number of monthly visits during study time until delivery.
FTotal number of previous and current pregnancies.
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Assessed for eligibility (n=9268)
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v

Randomized (n=881)

Excluded (n=8387)

LR R R R R R 2

Age (n=1449) ¢
Language (n=531)

Not atopic (n=3317) i
Refused (n=1089)

Moving/changing care (n=160) ¢
Vitamin D intake/unwilling to take pill(s) (n=69) ¢
Smoker/drug use (n=702) s

Fetal anomaly/Fetal
demise/aborting (n=503)

Clinical decision to exclude
(n=128)

Inmate (n=30)

Multiple gestations/IVF
(n=389)

Other (n=20)

+ Multiple gestations (n=4)
+ Medical exclusion (n=1)

Deemed ineligible post randomization (n=5)

Assigned to 4400 IU (n=440)

Lost to follow-up pre-delivery
+ Fetal deaths (n=11)
—»{ ¢ Unable to contact/lost to follow-up

Assigned to 400 U (n=436)

Lost to follow-up pre-delivery

+ Fetal deaths (n=10)

- ¢ Unable to contact/lost to follow-up
(n=18)

A 4

Included in preeclampsia ITT analysis (n=408)

(n=19)
Incomplete labor and delivery records
(n=2)
\ 4
Included in preeclampsia ITT analysis (n=408)
Positive for Negative for
Preeclampsia (n=33) Preeclampsia (n=375)
v v
Asthmatics (n=16) Asthmatics (n=157)

Non-asthmatics (n=17) Non-asthmatics (n=218)

Positive for Negative for
Preeclampsia (n=34) Preeclampsia (n=374)
2 v
Asthmatics (n=13) Asthmatics (n=141)
Non-asthmatics (n=21) Non-asthmatics (n=233)

Secondary Analysis of Existing Cohort with Case-Control Design
(Preeclampsia, No Preeclampsia) Accounting for Treatment Arm

FIGURE E1. VDAART preeclampsia consort diagram.
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