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Abstract

Objectives Viral bronchiolitis is the most common cause of infant hospitalization. Folic acid supplementation is important
during the periconceptional period to prevent neural tube defects. An area of investigation is whether higher prenatal folate
is a risk factor for childhood respiratory illnesses. We investigated the association between maternal 2nd trimester plasma
folate levels and infant bronchiolitis. Methods We conducted a retrospective cohort analysis in a subset of mother-infant dyads
(n=676) enrolled in the Conditions Affecting Neurocognitive Development and Learning in Early Childhood study and Ten-
nessee Medicaid. Maternal folate status was determined using 2nd trimester (16-28 weeks) plasma samples. Bronchiolitis
diagnosis in the first year of life was ascertained using International Classification of Diagnosis-9 codes from Medicaid
administrative data. We used multivariable logistic regression to assess the adjusted association of prenatal folate levels
and infant bronchiolitis outcome. Results Half of the women in this lower-income and predominately African-American
(84%) study population had high levels of folate (median 2nd trimester level 19.2 ng/mL) and 21% of infants had at least
one bronchiolitis healthcare visit. A relationship initially positive then reversing between maternal plasma folate and infant
bronchiolitis was observed that did not reach statistical significance (Pyyeran=-112, Ppontinear effect = -088). Additional adjustment
for dietary methyl donor intake did not significantly alter the association. Conclusions for Practice Results did not confirm a
statistically significant association between maternal 2nd trimester plasma folate levels and infant bronchiolitis. Further work
is needed to investigate the role of folate, particularly higher levels, in association with early childhood respiratory illnesses.
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Significance

What is already known? There are no effective vaccines
to prevent viruses most commonly associated with bron-
chiolitis, a leading cause of infant hospitalization. Dietary
in utero exposures, such as folic acid, may influence the
developing immune system. Inconsistent associations have
been reported between prenatal folate levels and early
childhood respiratory illnesses.

What this study adds? Epidemiologic studies examining
prenatal folate levels and infant bronchiolitis are few. In
this cohort of mother—child dyads, prenatal plasma folate
levels and infant bronchiolitis were captured objectively;
we found weak evidence of a non-linear relationship
between maternal folate levels and infant bronchiolitis.

Objectives

Bronchiolitis, a lower respiratory tract infection (LRTI),
is the leading cause of hospitalizations among infants in
the U.S. (Nair et al. 2010) and is associated with sub-
sequent wheeze and asthma in childhood (Carroll et al.
2009). Currently, no effective vaccines prevent the most
common viral causes of bronchiolitis (Graham 2011). Evi-
dence suggests that in utero exposures, such as diet, may
influence the developing fetal immune system (Martino
and Prescott 2011); therefore, it is important to identify
potentially modifiable risk factors for bronchiolitis.

An area of investigation is whether folate, a methyl
donor in the process of DNA methylation, may contrib-
ute to altered gene expression, epigenetic changes and an
allergic phenotype (Prescott and Clifton 2009). The U.S.
Public Health Service (1992) and the Institute of Medicine
(1998) recommend that women of childbearing age con-
sume at least 400 mcg of folic acid daily to prevent neural
tube defects (Centers for Disease Control and Prevention
2010). These recommendations, together with the subse-
quent implementation of the folic acid food fortification
program in 1998 (Centers for Disease Control and Pre-
vention 2010; Czeizel and Dudas 1992), may lead some
pregnant women and their infants to be exposed to high
amounts of folic acid. Evidence shows adequate folate
levels prevent neural tube defects (Centers for Disease
Control and Prevention 2010; Czeizel and Dudas 1992);
however, a question of research interest is whether higher
folic acid intake is associated with harmful effects.

Epidemiologic studies have reported inconsistent find-
ings for the association between folate intake or supple-
mentation and childhood respiratory health (Alfonso et al.
2018; Bekkers et al. 2012; Haberg et al. 2009; Magdelijns

et al. 2011; Martinussen et al. 2012; Whitrow et al. 2009).
For example, some prospective cohort studies have found
that higher prenatal folate levels were associated with
increased asthma and atopic disease in children (Haberg
et al. 2011; Kiefte-de Jong et al. 2012), while others have
found decreased risk of LRTI (Kim et al. 2015) and asthma
(Magdelijns et al. 2011). Further research investigating
these associations is necessary, especially among infants.

Previously, we conducted analyses in mother-infant dyads
enrolled in the Tennessee Medicaid program. We reported
that infants of women who filled folic acid containing pre-
scriptions in the 1st trimester only, or both during and after
the 1st trimester, had increased relative odds of bronchi-
olitis and severe bronchiolitis (Veeranki et al. 2014). In
the present study, we investigated the association between
prenatal plasma folate levels and infant bronchiolitis diag-
nosis in a cohort of dyads enrolled in both the Conditions
Affecting Neurocognitive Development and Learning in
Early Childhood (CANDLE) study and Tennessee Medic-
aid (TennCare).

Methods
Study Population

The CANDLE study, is a prospective prenatal cohort of
mother—child dyads designed to represent the demographic
profile of Shelby County, (Memphis, TN), which is a pre-
dominately low-income, African-American population
(Volgyi et al. 2013). Women were recruited from commu-
nity obstetric practices and an obstetric clinic during the 2nd
trimester of pregnancy from December 2006 to June 2011
(n=1503 women). CANDLE investigates the association
of prenatal, genetic, and environmental exposures and early
childhood development and health outcomes (Volgyi et al.
2013) using data and biospecimens collected during study
visits at enrollment (2nd trimester), 3rd trimester, delivery,
and early childhood. The current study included CANDLE
mother—child dyads in which women reported having Ten-
nCare insurance at study enrollment (942, 63%) and the
children had continuous TennCare coverage during infancy
(N =835). For children, we defined continuous enrollment
as no more than 90 days of non-enrollment during the first
year of life (Carroll et al. 2009).

In order to study infants without preexisting pulmonary,
airway or cardiac disease, we excluded infants with Interna-
tional Classification of Diseases (ICD)-9 diagnoses indicat-
ing congenital heart disease, chronic lung disease or con-
genital upper airway anomalies (5%, n=41) (Carroll et al.
2009), low birth weight infants (<2500 g, 11%, n="73), and
infants born less than 37 weeks estimated gestational age
(EGA) (5%, n=38) (Veeranki et al. 2014). We excluded
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seven dyads without a 2nd trimester plasma sample. After
exclusions, our sample included 676 dyads. In multivariable
regression analyses, we restricted to African-American or
White as other races were too few to study (n="7). Written
informed consent was given by the women before enroll-
ment. This study was performed in accordance with the
1964 Declaration of Helsinki and its later amendments. The
study was approved by the Institutional Review Boards of
Vanderbilt University, University of Tennessee Health Sci-
ences Center, the Tennessee Department of Health, and by
representatives of the Bureau of TennCare.

Infant Bronchiolitis Outcome

Bronchiolitis diagnosis during the first year of life was our
primary outcome and was captured using ICD-9 codes as
previously described (Carroll et al. 2009). We identified
clinic visits, emergency department visits, 23 h observation
stays (defined as non-inpatient hospital admission for less
than 24 h) (Ross and Zalenski 2001), and hospitalizations
using ICD-9 codes for bronchiolitis (466.1) and/or res-
piratory syncytial virus pneumonia (480.1) during infancy
(Carroll et al. 2009; Veeranki et al. 2014). Consecutive 23 h
observation stays were captured as hospitalizations. We clas-
sified infants as having at least one healthcare encounter for
bronchiolitis during the first year of life versus none (Veer-
anki et al. 2014).

Maternal Plasma Folate

Plasma folate levels were measured using samples collected
during the 2nd trimester. Trained research staff collected
blood samples by venipuncture in a 10 mL purple top tube
which was centrifuged for 10 min at 3000 rpm in order to
separate the buffy coat and plasma. Samples were registered,
processed, and stored in the CANDLE repository in the Uni-
versity of Tennessee Health Science Center, Department of
Pathology at — 70 °C. Plasma folate level determinations
were completed by the Molecular Epidemiology Laboratory
in Birmingham, AL using a lactobacillus casei microbiologi-
cal assay (Roy et al. 2018). The assay minimum detection
limit was 3 ng/mL and the intra-assay and the inter-assay
variability were 4.8-5.9 and 5.5-6.5% respectively.

Covariates

CANDLE research assistants collected socio-demographic
information and dyad medical history at enrollment and
subsequent study visits. We estimated infant bronchiolitis
risk adjusting for confounders based on prior studies (Car-
roll et al. 2009; Haberg et al. 2011; Leermakers et al. 2013;
Veeranki et al. 2014). We collected data on the following
covariates via self-report: maternal race (African-Americans
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vs. White), age at enrollment (years), educational attain-
ment (less than high school, high school, greater than high
school), smoking during pregnancy (yes, no), asthma history
(yes, no), pre-pregnancy body mass index (BMI), weight
gain during pregnancy (kg), and enrollment year. Birth
weight (kg) and estimated gestational age (weeks) were
collected from delivery records. Number of siblings rela-
tive to the index child and breastfeeding initiation (yes, no)
was characterized using birth certificate data. Maternal pre-
pregnancy BMI (weight [kg] per height [m?]) and weight
gain during early pregnancy (current weight [2nd trimester]
minus pre-pregnancy weight) were calculated using self-
reported height and weights.

Research assistants administered the validated semi-quan-
titative Block (2005) Food Frequency Questionnaire (FFQ)
(http://nutritionquest.com/company/our-research-questionna
ires/) with standardized food visual aids for quantity refer-
ences to the women during the 2nd trimester of pregnancy
as previously described (Volgyi et al. 2013). Respondents
reported usual dietary intake of 111 foods, beverages and
dietary supplements over the previous 3 months. For die-
tary analyses, women with low (<500 kcal/day) or high
(>5000 kcal/day) total energy intake were excluded, leaving
507 (76%) (Volgyi et al. 2013; Willett 1998). The following
nutrients are thought to play a role in DNA methylation:
total folate (ug), total choline (mg), betaine (mg), methionine
(mg), total vitamin B12 (mg), total B6 (mg), and total energy
intake. These nutrients were assessed as potential confound-
ers in models with dyads having plausible dietary intakes.

Statistical Analyses

Descriptive statistics were calculated as median with inter-
quartile range (median, IQR: 25th, 75th) for continuous
variables, and frequency and percentages for categorical
variables. In bivariate analyses, we compared differences
in maternal and infant characteristics across quartiles of
plasma folate levels using Chi-square and Kruskal-Wallis
tests for categorical and continuous variables, respectively.

We evaluated the association between prenatal folate lev-
els and infant bronchiolitis using two approaches. Multivari-
able logistic regression analyses were conducted to assess
the association of 2nd trimester plasma folate levels with
infant bronchiolitis, while adjusting for relevant covariates:
maternal age, race, education, smoking, asthma, BMI (kg/
m?), pregnancy weight gain (kg), year of study enrollment
and infant gestational age, birth weight (kg), breastfeeding
initiation, and sibling number. We compared the odds of
bronchiolitis in infants categorized by maternal plasma folate
levels in quartiles (reference: lowest quartile). The results
from logistic regression suggested a non-linear relation-
ship between folate levels and the log-odds of bronchiolitis.
The effect of plasma folate levels on bronchiolitis related
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healthcare visits was then modeled without any assumption
on the underlying relationship using flexible terms (splines).
Thus, the logistic regression analysis was carried out using
restricted cubic splines with four knots for maternal plasma
folate to assess a potential non-linear relationship with the
log-odds of bronchiolitis (Dupont 2009). Breastfeeding data
was missing in 25 subjects (~4%). Thus, in sensitivity analy-
sis we applied multiple imputations using predictive mean
matching and carried multivariable regression analysis that
avoid case wise deletions of observations when breast feed-
ing or other covariates were missing (Harrell 2015).

For dyads with plausible 2nd trimester dietary data, die-
tary folate equivalents (DFEs) were calculated from reported
dietary folate, folic acid fortification, and supplement intakes
(Online Resource 2). Spearman’s rank correlation coeffi-
cients (tho) was used to assess the bivariate relationships of
plasma folate and dietary and supplement intake of folate,
vitamin B6, vitamin B12, choline (diet only), and betaine
(diet only). We also considered intakes of vitamin B6, vita-
min B12, choline, and betaine as potential confounders and
included them in separate models after adjusting for total
energy intake (Willett 1998).

Maternal asthma and infant sex were hypothesized a
priori to be potential effect modifiers (Carroll et al. 2009;
Sharma and Litonjua 2014; Veeranki et al. 2014). Hence, we
allowed the association of 2nd trimester folate to be modi-
fied by either infant sex or maternal asthma via an interac-
tion term (cross-product) in separate models. The global test
of significance for the interaction term was used to assess
statistical significance. A two-sided 5% significance level
was used for all statistical inferences. SAS version 9.1 (SAS
Inc., Cary, NC, US) was used for data management. All
analyses were performed using R version 3.4.0 (R Foun-
dation for Statistical Computing, Vienna, Austria, https://
WWW.I-project.org).

Results

Of the 1503 women enrolled in CANDLE, 962 had Ten-
nCare insurance at enrollment. After excluding dyads with
infants without continuous TennCare enrollment and infants
with pre-existing conditions, 676 eligible dyads had plasma
folate measured in the 2nd trimester (Table 1). The median
maternal age at delivery was 23 years [IQR: 20, 27]. Among
participating women, 84% were African-American and 18%
had less than a high school education. Among infants, 52%
were male; median birth weight and EGA were 3.2 kilo-
grams [IQR: 3.0, 3.5] and 39 weeks [38, 40], respectively.
The distribution of prenatal folate levels ranged from
3.8 to 85.0 ng/mL (median: 19.2, IQR: 12.9, 26.8) (Fig. 1).
Some statistically significant differences were found
among quartiles of plasma folate, including differences

by education and race. Women with higher folate levels
tended to be more highly educated (p=.004). African-
American women had a median energy-adjusted dietary
folate intake of 1745 DFE (IQR: 1507, 1913) and White
women had a median dietary folate intake of 1796 DFE
(IQR: 1653, 1976, p < .01; data not shown). African-Amer-
ican women had lower plasma folate levels (median: 18 ng/
mL, IQR: 13, 26) compared to White women (median:
24 ng/mL, IQR: 18, 32, p<.01). Folate levels stratified
by race are displayed in Online Resource 1. Overall, 21%
of infants in the study had at least one healthcare visit for
bronchiolitis and the proportion did not differ by quartiles
of 2nd trimester folate levels (p =.30).

In multivariable logistic regression analyses, we did
not observe a significant association between bronchi-
olitis diagnosis and plasma folate, but the results sug-
gested a possible non-monotonic trend in the relationship
(Table 2). Using a spline approach, the adjusted relation-
ship of maternal folate levels with predicted probabil-
ity of any bronchiolitis visit is shown in Fig. 1. At low
levels, 5~12 ng/mL, there appears to be a positive asso-
ciation between maternal folate levels and bronchiolitis
risk. This relationship appears to reverse for folate lev-
els between 13 and 27 ng/mL. The overall association of
maternal plasma folate and infant bronchiolitis was not
statistically significant (p=.112) and the test of non-linear
effects approached but did not reach statistical significance
(p=.088) (Fig. 2). In sensitivity analysis that applied mul-
tiple imputations, results were consistent with the model
that used complete cases. The overall association of mater-
nal plasma folate and infant bronchiolitis was not statisti-
cally significant (p=.106) and the test of non-linear effects
was of marginal significance (p =.055).

We considered dietary measures of folate, vitamin B6,
vitamin B12, choline, methionine, and betaine as they
related to maternal plasma folate levels and as potential
confounders (Fig. 3). Plasma folate was positively cor-
related with total dietary folate equivalents (rho=0.39),
B6 (tho=0.38), B12 (tho=0.27) (all p-values <.001)
and betaine (rho=0.09, p=.05, Fig. 3). We did not detect
a bivariate relationship between plasma folate and cho-
line (rho=0.08, p=.083) and methionine (rho=0.04,
p=0.41). The addition of folate, vitamin B6, vitamin
B12, choline, methionine, and betaine to our models did
not appreciably change our results and interpretation (data
not shown). In the analysis of prenatal DFE and infant
bronchiolitis, we did not detect a significant association
(Online Resource 2). Lastly, we did not observe signifi-
cant effect modification by maternal history of asthma
(p-interaction = .84) or infant sex (p-interaction =.78) for
the relationship of plasma folate levels and the diagnosis
of infant bronchiolitis.
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Table 1 Demographic characteristics of mother—child dyads enrolled in the Tennessee Medicaid Program and in the CANDLE study by quartile
of maternal 2nd trimester plasma folate levels

Characteristic Quartile 1 (N=169) Quartile 2 (N=169) Quartile 3 (N=169) Quartile 4 (N=169) All (N=676)
(3.76-12.9 ng/ml) (12.94-19.2 ng/ml) (19.23-26.8 ng/ml) (26.8-85.0 ng/ml)
Maternal race, n (%)*
Black 152 (90) 150 (89) 140 (83) 127 (76) 569 (84)
White 159) 18 (11) 28 (17) 38 (23) 99 (15)
Other 2 (1) 1(1) 1(1) 3(2) 7 (1)
Missing 1
Maternal education, n (%)*
Less than high school 39 (23) 40 (24) 19(11) 26 (15) 124 (18)
High school 103 (61) 101 (60) 110 (65) 95 (57) 409 (61)
Greater than high school 27 (16) 28 (17) 40 (24) 47 (28) 142 (21)
Missing 1
Maternal asthma, n (%)
Yes 18 (11) 16 (9) 17 (10) 21 (12) 72 (11)
No 149 (89) 153 (91) 150 (90) 148 (88) 600 (89)
Missing 4
Maternal prenatal smoking, n (%)
Yes 23 (14) 22 (13) 16 (9) 25 (15) 86 (13)
No 146 (86) 147 (87) 153 (91) 144 (85) 590 (87)
Maternal prenatal vitamin use, n (%)*
Yes 141 (87) 153 (94) 161 (98) 161 (97) 616 (94)
No 21 (13) 10 (6) 3(2) 503) 39 (6)
Missing 21
Maternal age (years)*" 24120, 26] 22 (19, 26] 24 (21, 28] 23 [20, 28] 23120, 27]
Maternal pre-pregnancy BMI® 27 [22, 35] 26 [22, 29] 27 [23, 33] 26 [22, 32] 26 [22, 32]
Missing 3
Maternal betaine intake (mg)®* 225 [191, 267] 236 [209, 276] 237 [216, 282] 236 [214, 271] 235[207,275]
Maternal methionine intake (mg)®* 2.3[2.1,2.6] 2.31[2.2,2.6] 2.31[2.2,2.5] 2.31[2.2,2.6] 2.31[2.1,2.6]
Maternal total choline intake (mg)”‘b'C 426 [380, 480] 430 [380, 497] 444 1402, 517] 433 [395, 498] 433[388,499]
Maternal total B6 intake (mg)*>* 4.1[3.2,4.5] 4.414.0,5.0] 4.7[44,52] 4.8[44,5.1] 4.6[4.1,5.0]
Maternal total B12 intake (mg)®"¢ 91[7,11] 108, 11] 109, 12] 1009, 11] 1009, 11]
Maternal total folate (DFE) (ug)*>“¢ 1489 [1060,1810] 1676 [1397,1813] 1833 [1700,1990] 1827 [1669,2019] 1757 [1551,1930]
Infant birth weight (kg)" 3.2[3.0,3.5] 3.2[3.0,3.4] 3.2[3.0,3.5] 3.3[3.1,3.6] 3.2[3.0,3.5]
Infant estimated gestational age 39 [38, 40] 39 (39, 40] 39 (38, 40] 39 (39, 40] 39 [38, 40]
(weeks)?
Infant sex n (%)
Female 76 (45) 94 (56) 73 (43) 83 (49) 326 (48)
Male 93 (55) 75 (44) 96 (57) 86 (51) 350 (52)
Breastfeeding initiation n (%)
Yes 86 (52) 92(57) 97(60) 104(64) 379(58)
No 79(48) 70(43) 64(40) 59(36) 272(42)
Missing 25
Infant bronchiolitis n (%)
Yes 41 (24) 40 (24) 31(18) 29 (17) 141 (21)
No 128 (76) 129 (76) 138 (82) 140 (83) 535 (79)

#p<.05 for difference between quartiles

Values are given as median and [IQR], Total N with plausible dietary intake data =507

“Values calculated from 2nd trimester food frequency questionnaire data and are adjusted for total energy intake

4DFE Dietary folate equivalents; total folate includes dietary folate, dietary folic acid, and supplemental folic acid intakes
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Fig. 1 Histogram of 2nd trimester plasma folate levels (ng/mL) in
CANDLE-TennCare cohort

Discussion

In our cohort of dyads enrolled in the CANDLE study
and Tennessee Medicaid, 21% of infants had at least one
bronchiolitis-related healthcare visit. Rates were consist-
ent with findings in our large, population-based retro-
spective cohort study (Veeranki et al. 2014). In addition,
this low-income population had relatively high levels of
plasma folate with 50% of the levels above 19.2 ng/mL.
Yet, African-American women had lower dietary folate
intake and plasma folate levels than White women in our
cohort. We did not find an overall significant association
between 2nd trimester plasma folate levels and bronchioli-
tis during the first year of life. Weak evidence of a non-lin-
ear relationship between maternal folate levels and infant
bronchiolitis was found; however, these results should be

interpreted cautiously given the distribution of folate lev-
els in our population. At lower levels there appeared to
be a positive relationship between maternal plasma folate
and infant bronchiolitis, the observed relationship was
reversed for mid-range levels; fewer women had higher
folate levels > 40 ng/mL.

Our study linked a longitudinal birth cohort with prenatal
plasma folate data with administrative database files, ena-
bling the objective assessment of provider-diagnosed bron-
chiolitis and minimizing participant recall bias, while also
accounting for critical timing of the measurement of blood
folate levels. The results of this study should be considered
in the context of the limited number of studies investigating
this association.

Women in this study had a wide range of plasma folate
levels (3.76-85.02 ng/mL or 8.6-193.2 nmol/L). With a
median plasma folate level of 19.8 ng/mL (45 nmol/L), the
women in our study had higher prenatal folate levels than
reported median levels from previous cohort studies (Dun-
stan et al. 2012 [37.2 nmol/L or 16.4 ng/mL]; Haberg et al.
2011 [9.1 nmol/L or 4 ng/mL]; Kim et al. 2015 [9.5-11.2 ng/
mL or 21.5-25.4 nmol/L]). The high folate levels we
observed may be due to high dietary folic acid intake and
reported folic acid supplementation (94%) in the 2nd trimes-
ter; which was also higher than reported supplementation
in other studies (~55-89%) (Branum et al. 2013; Dunstan
et al. 2012; Kiefte-de Jong et al. 2012; Kim et al. 2015). In
addition to the recommendation that women of child bearing
age consume at least 400 mcg of folic acid daily (Centers for
Disease Control and Prevention 2010), the US has a manda-
tory food fortification program for grains and cereals (Bent-
ley et al. 1999), unlike other countries where previous stud-
ies have been conducted (Haberg et al. 2011; Kiefte-de Jong
et al. 2012; Kim et al. 2015; Magdelijns et al. 2011). Based
on lower limit cutoffs for folate (range <3-4.5 ng/mL), <5%
of the women in our study had low levels during the 2nd
trimester of pregnancy (McDowell et al. 2008; Selhub et al.
2008). Approximately 84% of the women in our study were
African-American. Previous studies have observed lower
folate concentrations in African-American women compared

Table 2 Bronchiolitis diagnosis
and maternal plasma folate in

‘ ml (quartiles)
2nd trimester of pregnancy

2nd trimester plasma folate levels in ng/  Bronchiolitis®

Unadjusted OR (95% CI) Adjusted OR? (95% CI)

(quartiles) among term,
otherwise healthy infants
enrolled in CANDLE and
TennCare

Q1: [3.76, 12.9, ng/mL]
Q2:[12.94, 19.2, ng/mL]
Q3:[19.23, 26.8, ng/mL]
Q4:[26.8, 85.0, ng/mL]

Referent

1.17 (0.68, 2.00)
0.74 (0.42, 1.31)
0.73 (0.40, 1.31)

Referent

1.03 (0.62, 1.71)
0.75 (0.44, 1.27)
0.66 (0.38, 1.14)

At least one healthcare visit for bronchiolitis during the first year of life (Binary logistic regression model)

0dds Ratio adjusted for infant sex, gestational age (in weeks), infant birth weight (kg), breastfeeding initi-
ation, number of siblings, maternal race (African America, White race), maternal age at delivery, maternal
smoking during pregnancy, maternal asthma, BMI (kg/m?), weight gain (kg), and year of study enrollment
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Fig.2 The adjusted relationship of 2nd trimester plasma folate lev-
els and infant bronchiolitis. Multivariable logistic regression adjusted
for the following covariates: maternal age, race, education, smok-
ing, asthma, BMI (kg/m?), pregnancy weight gain (kg), year of study
enrollment and infant gestational age, birth weight (kg), breastfeeding
initiation, and number of siblings. Rug plots at the top and bottom of
this figure indicate folate levels of the women whose infants who did
develop bronchiolitis (top) and did not develop bronchiolitis (bottom),
respectively

to White women of childbearing age (McDowell et al. 2008).
Similarly, in our cohort of pregnant women, plasma folate
and dietary measures of folate were significantly lower in
African-American women compared to White women. Dif-
ferences in both dietary intake and actual use of prenatal
supplements may have contributed to this finding.

Pregnancy is a critical period for development of the
fetal immune system, as emerging evidence indicates that
the fetal T Helper 1/T Helper 2 cytokine balance, thought
to play a role in the pathogenesis of allergic asthma, may be
susceptible to epigenetic effects during this time (Adcock
et al. 2007). Folate is a methyl donor in DNA methylation
(Dhur et al. 1991), a process that is essential to the gene
expression of transcription factors that regulate immune T
cell development (Adcock et al. 2007; White et al. 2006,
2002). Although adequate folate intake during the pericon-
ceptional period is important for the prevention of neural
tube defects (Czeizel and Dudas 1992), it is important to
study potential effects on the developing immune system,
especially effects that may result in respiratory disease
(Sharma and Litonjua 2014).

Our study contributes to the limited number of epide-
miologic studies with the capability to examine prenatal
folate levels and bronchiolitis during infancy. In an epide-
miologic investigation examining self-reported prenatal
folic acid supplementation, Haberg et al. reported that
folic acid supplementation in the 1st trimester was asso-
ciated with increased relative odds of LRTI and wheez-
ing (Haberg et al. 2009). Although the authors did not
investigate LRTI outcomes, Bekkers et al. reported an

@ Springer

increased risk for wheezing at 1 year of age for children
of women who reported folic acid supplementation (Bek-
kers et al. 2012). In a study of timing of prenatal folic
acid supplementation initiation and child respiratory out-
comes, Alfonso et al. (2018) reported no overall associa-
tion with timing of folic acid supplementation and wheeze
or LRTI, but children born to women with a history of
atopy who initiated folic acid after the 1st trimester had an
increased risk of wheeze (Alfonso et al. 2018). Folic acid
exposure in this study was reported postnatally and was
not confirmed by blood folate samples. Kim et al. found
that higher folate levels during pregnancy were associated
with a 50% decreased relative odds of LRTI in the first
6 months of life (Kim et al. 2015). Although folate levels
were measured during mid and late pregnancy, the study
was conducted in a country without a folic acid supple-
mentation program and the median plasma folate levels
and prevalence of folic acid supplementation were lower
than women in our study (Kim et al. 2015). A study by
Kiefte-de Jong et al. did not observe a significant asso-
ciation between higher maternal folate levels in early
pregnancy and childhood wheeze (Kiefte-de Jong et al.
2012). Blood samples in these studies were taken at differ-
ent time points in pregnancy, suggesting that temporality
may be an important consideration. Further research to
determine whether the developing fetal immune system is
more vulnerable to epigenetic mechanisms associated with
folate exposure during a particular period of pregnancy is
warranted.

This study has potential limitations to consider. We meas-
ured 2nd trimester plasma folate concentration as an objec-
tive biomarker; however, red blood cell folate concentra-
tion may provide a better indication of longer term folate
status (Gibson 2005). Our cohort reflects a predominately
African-American, demographically diverse population that
is generally understudied; however, our results may be less
generalizable to other populations. Data for potential covari-
ates such as pre-pregnancy and 2nd trimester weight, dietary
intake, and prenatal vitamin supplementation were obtained
by participant self-report, which may lead to misclassifica-
tion. The outcome of bronchiolitis in the first year of life,
the period with the highest incidence, may be subject to
under or over detection. These measures were objectively
captured using well-characterized health plan administrative
data, reducing the likelihood of systematic bias. As with all
epidemiologic studies, unmeasured confounding or effect
modifying variables may have influenced our results.

In summary, our results suggest a possible non-monotonic
trend in the relationship between prenatal folate levels and
infant bronchiolitis; nevertheless, our results did not confirm
an overall association. Based on the findings from this study,
we are not suggesting changes in recommendations by pro-
viders regarding folic acid supplementation. Further research
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Fig.3 Scatter plots with non-
parametric curves illustrating
the relationship of plasma folate
with dietary markers (dietary
food intake and supplements
combined, dietary intake for
choline and betaine). Dietary
markers have been corrected

for energy consumption (daily
caloric intake). Blue lines repre-
sent the locally weighted scatter 0-
plot smoothing (LOESS) and

Spearman rank correlation coef-
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on prenatal folate levels, especially higher levels, and early References

childhood respiratory illnesses is warranted to fully delineate
potential clinical implications of this work.

Acknowledgements We acknowledge the vital contributions of the
CANDLE study research staff and the families that are enrolled in
the Conditions Affecting Neurocognitive Development and Learning
in Early Childhood study. We thank the Tennessee Bureau of Ten-
nCare (Department of Finance and Administration) and the Tennessee
Department of Health (Office of Policy, Planning, and Assessment) for
providing data needed for this study. This work was supported by the
National Institutes of Health, National Heart, Blood, and Lung Institute
(Grant RO1 HL109977-KNC), the Urban Child Institute (FT) and the
National Institutes of Health, National Center for Research Resources
(Vanderbilt CTSA Grant UL1 RR024975).

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict of
interest.

Adcock, I. M., Tsaprouni, L., Bhavsar, P., & Ito, K. (2007). Epigenetic
regulation of airway inflammation. Current Opinions in Immunol-
ogy, 19(6), 694-700.

Alfonso, V. H., Bandoli, G., von Ehrenstein, O., & Ritz, B. (2018).
Early folic acid supplement initiation and risk of adverse early
childhood respiratory health: A population-based Study. Maternal
and Child Health Journal, 22(1), 111-119:11.

Bekkers, M. B., Elstgeest, L. E., Scholtens, S., Haveman-Nies, A., de
Jongste, J. C., Kerkhof, M., ... Wijga, A. H. (2012). Maternal use
of folic acid supplements during pregnancy, and childhood res-
piratory health and atopy. European Respiratory Journal, 39(6),
1468-1474.

Bentley, J. R., Ferrini, R. L., & Hill, L. L. (1999). American College of
Preventive Medicine public policy statement. Folic acid fortifica-
tion of grain products in the U.S. to prevent neural tube defects.
American Journal of Preventive Medicine, 16(3), 264-267.

Branum, A. M., Bailey, R., & Singer, B. J. (2013). Dietary supplement
use and folate status during pregnancy in the United States. Jour-
nal of Nutrition, 143(4), 486—492.

@ Springer



172

Maternal and Child Health Journal (2019) 23:164-172

Carroll, K. N., Wu, P., Gebretsadik, T., Griffin, M. R., Dupont, W. D.,
Mitchel, E. F., & Hartert, T. V. (2009). The severity-dependent
relationship of infant bronchiolitis on the risk and morbidity of
early childhood asthma. Journal of Allergy and Clinical Immunol-
ogy, 123(5), 1055.e1-1061.el

Centers for Disease Control & Prevention. (2010). Recommendations
for the use of folic acid to reduce the number of cases of spina
bifida and other neural tube defects. Morbidity and Mortality
Weekly Report 1992, 41, 1-7.

Czeizel, A. E., & Dudas, 1. (1992). Prevention of the first occurrence of
neural-tube defects by periconceptional vitamin supplementation.
New England Journal of Medicine, 327(26), 1832—1835.

Dhur, A., Galan, P., & Hercberg, S. (1991). Folate status and the
immune system. Progress in Food & Nutrition Science, 15(1-2),
43-60.

Dunstan, J. A., West, C., McCarthy, S., Metcalfe, J., Meldrum, S.,
Oddy, W. H., ... Prescott, S. L. (2012). The relationship between
maternal folate status in pregnancy, cord blood folate levels, and
allergic outcomes in early childhood. Allergy, 67(1), 50-57.

Dupont, W. D. (2009). Statistical modeling for biomedical researchers:
A simple introduction to the analysis of complex data. Cambridge:
Cambridge University Press.

Gibson, R. S. (2005). Principles of nutritional assessment. Oxford:
Oxford University Press.

Graham, B. S. (2011). Biological challenges and technological oppor-
tunities for respiratory syncytial virus vaccine development.
Immunological Reviews, 239(1), 149-166.

Haberg, S. E., London, S. J., Nafstad, P., Nilsen, R. M., Ueland, P.
M., Vollset, S. E., & Nystad, W. (2011). Maternal folate levels
in pregnancy and asthma in children at age 3 years. Journal of
Allergy and Clinical Immunology, 127(1), €262—e264

Haberg, S. E., London, S. J., Stigum, H., Nafstad, P., & Nystad, W.
(2009). Folic acid supplements in pregnancy and early child-
hood respiratory health. Archives of Disease in Childhood, 94(3),
180-184.

Harrell, F. E. (2015). Regression modeling strategies with applications
to linear models, logistic and ordinal regression, and survival
analysis (2nd edn.). New York: Springer.

Kiefte-de Jong, J. C., Timmermans, S., Jaddoe, V. W., Hofman, A.,
Tiemeier, H., & Steegers, E. A., ... Moll, H. A. (2012). High cir-
culating folate and vitamin B-12 concentrations in women during
pregnancy are associated with increased prevalence of atopic der-
matitis in their offspring. Journal of Nutrition, 142(4), 731-738.

Kim, J. H., Jeong, K. S., Ha, E. H., Park, H., Ha, M., Hong, Y. C,, ...
Chang, N. (2015). Relationship between prenatal and postnatal
exposures to folate and risks of allergic and respiratory diseases
in early childhood. Pediatric Pulmonology, 50(2), 155-163.

Leermakers, E. T., Sonnenschein-van der Voort, A. M., Gaillard, R.,
Hofman, A., de Jongste, J. C., Jaddoe, V. W., & Duijts, L. (2013).
Maternal weight, gestational weight gain and preschool wheezing:
The Generation R Study. European Respiratory Journal, 42(5),
1234-1243.

Magdelijns, F. J., Mommers, M., Penders, J., Smits, L., & Thijs, C.
(2011). Folic acid use in pregnancy and the development of
atopy, asthma, and lung function in childhood. Pediatrics, 128(1),
el35-el144.

Martino, D., & Prescott, S. (2011). Epigenetics and prenatal influences
on asthma and allergic airways disease. Chest, 139(3), 640-647.

@ Springer

Martinussen, M. P., Risnes, K. R., Jacobsen, G. W., & Bracken, M. B.
(2012). Folic acid supplementation in early pregnancy and asthma
in children aged 6 years. American Journal of Obstetrics & Gyne-
cology, 206(1), e-72.e7

McDowell, M. A., Lacher, D. A., Pfeiffer, C. M., Mulinare, J., Picciano,
M. F,, Rader, J. 1., ... Johnson, C. L. (2008). Blood folate levels:
The latest NHANES results. NCHS Data Brief, 6, 1-8.

Nair, H., Nokes, D. J., Gessner, B. D., Dherani, M., Madhi, S. A.,
Singleton, R. J., ... Campbell, H. (2010). Global burden of acute
lower respiratory infections due to respiratory syncytial virus in
young children: A systematic review and meta-analysis. Lancet,
375(9725), 1545-1555.

Prescott, S. L., & Clifton, V. (2009). Asthma and pregnancy: Emerging
evidence of epigenetic interactions in utero. Current Opinion in
Allergy and Clinical Immunology, 9(5), 417-426.

Ross, M. A., & Zalenski, R. J. (2001). Observation services: Past,
present, and future. The American Journal of Medicine, 110(4),
324-325.

Roy, A., Kocak, M., Hartman, T. J., Vereen, S., Adgent, M., Piyathilake,
C., ... Carroll, K. N. (2018). Association of prenatal folate sta-
tus with early childhood wheeze and atopic dermatitis. Pediatric
Allergy and Immunology, 29(2), 144—-150.

Selhub, J., Jacques, P. F., Dallal, G., Choumenkovitch, S., & Rogers,
G. (2008). The use of blood concentrations of vitamins and their
respective functional indicators to define folate and vitamin B12
status. Food and Nutrition Bulletin, 29(2 Suppl), S67-S73.

Sharma, S., & Litonjua, A. (2014). Asthma, allergy, and responses to
methyl donor supplements and nutrients. The Journal of Allergy
and Clinical Immunology, 133(5), 1246—1254.

Veeranki, S. P., Gebretsadik, T., Dorris, S. L., Mitchel, E. F., Hartert, T.
V., Cooper, W. O., ... Carroll, K. N. (2014). Association of folic
acid supplementation during pregnancy and infant bronchiolitis.
American Journal of Epidemiology, 179(8), 938-946.

Volgyi, E., Carroll, K. N., Hare, M. E., Ringwald-Smith, K.,
Piyathilake, C., Yoo, W., & Tylavsky, F. A. (2013). Dietary
patterns in pregnancy and effects on nutrient intake in the mid-
south: The Conditions Affecting Neurocognitive Development
and Learning in Early Childhood (CANDLE) Study. Nutrients,
5(5), 1511-1530.

White, G. P., Hollams, E. M., Yerkovich, S. T., Bosco, A., Holt, B. J.,
Bassami, M. R., ... Holt, P. G. (2006). CpG methylation patterns
in the IFNgamma promoter in naive T cells: variations during
Th1 and Th2 differentiation and between atopics and non-atopics.
Pediatric Allergy and Immunology, 17(8), 557-564.

White, G. P., Watt, P. M., Holt, B. J., & Holt, P. G. (2002). Differential
patterns of methylation of the IFN-gamma promoter at CpG and
non-CpG sites underlie differences in IFN-gamma gene expres-
sion between human neonatal and adult CD45RO- T cells. Journal
of Immunology, 168(6), 2820-2827.

Whitrow, M. J., Moore, V. M., Rumbold, A. R., & Davies, M. J. (2009).
Effect of supplemental folic acid in pregnancy on childhood
asthma: A prospective birth cohort study. American Journal of
Epidemiology, 170(12), 1486-1493.

Willett, W. (1998). Nutritional epidemiology (2nd edn.). New York:
Oxford University Press.



	Association Between Maternal 2nd Trimester Plasma Folate Levels and Infant Bronchiolitis
	Abstract
	Significance
	Objectives
	Methods
	Study Population
	Infant Bronchiolitis Outcome
	Maternal Plasma Folate
	Covariates
	Statistical Analyses

	Results
	Discussion
	Acknowledgements 
	References


