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Clinical Implications
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� Acid-suppressant medications are commonly used during
pregnancy. In a cohort of US children at high risk for
asthma due to severe bronchiolitis in infancy, we found
that prenatal exposure to acid-suppressant medications
increased the risk of developing recurrent wheeze. Future
research is needed on this topic. During the interim,
clinicians may wish to discuss with patients the potential
risks and benefits of acid-suppressant medication use in
pregnancy.
TO THE EDITOR:

Asthma, one of the most common chronic diseases of child-
hood, develops through complex interactions between genetic
susceptibilities and environmental exposures.1,2 In the United
States, acid-suppressant medications (ASMs) are available widely,
either by prescription or over-the-counter purchase, and are
commonly used throughout the lifespan, including during
pregnancy.3,4 Recent evidence from outside the United States
suggests that prenatal exposure to ASMs may be associated with
an increased risk of asthma in children.5,6 These previous studies
were performed in mostly European populations and were con-
ducted retrospectively in large databases and thus relied primarily
on prescription records and diagnosis codes to identify exposures
and outcomes.7 Despite efforts to control for bias and con-
founding, these retrospective observational studies were poten-
tially affected by misclassification of both the exposure and
outcome and inability to adjust for various factors, including
maternal atopy.7

Our objective was to evaluate whether prenatal exposure to
ASMs increases the risk of recurrent wheeze in a population of
racially/ethnically diverse US children who already are at high
risk of developing asthma due to severe bronchiolitis in infancy.
We investigated the 35th Multicenter Airway Research Collab-
oration (MARC-35) cohort composed of children with a history
of severe bronchiolitis in infancy. This population is novel due to
their racial/ethnic diversity as well as their increased risk of
developing asthma due to their bronchiolitis event.8

Among the 921 participants in the MARC-35 longitudinal
cohort, 900 (98%) had complete exposure and outcome data.
Exposure was defined by parental report of maternal use of ASMs
during pregnancy with either histamine-2 receptor antagonists or
proton pump inhibitors. The outcome of recurrent wheeze by
2

age 3 years was defined per the 2007 National Institutes of
Health asthma guidelines: (1) having at least 2 corticosteroid-
requiring exacerbations within 6 months, or (2) having at least
4 wheezing episodes within 1 year, each lasting at least 1 day and
affecting sleep.9 Unadjusted and adjusted analyses were per-
formed using Cox-proportional hazards modeling stratified by
age, with multivariable models adjusted for 9 potential con-
founders using STATA SE 15.1 (College Station, Texas) (for
detailed methods and results, see this article’s Online Repository
www.jaci-inpractice.org).

In this cohort of geographically and racial/ethnically diverse
children in the United States, 16% (144 of 900) of mothers
reported using ASMs during pregnancy (Table I). Of these
mothers, 17% (24 of 144) reported use for 1 month or less, 31%
(44 of 144) for 2 to 3 months, 20% (29 of 144) for 4 to 5
months, 32% (46 of 144) for 6 months or more, and less than
1% (1 of 144) had an unknown duration of use. At enrollment,
the median total serum IgE level did not differ significantly be-
tween the exposed children at 4.64 kU/L (interquartile range,
1.9-15.5) as compared with the unexposed children at 4.20 kU/L
(interquartile range, 1.9-12.15) (P ¼ .70). Recurrent wheeze
developed in 32% (289 of 900) of children by age 3 years. In
unexposed children, 31% (233 of 756) developed recurrent
wheeze as compared with 39% (56 of 144) of exposed children
(unadjusted hazard ratio [HR], 1.38; 95% CI, 1.03-1.85). The
increased risk persisted despite adjustment for potential con-
founders (adjusted HR, 1.40; 95% CI, 1.02-1.91) (Table II;
see Figure E1 in this article’s Online Repository at www.jaci-
inpractice.org). Although statistical power was low, we
performed exploratory analyses to investigate the relationship
between duration of exposure to ASMs during pregnancy and the
risk of recurrent wheeze. Those exposed for less than 2 months
during pregnancy had a lower risk of developing recurrent
wheeze (adjusted HR, 1.27; 95% CI, 0.64-2.54) than those
exposed for more than 2 months during pregnancy (adjusted
HR, 1.42; 95% CI, 1.02-1.98).

To our knowledge, this is the first study to investigate prenatal
exposure to ASMs and recurrent wheeze in a prospective US
based-cohort, and the first to investigate this issue among infants
at high risk of developing asthma. The study design and analysis
enabled us to limit several potential sources of bias. Direct
ascertainment of maternal ASM use from the parent decreases
misclassification of the exposure. In the United States, maternal
report of ASM use is likely superior to medical record docu-
mentation due to availability of these medications by over-the-
counter purchase. We report that 16% of mothers used ASMs
during pregnancy; however, the baseline population rates of
ASM use in pregnancy in the United States have not been
accurately identified because of easy over-the-counter purchase.
Recurrent wheeze was determined by detailed parental interviews
every 6 months and is consistent with current National Institutes
of Health guidelines.9 Thus, we expect less outcome misclassi-
fication. Our cohort is racially/ethnically diverse (>50%
nonwhite), which may be more generalizable to the US popu-
lation than previous studies performed primarily in European
populations. Finally, we gathered detailed information directly
from the children’s parents regarding many potential
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TABLE I. Baseline characteristics of infants hospitalized for bronchiolitis by prenatal ASM exposure

Demographic characteristics

Analytical cohort

(n [ 900)

ASM Exposed

(n [ 144)

ASM Unexposed

(n [ 756) P value

Age at enrollment (mo), median (IQR) 3.22 (1.67-6.00) 3.42 (1.81-6.05) 3.20 (1.64-5.93) .48

Sex .61

Female 361 (40) 55 (38) 306 (40)

Male 539 (60) 89 (62) 450 (60)

Race/ethnicity <.001

Non-Hispanic white 396 (44) 93 (65) 303 (40)

Non-Hispanic black 201 (22) 22 (15) 179 (24)

Hispanic 268 (30) 27 (19) 241 (32)

Other 35 (4) 2 (1) 33 (4)

Insurance status <.001

Private 367 (41) 88 (61) 279 (37)

Public 519 (58) 54 (38) 465 (62)

Uninsured 12 (1) 2 (1) 10 (1)

Median household income .03

<$40,000 per year 304 (34) 37 (26) 267 (35)

�$ 40,000 per year 596 (66) 107 (74) 489 (65)

Gestational age at birth (wk) <.001

>40 352 (39) 38 (26) 314 (42)

>37-40 382 (42) 59 (41) 323 (43)

>34-37 134 (15) 39 (27) 95 (13)

>32-34 32 (4) 8 (6) 24 (3)

Birth weight (lb) .15

<5 57 (6) 13 (9) 44 (6)

�5 838 (94) 131 (91) 707 (94)

Mode of delivery .07

Vaginal 589 (66) 85 (59) 504 (67)

C-Section 310 (34) 59 (41) 251 (33)

Multiple birth (ie, twin) <.001

Yes 41 (5) 16 (11) 25 (3)

No 859 (95) 128 (89) 731 (97)

Maternal antibiotics before labor .004

Yes 242 (27) 52 (37) 190 (25)

No 647 (73) 88 (63) 559 (75)

Maternal smoking during pregnancy .16

Yes 123 (14) 25 (17) 98 (13)

No 776 (86) 119 (83) 657 (87)

Maternal history of asthma .002

Yes 192 (21) 45 (31) 147 (20)

No 702 (79) 98 (69) 604 (80)

Maternal history of atopic condition* <.001

Yes 208 (23) 50 (35) 158 (21)

No 689 (77) 93 (65) 596 (79)

C-section, Cesarean section; IQR, interquartile range.
Data are expressed as n (%) unless otherwise indicated.
*Atopic conditions include asthma, allergic rhinitis, food allergy, and eczema.
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confounders including parental history of allergic disease and
sociodemographic and perinatal factors. Despite these adjust-
ments, prenatal ASM exposure had a consistent association with
the development of recurrent wheeze in all main analyses.

The underlying mechanism by which ASMs may increase the
risk of recurrent wheeze and subsequent asthma is not known.
There is evidence to suggest that ASMs, including proton pump
inhibitors and histamine-2 receptor antagonists, may predispose
to allergic sensitization, the propensity to express TH2 cytokines,
and dysbiosis of the microbiome.7,10,11 These effects are thought
to be related to their common function of suppressing gastric
acid. In our study, we found no significant difference in the total
IgE between exposed and unexposed infants. However, these
samples were collected at enrollment (median age, 3.2 months),
which may either be too distant from the exposure or too early in
infancy to detect meaningful differences. Likewise, the role of the
microbiome is increasingly recognized in the development of
asthma7; however, more research is needed to determine whether



TABLE II. Prenatal exposure to ASMs and risk of recurrent
wheeze by age 3 y

Exposed

(n [ 144,

cases [ 56)

Unexposed

(n [ 756,

cases [ 233)

Cox-proportional hazards*

Unadjusted 1.38 (1.03-1.85)† 1.00 (reference)

Adjusted model A 1.40 (1.03-1.89)† 1.00 (reference)

Adjusted model B 1.40 (1.02-1.91)† 1.00 (reference)

Model A: Adjusted for sex, insurance, race/ethnicity, and median household income.
Model B: Adjusted for sex, insurance, race/ethnicity, median household income,
maternal history of atopic disease (asthma, allergic rhinitis, food allergy, and
eczema), maternal smoking during pregnancy, gestational age at birth, multiple
gestation (eg, twin), mode of delivery, and maternal use of antibiotics during
pregnancy before labor.
*All models were stratified by age at enrollment.
†Statistically significant with P < .05.
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ASM use is associated with alterations in the microbiome that
predispose individuals to developing asthma.

Limitations of our study include the observational design,
which precludes strong statements about causality. Despite ef-
forts to adjust for confounding, it is possible that unmeasured
confounding remains, including confounding by indication.
Prenatal exposure to ASMs was obtained at the time of study
enrollment, which raises the possibility of recall bias. However,
all children were young infants (median age, 3.2 months) at the
time of enrollment and all were currently hospitalized for an
acute illness; thus, we would not expect maternal recall bias. On
the basis of the nature of the data, we are limited in our ability to
determine the trimester of exposure in which the effect of ASMs
may be the greatest. Most mothers (52%) reported the use of
ASMs for at least 4 months, inherently accounting for exposure
in more than 1 trimester. All the children in the cohort are at
high risk for developing recurrent wheeze due to their shared
history of severe bronchiolitis in infancy, which limits the
generalizability of the study. However, bronchiolitis is not a rare
infection in childhood and is the most common cause of hos-
pitalization in US infants (130,000 hospitalizations/y); thus,
although our study is not generalizable to all children, it is
generalizable to a large patient population.8

In conclusion, prenatal ASM exposure appears to further in-
crease the risk of recurrent wheeze in children with a history of
severe bronchiolitis in infancy. This finding is important because
prenatal exposure to ASMs is modifiable. Although further
research is needed in low-risk populations, clinicians may wish to
discuss the potential risks and benefits of elective ASM therapy
before initiation in pregnancy. We will continue to follow these
children for the development of asthma and plan to investigate
the association of ASM exposure with this important outcome.
We encourage future research on the risk of ASM exposure in a
low-risk general population, the risk of bronchiolitis after pre-
natal exposure to ASMs, the potential for a dose-dependent or
trimester-dependent effect of ASM exposure, potential con-
founding (including confounding by indication), and elucidating
the potential underlying mechanism.
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METHODS

Study design and study population
The 35th Multicenter Airway Research Collaboration

(MARC-35) is a multicenter prospective cohort study of infants
younger than 1 year enrolled during an episode of severe bron-
chiolitis from 2011 to 2014. Severe bronchiolitis was defined by
the need for hospitalization. The study was conducted at 17 sites
in the United States using a standardized protocol, details of
which have been previously published.E1 Children who met the
end point of recurrent wheeze before study entry were excluded.

We enrolled 1016 children in the study, of which 921 children
were followed in the longitudinal cohort. The analytic cohort for
the present analysis was defined as the 900 (98%) participants in
the longitudinal cohort with complete exposure and outcome data.
At the time of enrollment, a parent participated in a detailed
in-person interview to capture demographic, parental health,
perinatal, and child health information. The subject’s parent
subsequently underwent structured telephone interview by trained
study staff every 6 months. Blood samples were obtained from all
participants at enrollment. Serum was analyzed for multiple pa-
rameters including total IgE level. Allergen testing was performed
by Phadia Immunology Reference Laboratory (Portage, Mich).
This analysis was a predetermined secondary analysis.

The study was approved by the institutional review board at
each participating site and conducted in accordance with Good
Clinical Practice Standards. Written informed consent was ob-
tained from the parent or guardian of each study subject.

EXPOSURE

Information on the maternal use of ASMs (proton pump
inhibitors or histamine-2 receptor antagonists) during pregnancy
was obtained from the parent by questionnaire at enrollment.
The following questions were used to determine exposure status:

� “When pregnant with your child, did you/the biological mother
take H2 blockers or proton pump inhibitors for gastroesopha-
geal reflux (heartburn, GERD) or ulcers? Examples were pro-
vided. Respondents were instructed not to include antacids.

� If the response was yes, they were asked “How many months
of the pregnancy did you/she take these medications?”

Outcome
Recurrent wheeze by age 3 years was defined per the 2007

National Institutes of Health asthma guidelines: (1) having at
least 2 corticosteroid-requiring exacerbations within 6 months, or
(2) having at least 4 wheezing episodes within 1 year, each lasting
at least 1 day and affecting sleep.E2 This outcome was continually
assessed by structured telephone interviews with the parents
every 6 months for the first 36 months of life. For all breathing
problems, detailed information was gathered including date of
onset of symptoms, duration of symptoms, effect on sleep,
medical care received, and medications used.

Covariates
At enrollment, the parent provided detailed information

regarding multiple covariates including demographic
characteristics of race/ethnicity (non-Hispanic white [NHW],
non-Hispanic black [NHB], Hispanic, and other), insurance sta-
tus, maternal and paternal history of allergic conditions (asthma,
allergic rhinitis, food allergy, and eczema), maternal smoking
during pregnancy, gestational age at birth, child’s birth weight,
multiple gestation (eg, twin), mode of delivery, maternal use of
antibiotics during pregnancy, and child’s health before study
enrollment.Household income at enrollmentwas estimated on the
basis of median household income by ZIP code obtained from Esri
ArcGIS Business Analyst Desktop (Redlands, Calif).

Statistical analysis

Summary data on demographic characteristics and maternal
factors were compared using Pearson chi-square test for cate-
gorical variables and Mann-Whitney U test for continuous
variables as appropriate. Unadjusted and adjusted HRs were
calculated using Cox-proportional hazards modeling stratified by
the age of the child at enrollment. The assumption of propor-
tional hazards was verified using Schoenfeld residuals. The haz-
ards for age at enrollment were not proportional over time; thus,
all multivariable models were specified to stratify by age. Two
adjusted models were used to assess for the effect of potential
confounders. The first model adjusted for sociodemographic
factors including sex, race/ethnicity, and median household in-
come. The fully adjusted model adjusted for sex, race/ethnicity,
median household income, maternal history of atopy (asthma,
allergic rhinitis, food allergy, or eczema), maternal smoking
during pregnancy, gestational age at birth, multiple gestation (eg,
twin), mode of delivery, and maternal use of antibiotics during
pregnancy before labor. All covariates included in the model were
determined a priori on the basis of current understanding of the
biologic model. We performed stratified analysis by race/
ethnicity (NHW, NHB, and Hispanic) including full adjust-
ment for the potential confounders listed above. In addition, we
performed analysis on the basis of duration of exposure to ASMs
during pregnancy (No ASM use, <2 months of use, and �2
months of use) including full adjustment for potential con-
founders. Statistical significance was determined by a 2-sided P
value of less than .05.

RESULTS

The exposed cohort was primarily composed of 65% (93 of
144) NHW children who were insured privately and had a
median household income of greater than or equal to
$40,000/y (Table E1). There were no significant differences
between the ASM-exposed and ASM-unexposed groups in the
types of viral pathogens isolated during the initial bronchiolitis
event. There was no significant difference in the severity of
initial bronchiolitis event (intensive care unit admission and
intubation) (Table E2).

Although statistical power was low, we performed an exploratory
analysis in different racial/ethnic groups and found an adjusted HR
above 1.00 for all 3 major groups: NHW 1.07 (95% CI, 0.69-
1.66), NHB 1.34 (95% CI, 0.65-2.79), and Hispanics 2.16 (95%
CI, 1.07-4.39); the excess risk among Hispanics with prenatal
exposure to ASM was statistically significant (Pinteraction ¼ .045).



FIGURE E1. Incidence of recurrent wheeze from birth to age 3 years by prenatal exposure to ASMs.
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TABLE E1. Baseline characteristics of infants hospitalized for bronchiolitis by prenatal ASM exposure and development of recurrent
wheeze

Demographic characteristics

Analytical cohort

(n [ 900)

ASM exposed with

recurrent

wheeze

(n [ 56)

ASM exposed without

recurrent wheeze

(n [ 88)

ASM unexposed

with recurrent

wheeze

(n [ 233)

ASM unexposed

without recurrent

wheeze

(n [ 523) P value

Age at enrollment (mo),
median (IQR)

3.22 (1.67-6.00) 4.47 (2.62-7.52) 2.94 (1.38-5.63) 3.58 (2.07-6.08) 2.96 (1.51 -5.91) .47

Sex .92

Female 361 (40) 20 (36) 35 (40) 95 (41) 211 (40)

Male 539 (60) 36 (64) 53 (60) 138 (59) 312 (60)

Race/ethnicity <.001

NHW 396 (44) 32 (57) 61 (69) 104 (45) 199 (38)

NHB 201 (22) 10 (18) 12 (14) 62 (27) 117 (22)

Hispanic 268 (30) 13 (23) 14 (16) 60 (26) 181 (35)

Other 35 (4) 1 (2) 1 (1) 7 (3) 26 (5)

Insurance status <.001

Private 367 (41) 29 (52) 59 (67) 84 (36) 195 (38)

Public 519 (58) 25 (45) 29 (33) 146 (63) 319 (61)

Uninsured 12 (1) 2 (4) 0 2 (1) 8 (2)

Median household income .17

<$40,000 per year 304 (34) 14 (25) 23 (26) 81 (35) 186 (36)

�$ 40,000 per year 596 (66) 42 (75) 65 (74) 152 (65) 337 (64)

Gestational age at birth (wk) <.001

>40 352 (39) 20 (36) 18 (20) 93 (40) 221 (42)

>37-40 382 (42) 20 (36) 39 (44) 101 (43) 222 (43)

>34-37 134 (15) 10 (18) 29 (33) 28 (12) 67 (13)

>32-34 32 (4) 6 (11) 2 (2) 11 (5) 13 (2)

Birth weight (lb) .041

<5 57 (6) 7 (13) 6 (7) 20 (9) 24 (5)

�5 838 (94) 49 (88) 82 (93) 211 (91) 496 (95)

Mode of delivery .07

Vaginal 589 (66) 28 (50) 57 (65) 160 (69) 344 (66)

C-Section 310 (34) 28 (50) 31 (35) 73 (31) 178 (34)

Multiple birth (ie, twin) <.001

Yes 41 (5) 6 (11) 10 (11) 6 (3) 19 (4)

No 859 (95) 50 (89) 78 (89) 227 (97) 504 (96)

Maternal antibiotics before labor .010

Yes 242 (27) 22 (40) 30 (35) 67 (29) 123 (24)

No 647 (73) 33 (60) 55 (65) 161 (71) 398 (76)

Maternal smoking during pregnancy .065

Yes 123 (14) 14 (25) 11 (13) 34 (15) 64 (12)

No 776 (86) 42 (75) 77 (88) 199 (85) 458 (88)

Maternal history of asthma <.001

Yes 192 (21) 24 (43) 21 (24) 60 (26) 87 (17)

No 702 (79) 32 (57) 66 (76) 171 (74) 433 (83)

Maternal history of atopic condition* <.001

Yes 208 (23) 22 (39) 28 (32) 61 (26) 97 (19)

No 689 (77) 34 (61) 59 (68) 172 (74) 424 (81)

C-Section, Cesarean section; IQR, interquartile range.
Data are expressed as n (%) unless otherwise indicated.
*Atopic conditions include asthma, allergic rhinitis, food allergy, and eczema.
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TABLE E2. Viral pathogens and severity of initial bronchiolitis
event by prenatal ASM exposure

Characteristics of

initial bronchiolitis event

ASM Exposed

(n [ 144)

ASM Unexposed

(n [ 756) P value

Viral pathogen*

HRV 31 (22) 152 (20) .70

RSV A 86 (60) 445 (59) .85

RSV B 29 (20) 180 (24) .34

Human metapneumovirus 7 (5) 40 (5) .83

Coronavirus 5 (6) 48 (6) .72

Adenovirus 5 (3) 37 (5) .46

Mycoplasma 2 (1) 9 (1) .84

Influenza A 2 (1) 6 (1) .49

Influenza B 2 (1) 3 (0.4) .14

Parainfluenza 1 0 4 (1) .38

Parainfluenza 2 0 2 (0.2) .54

Parainfluenza 3 3 (2) 16 (2) .98

ICU Admission .98

Yes 21 (15) 111 (15)

No 123 (85) 645 (85)

Intubation .33

Yes 3 (2) 28 (4)

No 141 (98) 728 (96)

HRV, Human rhinovirus; ICU, intensive care unit; RSV, respiratory syncytial virus.
*Children could have no virus detected, 1 virus detected, or multiple viruses
detected.
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