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Preface

This Special Issue brings together some of the latest original research into maternal diets and

nutrient intakes during pregnancy from across the globe. Good nutrition in pregnancy is not only

vital for the health of the mother but also influences the physiological development and metabolism

of the fetus, and it has the potential to determine the future health and disease risk of the offspring.

Determining optimal nutrition for different stages of pregnancy and measuring nutrient intake

is challenging; thus, this collection seeks to expand our understanding in this important area of

maternal and child health.

This Special Issue includes research papers exploring dietary habits/diet quality and the risks

of heart defects in the offspring. Individual nutrients of interest in this issue include vitamin D,

choline and omega-3 fatty acids. We also include research investigating dietary intakes/distribution

of intake and weight gain, and the issue of under-reporting of energy intake. Research is drawn from

across Europe, Asia and the United States representing individuals following a wide range of dietary

patterns.

Louise Brough and Gail Rees

Editors
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Underreporting of Energy Intake Increases over Pregnancy:
An Intensive Longitudinal Study of Women with Overweight
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Abstract: (1) Background: Energy intake (EI) underreporting is a widespread problem of great
relevance to public health, yet is poorly described among pregnant women. This study aimed to
describe and predict error in self-reported EI across pregnancy among women with overweight or
obesity. (2) Methods: Participants were from the Healthy Mom Zone study, an adaptive intervention
to regulate gestational weight gain (GWG) tested in a feasibility RCT and followed women (n = 21)
with body mass index (BMI) ≥25 from 8–12 weeks to ~36 weeks gestation. Mobile health technology
was used to measure daily weight (Wi-Fi Smart Scale), physical activity (activity monitor), and
self-reported EI (MyFitnessPal App). Estimated EI was back-calculated daily from measured weight
and physical activity data. Associations between underreporting and gestational age, demographics,
pre-pregnancy BMI, GWG, perceived stress, and eating behaviors were tested. (3) Results: On average,
women were 30.7 years old and primiparous (62%); reporting error was −38% ± 26 (range: −134%
(underreporting) to 97% (overreporting)), representing an ~1134 kcal daily underestimation of EI
(1404 observations). Estimated (back-calculated), but not self-reported, EI increased across gestation
(p < 0.0001). Higher pre-pregnancy BMI (p = 0.01) and weekly GWG (p = 0.0007) was associated
with greater underreporting. Underreporting was lower when participants reported higher stress
(p = 0.02) and emotional eating (p < 0.0001) compared with their own average. (4) Conclusions: These
findings suggest systemic underreporting in pregnant women with elevated BMI using a popular
mobile app to monitor diet. Advances in technology that allow estimation of EI from weight and
physical activity data may provide more accurate dietary self-monitoring during pregnancy.

Keywords: obesity; gestational weight gain; prenatal care; eating behaviors; stress; mHealth

1. Introduction

Two-thirds of women enter pregnancy with overweight or obesity [1], and over 60%
will exceed gestational weight gain (GWG) recommendations [2]. Women who enter
pregnancy with elevated BMI and/or exceed GWG recommendations are at risk for com-
plications including gestational diabetes, preeclampsia, unsuccessful breastfeeding, and
postpartum weight retention [3–6], and longer-term risks such as type 2 diabetes and some
cancers [7,8]. In offspring, risks include macrosomia, large for gestational age, high blood
pressure, and obesity [9–11]. Additionally, many people do not consume key nutrients

Nutrients 2022, 14, 2326. https://doi.org/10.3390/nu14112326 https://www.mdpi.com/journal/nutrients
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during pregnancy and improved dietary guidance is warranted to help pregnant people to
meet but not exceed dietary recommendations [12].

The Institute of Medicine recommends clinical dietary assessment for all pregnant
people [13] and this may be especially beneficial for those at risk of excessive GWG [14].
Clinicians ask patients to monitor their food and energy intake (EI) [13,15]. In the general
population, underreporting of EI is widespread [16,17] and is positively associated with
BMI, younger age, and psychosocial factors, including cognitive restraint [18–21]. However,
studies of underreporting during pregnancy are lacking. Underreporting of EI makes it
difficult for health care providers to accurately interpret and monitor self-reported dietary
information and may result in ineffective intervention efforts to regulate GWG.

Estimated prevalence of underreporting during pregnancy ranges from 13% to 50%,
with the highest prevalence among those with pre-pregnancy overweight and obesity [22–24].
These studies relied on cross-sectional data and used a variety of methods to estimate un-
derreporting (e.g., threshold cutoffs) to exclude “implausible” reporters [25], which collapses
quantifiable underreporting (e.g., kcal, percent EI) into categorical groups (e.g., over reporters,
under-reporters, “adequate” reporters) based on arbitrary limit values. Threshold cutoffs
and cross-sectional data limit our understanding of how EI changes across trimesters in preg-
nancy as nutritional needs change. In sum, prior research focused primarily on identifying
inadequate reporters in cross-sectional studies while the estimated magnitude of dietary
underreporting during pregnancy remains unknown.

This study’s aim was to describe the extent of energy intake reporting error throughout
pregnancy among women with overweight or obesity using an intensive longitudinal
data approach [26]. We also examined maternal factors associated with underreporting
(i.e., demographics, pre-pregnancy BMI, GWG, perceived stress, and eating behaviors).
Based on previous literature in pregnant and non-pregnant samples, we hypothesized
underreporting would be positively associated with gestational age [27], income [27,28],
pre-pregnancy BMI, GWG [27,28], perceived stress [29], uncontrolled eating [29], and
emotional eating [29]. We also expected underreporting to be negatively associated with
maternal age [27,28] and dietary restraint [27–29].

2. Materials and Methods

2.1. Study Subjects

Participants were pregnant women in the Healthy Mom Zone study, an adaptive
intervention to regulate GWG tested in a feasibility randomized control trial and fol-
lowed pregnant women with overweight and obesity (n = 21) from early pregnancy to
~36 weeks gestation living in and around State College, PA (ClinicalTrials.gov identifier
#NCT03945266) [30]. This was an optimization trial within the multiphase optimization
strategy (MOST) framework [31]. Details of the Healthy Mom Zone study intervention have
been published previously [32]. Participants were recruited from 2016–2017 through flyers,
online platforms, and referrals by local obstetricians at first prenatal appointment. Inclusion
criteria were 8–12 weeks gestation and pre-pregnancy BMI = 24.5–45.0 (BMI = 40–45 were
enrolled with physician consent). Exclusion criteria included pre-existing diabetes and
other conditions known to impact fetal growth or GWG, severe allergies or dietary restric-
tions, contraindications to prenatal physical activity, and not residing in the area. Thirty-one
participants were randomized to either the intervention (n = 15) or standard of care con-
trol (n = 16). All participants (n = 31) received usual prenatal health care through their
personal health care provider and the intervention offered nutrition and physical activity
guidance beyond what was offered in standard care. Regardless of group randomization,
participants completed study measures daily, weekly, and monthly throughout the study.
From this initial group, one participant was missing all EI data, one dropped out, one was
non-compliant (e.g., <70% of measures completed), three had a first trimester miscarriage,
and four had BMI < 25.0, resulting in a final sample size of 21 for this analysis. Ethical
approval for the Healthy Mom Zone study was granted by the Pennsylvania State Univer-
sity Institutional Review Board (STUDY00003752, approval date: 12/1/15), participants
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provided written informed consent to participate, and all aspects of data collection and
storage were in accordance with standards stipulated by this body.

2.2. Measures
2.2.1. Demographic Characteristics

At baseline, demographics and self-reported pre-pregnancy weight were collected
from participants using questionnaires and trained nurses obtained height. Gestational age
was defined using the first day of last menstrual cycle.

2.2.2. Weight and Physical Activity Measures

Participants weighed themselves daily from home using a Fitbit Aria Wi-Fi Smart Scale
(Fitbit Inc., San Francisco, CA, USA). Weekly weight change was calculated as the average
weekly weight minus the average weight of the prior week. Final maternal weights within
10 days of delivery were abstracted from medical records or using Aria Wi-Fi Smart Scale
data if medical record data were not available. Total GWG was calculated for participants
with a final maternal weight (n = 19) by subtracting self-reported pre-pregnancy weight
from last available weight (within 10 days of delivery).

2.2.3. Psychosocial Measures

At study enrollment and every four weeks thereafter, participants completed the
21-item Eating Inventory [33] via online surveys collected with the secure data platform,
Research Electronic Database Capture (REDCap) [34]. The Eating Inventory, which has a
four point response scale ranging from (1) definitely true to (4) definitely false, measures
three eating behavior subscales: cognitive restraint (e.g., “I consciously hold back on how
much I eat at meals to keep from gaining weight.”), uncontrolled eating (e.g., “Sometimes
when I start eating, I just can’t seem to stop.”), and emotional eating (e.g., “I start to eat
when I feel anxious.”). Scores for each subscale were calculated by averaging items. Internal
consistencies ranged from acceptable to excellent (restrained eating: α = 0.71, uncontrolled
eating: α = 0.86, emotional eating = 0.92). Participants completed the 10-item Perceived
Stress Scale [35] at enrollment and weekly thereafter. The Perceived Stress Scale assesses
how unpredictable, uncontrollable, and overloaded respondents find their lives (α = 0.89).

2.2.4. Self-Reported Energy Intake

Self-reported EI was obtained using MyFitnessPal (dietary intake application). While
MyFitnessPal is not a validated method for collecting EI, it was chosen due to its ease of use
and acceptability among participants as a tool for self-monitoring [36]. Both intervention
and control participants were trained on using the app and recorded all foods and drinks
consumed over 24 h on three days per week (two weekdays and one weekend day). Resting
metabolic rate (RMR) was estimated daily using quadratic formula: RMR = 0.1976(weight
in kg)2 – 13.424(weight in kg) + 1457.6 [37]. This formula accounts for an assumed increase
in RMR across gestation [37,38]. Physical activity (e.g., daily activity time, daily step count,
and estimated energy expenditure) was assessed at baseline and throughout the study
using a wrist-worn actigraphy device (Jawbone UP 4, Jawbone Inc., San Francisco, CA,
USA) [39]. Jawbone UP 4 has been found to reliably predict physical activity, compared
with other popular fitness monitors [40,41].

2.3. Calculating Underreporting of Energy Intake

In response to limited accuracy of self-reported EI, we expanded an energy balance
model developed by Thomas and colleagues to back-calculate EI from GWG during preg-
nancy [28] using additional input variables, including measured daily weights (measured
from home using Aria Wi-Fi Scale), activity kcal (Jawbone activity monitor), and resting
metabolic rate (RMR) [38,42]. K1 and K2 are coefficients that map changes in daily energy
intake and physical activity, respectively, into maternal weight gain/loss. T is the sam-
pling time (in this case daily). The equation accounts for fetal and placental growth and
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expansion of the uterus, mammary glands, blood, and extracellular fluid in coefficients as a
function of gestational age in days (k).

EIest(k) =
−W(k + 2) + 8W(k + 1)− 8W(k − 1) + W(k − 2)

12TK1
− K2

K1
(PA(k) + RMR(k))

To calculate reporting error, self-reported and back-calculated EI data were matched by
date. Unmatched data were excluded from analyses. Reporting error was calculated using
the equation: Reporting Error = [(self-reported EI-back-calculated EI)/back-calculated
EI] × 100% [43]. This continuous variable represents error in reporting of EI or discrepancy
between self-reported and back-calculated kcal. This includes participant error in reporting
as well as potential inherent errors in the app database, and is reflective of what users experi-
ence when using a dietary tracking mobile app. Negative values indicate EI underreporting
and positive values indicate over reporting, with 0 representing accurate reporting.

2.4. Statistical Analysis

Statistical analysis was performed in SAS version 9.4 (SAS Institute Inc., Cary, NC,
USA). Sample means were calculated for continuous demographic variables (pre-pregnancy
BMI, GWG, and age). Frequencies and percentages were calculated for categorical demo-
graphic variables (pre-pregnancy BMI category, race, ethnicity, marital status, employment
status, income, gravidity, and parity). Survey data where participants reflected back on
a prior period of time (e.g., Perceived Stress Scale) had study week assigned to the week
prior to survey completion. Weekly and daily data were merged by gestational age and
monthly and daily/weekly data were merged by study week. Restrained, emotional, and
uncontrolled eating and perceived stress were mean-centered by participant to disaggregate
the effect of within- and between-person fluctuations on reporting error.

Multilevel modeling [44] tested whether reporting error changed over time (i.e., ges-
tational age) and associations with the following: anthropometrics (pre-pregnancy BMI,
GWG), treatment group (intervention or control), demographics (maternal age, parity,
household income), perceived stress, and eating behaviors (cognitive restraint, uncon-
trolled eating, and emotional overeating). Repeated observations (level 1) were nested
within participant (level 2). Each model used restricted maximum likelihood, compound
symmetry covariance structure (CS), and included gestational age was a covariate [45].
Linear, quadratic, and cubic effects of gestational week were considered. Post-hoc group
comparisons were adjusted using Tukey method. Intraclass correlation coefficients (ICCs)
were calculated as the ratio of between-subjects variance to total variance. Statistical
significance was determined at p < 0.05.

3. Results

3.1. Demographic Data

Age at study entry ranged from 24–37 years (M = 30.7 ± 3.0). All subjects had
overweight or obesity with a mean pre-pregnancy BMI = 32.7 ± 6.8. Forty-eight percent
reported having overweight pre-pregnancy (BMI = 25.0–29.9 kg/m2) and 52% had obesity
(BMI ≥ 30 kg/m2). Most participants were married (90%), primiparous (62%), well-
educated (95% with a college degree or higher), affluent (76% reported an annual household
income ≥ $40,000), and employed full-time (81%). Mean total GWG for this sample was
21.5 ± 15.4 kg (kg) (Intervention: M = 10.7 ± 7.0 kg, Control: M = 8.7 ± 7.3 kg) (Table 1).

Table 1. Baseline Descriptive Characteristics of Pregnant Women with Overweight and Obesity (n = 21).

Characteristic N(%) 1

Maternal Age, years 30.7 ± 3.0
Preconception BMI, kg/m2 32.7 ± 6.8

% BMI = 24.5–29.9 10 (48%)

4



Nutrients 2022, 14, 2326

Table 1. Cont.

Characteristic N(%) 1

% BMI ≥ 30 11 (52%)
Gestational Age at Baseline (Weeks) 10.0 ± 1.7

Gestational Weight Gain, kg 21.5 ± 15.4
Race

White 21 (100%)
Ethnicity

Non-Hispanic 21 (100%)
Marital Status

Divorced 1 (5%)
Married 19 (90%)
Single 1 (5%)

Maternal Education
High School 1 (5%)

College 11 (52%)
Graduate/Professional School 9 (43%)

Gravidity
1 11 (52%)
2 8 (38%)
3 2 (10%)

Parity
0 13 (62%)
1 8 (38%)

Employment
Full-Time 17 (81%)
Part-Time 2 (9%)

Self-Employed 1 (5%)
Other 1 (5%)

Household Income
<$20,000 1 (5%)

$20,000–$40,000 4 (19%)
$40,000–100,000 8 (38%)

≥$100,000 8 (38%)
1 Continuous variables (maternal age and BMI: body mass index) data presented as mean plus/minus
standard deviation.

3.2. Error in Reporting of Energy Intake

The mean of all reporting error observations (n = 1404) of −38% ± 26 (range: −134%
(underreporting) to 97% (overreporting)), representing an approximately 1134 kcal un-
derestimation daily. The ICC indicates about 54% of variation in reporting error variable
was within-person, while 46% of variation was between-person. In other words, 54%
of variance in reporting error is accounted for by change within participants (e.g., from
day to day), while the remaining variation can be explained by characteristics differing
between participants, such as pre-pregnancy BMI. Participant mean reporting error was
−38% (range: −65–0%); meaning participants underreported EI by 38%. Twenty out of
21 participants underreported 90% of the time or more.

3.3. Change in Reporting Error across Pregnancy

Mean self-reported EI did not significantly differ between first (M = 1792 ± 70), second
(M = 1681 ± 67), and third trimesters (M = 1692 ± 68). Back-calculated EI increased by
an average of 272 kcal from first (M = 2688 ± 144) to second trimester (M = 2960 ± 141;
p < 0.0001) and 117 kcal from second to third trimester (M = 3077 ± 142; p = 0.0005) (Table 2).
There was a between-person relationship between gestational age (in days), when treated as
a continuous variable, on reporting error such that underreporting increased as pregnancy
progressed (p < 0.0001) (Figure 1).

5
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Table 2. Energy Intake (kcal/d) and Underreporting During Pregnancy by Maternal Characteristics
and Treatment Group in Pregnant Women with Overweight and Obesity.

Characteristic
Self-Reported EI

(kcal/d)
Mean ± SD

Back-Calculated EI,
(kcal/d) Mean ± SD

Difference between
Back-Calculated and

Self-Reported EI,
(kcal/d) Mean ± SD

% Underreporting
Mean ± SD

Overall (n = 21) 1696 ± 481 2950 ± 142 1263 ± 162 38% ± 4

Gestational Age (Trimester)
First Trimester 1702 ± 70 a 2688 ± 144 a 986 ± 166 a 32% ± 4 a

Second Trimester 1681 ± 67 a 2960 ± 141 b 1280 ± 162 b 39% ± 4 b

Third Trimester 1692 ± 68 a 3077 ± 142 c 1386 ± 164 c 40% ± 4 b

Pre-Pregnancy BMI
BMI 25–29.9 (n = 10) 1743 ± 97 a 2537 ± 165 a 794 ± 190 a 28% ± 5 a

BMI ≥ 30 (n = 11) 1637 ± 92 a 3324 ± 157 b 1688 ± 181 b 47% ± 4 b

Total GWG Classified by
Institute of Medicine

Guidelines
Not Exceeding (n = 12) 1736 ± 88 a 3006 ± 191 a 1271 ± 220 a 35% ± 5 a

Exceeding (n = 9) 1622 ± 102 a 2874 ± 221 a 1253 ± 254 a 41% ± 6 a

Parity
0 (n = 13) 1672 ± 86 a 3000 ± 184 a 1329 ± 210 a 40% ± 5 a

1 (n = 8) 1712 ± 110 a 2867 ± 234 a 1156 ± 340 a 36% ± 6 a

Annual Household Income
$10,000–$20,000 (n = 1) 1465 ± 315 a 4286 ± 613 a 2821 ± 61 a 65% ± 17 a

$20,000–$40,000 (n = 4) 1689 ± 158 a 2695 ± 307 b 1007 ± 346 b 32% ± 9 a

$40,000–$100,000 (n = 8) 1624 ± 111 a 2971 ± 216 b 1348 ± 244 b 41% ± 6 a

>$100,000 (n = 8) 1778 ± 111 a 2888 ± 217 b 1111 ± 244 b 35% ± 6 a

Treatment Group
Assignment

Intervention (n = 11) 1689 ± 94 a 2902 ± 200 a 1213 ± 229 a 37% ± 5 a

Control (n = 10) 1686 ± 99 a 3002 ± 210 a 1318 ± 240 a 40% ± 6 a

Values are least squared mean plus/minus standard error from repeated measures models (PROC MIXED).
Results of statistical models are represented by a, b, c group comparisons. Values with different subscripts indicate
a statistically significant difference between the two values (e.g., p < 0.05).

In a separate model, gestational age was examined as a categorical variable where
there was a main effect of trimester on reporting error (p < 0.0001). Reporting error in
the first trimester (LS mean = −32% ± 4) was significantly higher than in the second
(−39% ± 4) and third trimesters (−40% ± 4).

3.4. Independent Factors Associated with Reporting Error

A main effect of continuous pre-pregnancy BMI on reporting error showed higher
pre-pregnancy BMI was associated with more underreporting (p = 0.01) (Figure 2). In a
separate model, there was also a main effect of categorical pre-pregnancy BMI status on re-
porting error between participants with obesity (LS mean = −47% ± 4) and overweight (LS
mean = −28% ± 5) (p = 0.0075). Mean self-reported EI did not significantly differ between
participants with obesity (LS mean = 1637 ± 92) and overweight (LS mean = 1743 ± 97;
p = 0.43), while mean back-calculated EI was lower in participants with overweight (LS
mean = 2537 ± 165) compared with those with obesity (LS mean = 3324 ± 157; p = 0.0027).
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Figure 1. Visualization of estimated reporting error over gestational age (in days), with 95% confi-
dence interval. Estimates were generated by using multilevel modeling (SAS PROC MIXED). Linear,
quadratic, and cubic effects of gestational week were considered, with a linear relationship having
the best model fit.

Figure 2. Visualization of the linear relationship between estimated reporting error and pre-pregnancy
BMI, with 95% confidence interval. Estimates were generated by using multilevel modeling (SAS
PROC MIXED).
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While there was no association between overall GWG and underreporting, we ob-
served a positive association between weekly GWG and underreporting (p = 0.0007), such
that participants with higher weekly GWG had greater mean underreporting (Table 3).
Additionally, when examining weekly GWG as a categorical variable, reporting error was
lower in participants who exceeded (LS mean = −40.1% ± 4) compared with participants
who were below (LS mean = −36% ± 4) weekly Institute of Medicine GWG recommen-
dations based on trimester and BMI category (p = 0.0009) (Table 3). Three participants
developed gestational diabetes mellitus (GDM) after enrollment in the trial. These women
also had the highest pre-pregnancy BMIs of the sample. Sensitivity analyses were con-
ducted excluding these participants (n = 18). All conclusions were the same, except that
when participants with GDM were excluded, the positive association between total GWG
and underreporting became statistically significant (p = 0.01).

Table 3. Predictors of maternal underreporting of energy intake during pregnancy in women with
overweight and obesity a (n = 25).

Variable Model Estimate Standard Error p-Value

Gestational Age (days) −0.05372 0.009664 <0.0001

Gestational Age (by trimester)
(reference = Trimester 3) <0.0001

Trimester (1) 8.0931 1.6027
Trimester (2) 1.3743 1.1605

Pre-Pregnancy BMI (kg/m2) −1.4144 0.4943 0.0100

Pre-Pregnancy BMI classification (reference = BMI > 30) 0.0075
BMI = 25.0–29.9 19.3786 6.4793

Perceived Stress (within-person) 0.2561 0.1033 0.0133

Perceived Stress (between-person) −0.1708 0.6372 0.7915

Emotional Eating (within-person) 7.3520 0.5073 <0.0001

Emotional Eating (between-person) −0.1734 0.6583 0.7950

Cognitive Restraint (within-person) 0.6897 0.5186 0.1838

Cognitive Restraint (between-person) −2.7578 3.2976 0.4134

Uncontrolled Eating (within-person) −0.3294 0.2798 0.2393

Uncontrolled Eating (between-person) −1.3742 1.1126 0.2318

Total GWG (in kg) (n = 19) −0.5049 0.5856 0.4006

Total GWG (meeting vs. exceeding Institute of
Medicine guidelines) (reference = meeting guidelines) −6.5364 8.3740 0.4458

Weekly GWG (in kg) −5.4802 0.9972 <0.0001

Weekly GWG (meeting vs. exceeding Institute of
Medicine guidelines)
(reference = meeting guidelines)

0.0007

Under 5.0148 1.9283
Over 0.5328 1.9144

Treatment group
(reference = intervention) 0.7294

Control −2.7539 7.28448

Maternal Age (yrs) 0.3989 1.3283 0.7672

Parity
(reference = 1) 0.6131

Parity (0) −4.1338 8.0404
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Table 3. Cont.

Variable Model Estimate Standard Error p-Value

Household Income (yearly)
(reference ≥ $100,000) 0.3396

$10,000–$20,000 −30.4517 18.3616
$20,000–$40,000 2.8334 10.6118
$40,000–100,000 6.9350 8.6440

a Multilevel model parameter estimates showing independent predictors of maternal reporting error, each in
a separate model. All models controlled for gestational age except where gestational age/trimester was the
predictor of interest.

Stress increased (p < 0.0001), while emotional, uncontrolled, and restrained eating
decreased (all p < 0.05) across pregnancy. The ICC for perceived stress was 57%, indicating
43% of variability in stress was within- and 57% was between-person. After controlling for
gestational age, a main effect of participant mean-centered perceived stress on reporting
error showed that on days when participants reported higher stress compared with their
own average, reporting error was more positive, indicating less underreporting (p = 0.02)
(Table 3). The ICC for emotional eating was 81%, indicating 19% of variability in stress
was within- and 81% was between-person. There was not a significant association between
participants’ average emotional eating and average reporting error (p = 0.8). However,
there was a significant effect of within-person emotional eating on reporting error, such
that on days when participants reported higher emotional eating compared with their own
average, underreporting was lower (p < 0.0001). ICCs for restrained and uncontrolled
eating were 58% and 82%, respectively. Cognitive restraint and uncontrolled eating were
not significantly associated with reporting error. While there was no significant relationship
between treatment group and reporting error, there was an interaction of study group with
weight status on reporting error (p = 0.01). Post hoc comparisons indicated that, in the inter-
vention group, participants with overweight had lower underreporting than participants
with obesity, suggesting that the intervention had a positive impact on underreporting
for participants with overweight only. No significant relationships were detected between
maternal age, parity, or income and underreporting (Table 3).

4. Discussion

This is the first study to use daily longitudinal data to characterize reporting accuracy
in a sample of U.S. pregnant persons with elevated BMI, showing that underreporting
increases throughout pregnancy. Further, pre-pregnancy BMI was positively associated
with underreporting in the second trimester in this sample of women with overweight and
obesity. Data also indicate that weekly GWG was positively associated with underreporting.
Finally, higher than average perceived stress and emotional eating were associated with
reporting error during pregnancy, but parity, age, income, cognitive restraint, and uncon-
trolled eating were not associated with reporting accuracy (Table 4). Together, these data
suggest that underreporting has complex roots and the extent of underreporting increases
later in pregnancy, despite simultaneous increases in recommended energy requirements
to support fetal growth.

Across pregnancy, underreporting appeared to be driven by stable, self-reported EI.
Back-calculated EI data indicate that participants consumed about 400 more kcal on average
in trimester three, compared with trimester one, but self-reported eating the same amount
of food across trimesters. This is consistent with a prior study showing EI underreporting
prevalence was higher in late compared with early pregnancy [27]. People may tire of log-
ging intake and reporting may become less accurate over time [46]. Dietary self-monitoring
can be burdensome, resulting in non-compliance and underestimation [47], potentially ex-
plaining the increase in underreporting across pregnancy. Alternative methods of collecting
dietary intake data, including remote food photography, are gaining popularity but further
validation studies are needed [48].
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Table 4. Summary of associations between participant characteristics and energy intake underreporting.

Predictor Relationship with underreporting

Gestational age Greater underreporting in later pregnancy
Pre-pregnancy BMI Greater underreporting with higher BMI
Gestational weight gain Greater underreporting with greater weekly weight gain
Maternal age No association
Parity No association
Household Income No association

Perceived stress Less underreporting during weeks when participant indicated higher stress than their usual
stress level

Emotional eating Less underreporting during months when participant indicated higher emotional eating than
their usual level

Cognitive restraint No association
Uncontrolled eating No association

This study adds to research showing underreporting is associated with pre-pregnancy
BMI, with many of the previous studies on this topic including a majority of women with
normal weight [27,49–51]. Though there was no significant relationship between total GWG
and underreporting in this sample, we observed a positive relationship between changes in
weekly GWG and underreporting. Higher weekly GWG may lead to increased underre-
porting through desirability bias. Meanwhile, underreporting could result in difficulty in
self-monitoring and weight management. In contrast, Shiraishi found underreporters had
lower total GWG when compared with normal- reporters [52]. More research is needed to
elucidate the relationship between GWG and underreporting.

Psychological factors such as social desirability, eating restraint, and history of di-
eting are associated with underreporting in non-pregnant populations [29]. In addition,
Moran found that limiting food intake to lose weight and self-reported dissatisfaction
with weight/body shape were predictors of underreporting at 36-weeks’ gestation [27].
Very few studies have explored trends in restrained, emotional, and uncontrolled eating
across pregnancy. One study found that dietary restraint was lower in the third trimester
in comparison with the first, but no change in emotional eating [49].

Less is known about relationships between stress and underreporting during preg-
nancy, although positive associations were found in non-pregnant samples [29]. Contrary
to our hypothesis, within-person fluctuations in perceived stress and emotional eating were
negatively associated with underreporting in this sample. Emotionally salient information
is typically better remembered than neutral information [53], and individuals with emo-
tional eating have been shown to report greater dietary intake than individuals without
emotional eating [54], especially during times of perceived stress [55]. This seems to be
independent of dietary intake in non-pregnant samples [56]. For many people, pregnancy
is a time of increased psychological distress [57]. Individual differences have been observed
in food intake response to stress, with approximately 40% increasing, 40% decreasing, and
20% not changing dietary intake [58]. There may be something unique about prenatal stress
that produces a tendency to reduce dietary intake, thus providing less opportunity for
reporting error.

A variety of factors have been attributed to poor reporting of EI, including incomplete
recordkeeping, conscious underreporting, changes in eating behavior from diet tracking,
training, and quality control [29]. Common advice during pregnancy is to snack more
often to meet additional kcal needs or combat morning sickness, and this may contribute to
underreporting [59]. Future studies should explore additional factors that may influence
within-person variation in underreporting which may include day of week (e.g., weekend
vs. weekday), types of foods (e.g., snacks, beverages), selective underreporting of nutrients
(e.g., fat or carbohydrates), frequency of consumption (e.g., unplanned eating, snacking),
and other factors which vary from day to day.
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MHealth technologies are increasingly popular among both healthcare providers
and patients [60]. While the use of dietary and weight-tracking mobile apps, including
MyFitnessPal, for self-monitoring of EI and weight have produced clinically significant
weight loss in randomized controlled trials of non-pregnant people [61], our findings
suggest users of diet-tracking apps may have difficulty self-monitoring intake due to
systematic underreporting. Improving connectivity between weight, physical activity,
and dietary mobile data would allow for use of predictive equations to back calculate EI
within mHealth apps to give users a better understanding of their actual dietary intake and
clinician guidance in counseling women during pregnancy to better manage weight.

In contrast to previous studies [27,28], we found no significant association of reporting
error with the following: age, income, parity, or total GWG. Moran found socioeconomic
status was an independent predictor at 36 weeks of EI underreporting. McGowan found
young women were more likely to underreport than older women during pregnancy [51].
Thomas found higher income predicted higher underreporting [28]. One explanation for
lack of association in our study is we had a relatively small, homogenous sample, which
reduced our ability to detect relationships with demographics. Further research should
explore characteristics associated with underreporting across gestation.

Findings from this study have important implications for behavioral interventions
and research on dietary intake in pregnancy. Our data reinforce that underreporting is
pervasive during pregnancy, especially in individuals with obesity. Participants in this
sample underreported by an average of 986 kcal in trimester one, 1280 kcal in trimester
two, and 1386 kcal in trimester three. Prenatal clinicians and intervention specialists should
incorporate methods to improve reporting accuracy (e.g., multiple-pass 24 h recalls) [62]
and be aware of social desirability bias in underreporting (e.g., higher BMI/gestational
age). If self-reported EI is habitual, baseline self-reported EI may be an important indicator
of participant consciousness level and sustained intervention efficacy. Finally, using pre-
dictive equations to estimate back-calculated EI may be a useful clinical and research tool,
considering prevalence and magnitude of underreporting.

Strengths of this study include intensive longitudinal data collected throughout preg-
nancy, using reporting error as a continuous variable, as well as using measured weight
and physical activity to determine back-calculated EI. There are also significant limitations
to the results of this study. Limitations to this research include reliance on self-reported
pre-pregnancy weight, which can lead to underestimated BMI [63]. In addition, the small
sample size precludes the ability to make assumptions at a population level. Differences
between actual and reported EI were calculated using an equation of approximation rather
than gold standard measures (e.g., doubly labeled water). Although the equation accounts
for factors relevant to weight change and gestational age in pregnancy, the equation relies
on several assumptions (e.g., fetal physical activity in the womb is negligible) and does
not account for all potential factors that can influence GWG (e.g., medications, genetics,
obstetric complications). Finally, this was a homogenous sample of participants who were
predominantly educated, non-Hispanic white, married, and middle-to-upper income, from
central Pennsylvania, and enrolled in a GWG intervention, thus limiting the generalizabil-
ity of the study findings to other populations of pregnant persons. Future research may
extend these findings with a larger, more diverse sample. Research should also continue
to explore interventions that promote reporting accuracy during pregnancy to improve
patient adherence to EI recommendations to manage GWG.

5. Conclusions

Energy balance is essential for weight management during pregnancy, though this is
difficult to monitor due to poor reporting of EI. Using a predictive equation to estimate
EI, we found that underreporting using a popular diet-tracking mobile app was positively
associated with pre-pregnancy BMI, weekly GWG, and gestational age across pregnancy,
and negatively associated with perceived stress and emotional eating. These findings have
implications for research and prenatal nutrition counseling and there is a need to develop
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efficacious interventions that improve reporting accuracy during pregnancy to promote
maternal and child health. Research should also continue to explore which tools are most
effective in improving reporting accuracy to promote positive pregnancy outcomes in
individuals with overweight and obesity.
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Abstract: This study attempted to learn the association between maternal betaine-homocysteine
methyltransferase (BHMT) gene polymorphisms, maternal dietary habits, and their interactions with
the risk of ventricular septal defects (VSD) in offspring. A total of 426 mothers of VSD children and
740 control mothers were included in the study. Logistic regression was used to evaluate the level of
associations and interaction effects. Our study suggested that mothers reporting excessive intake of
smoked foods (aOR = 2.44, 95%CI: 1.89–3.13), barbecued foods (aOR = 1.86, 95%CI: 1.39–2.48), fried
foods (aOR = 1.93, 95%CI: 1.51–2.46), and pickled vegetables (aOR = 2.50, 95%CI: 1.92–3.25) were at a
significantly higher risk of VSD in offspring, instead, mothers reporting regular intake of fresh fruits
(aOR = 0.47, 95%CI: 0.36–0.62), fish and shrimp (aOR = 0.35, 95%CI: 0.28–0.44), fresh eggs, (aOR = 0.56,
95%CI: 0.45–0.71), beans (aOR = 0.68, 95%CI: 0.56–0.83), and milk products (aOR = 0.67, 95%CI:
0.56–0.80) were at a lower risk of VSD in offspring. In addition, maternal BHMT gene polymorphisms
at rs1316753 (CG vs. CC: aOR = 2.01, 95%CI: 1.43–2.83) and rs1915706 (CT vs. TT: (aOR = 1.81,
95%CI: 1.33–2.46) were significantly associated with increased risk of VSD in offspring. Furthermore,
a significant interaction between BHMT polymorphisms and maternal bean intake was identified
in the study. In conclusion, Maternal BHMT polymorphisms at rs1316753 and rs1915706, dietary
habits as well as their interaction were observed to be significantly associated with the risk of VSD
in offspring.

Keywords: ventricular septal defects; BHMT gene plolymorphisms; dietary habits; interaction effects

1. Introduction

Congenital heart disease (CHD) is typically defined as a gross structural abnormality
of the heart and/or great vessels that is present at birth [1,2]. It has been reported that
the birth prevalence of CHD has increased significantly since the 1930s and reached a
maximum of over 9 per 1000 live births since 1995 [1,3]. Ventricular septal defect (VSD) has
been recognized as the most common congenital cardiac malformation and accounts for
roughly 30–40% of all cardiac anomalies [1,4]. Over the past decades, considerable inherited
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causes and noninherited modifiable factors have been implicated in the development of
CHD and its subgroups [5–8]. Recently, there has been a consensus that genetic factors and
environmental factors interact in the etiology of most nonsyndromal forms of CHD [9,10],
naturally including VSD.

A recent review showed strong evidence that oral prenatal fortification and supple-
mentation dosing of folic acid (FA) can prevent the incidence of VSD and atrial septal
defect (ASD) [11]. Women with a diverse diet during pregnancy (dietary diversity score,
DDS ≥5) had lower risks of having fetuses with total CHD and VSD [12]. Furthermore, the
dietary intake of vitamins and minerals was found to be associated with a reduced risk
of CHD in offspring, including B-vitamin, vitamin D, zinc, and selenium [13–15]. Since
different nutrients interact with one another in many metabolic pathways, it seems that
the association would not remain constant when various nutrients coexist in the same
food. In addition, the dietary pattern differs a lot owing to the discrepancy in economics,
geographical environment, social culture, race, and so on. Therefore, the first concern
we would care to discuss is the association between maternal dietary habits and VSD
in offspring.

The human betaine-homocysteine methyltransferase (BHMT) gene maps to 5q13.1–q15,
spans about 20 kilobases of DNA and contains eight exons and seven introns [16,17]. The en-
zyme it encodes, betaine-homocysteine methyltransferase, catalyzes the transfer of a methyl
group from betaine to homocysteine (Hcy), forming dimethylglycine and methionine. Gen-
erally, the homeostasis of plasma homocysteine benefits from the transulfuration pathway
involving cystathionine β synthase (CBS) and the remethylation pathway involving BHMT,
BHMT2, and methionine synthase (MS) (Figure 1) [18]. In the latter pathway, the catalytic
activity of BHMT2 is absolutely diet-dependent since its substrate, S-methylmethionine,
can only be biosynthesized by various plants mainly belonging to the Brassicaceae family
rather than mammals [19,20]. Experimental research conducted in mice suggested that
BHMT is a predominant enzyme for the elimination of Hcy while the MS has little excess
capacity to methylate the Hcy [18]. Therefore, the remethylation reaction catalyzed by
BHMT seems to play a vital role in preventing the toxic accumulation of Hcy. In fact, BHMT
catalyzes up to 50% of homocysteine metabolism in the human liver, where the enzyme is
highly expressed [21,22]. The latest literature revealed that elevated Hcy concentrations
acted as a risk factor for multiple congenital anomalies in human production, mainly com-
prising neural tube defects (NTD), orofacial clefts, and CHD [23–25]. The discovery has
been generally accepted that the 677 C→T mutation in the methylenetetrahydrofolate re-
ductase (MTHFR) gene contributed to elevated tHcy and is a genetic risk factor for diseases
associated with hyperhomocysteinaemia [26]. Moreover, this mutation has been applied
to antenatal screening for pregnant women in China. The thought naturally emerged that
polymorphisms of the BHMT gene exist that reduce BHMT activity and increase plasma
Hcy levels and thus increase malformation risk. In fact, research has been dedicated to
exploring the association between BHMT gene polymorphisms and CHD, but with fixed
results and little involving subgroups of CHD [27–30]. In this study, we focused on the
largest subcategory of CHD, namely, VSD, to detect its association with polymorphisms of
the maternal BHMT gene.

In addition, betaine, the substrate of BHMT, can be either obtained from food resources
or produced from choline endogenously [31]. Likewise, choline can also be produced
endogenously via the hepatic phosphatidylethanolamine N-methyltransferase (PEMT)
pathway. However, most people must consume this nutrient exogenously to prevent
deficiency [32]. Therefore, the BHMT activity, to a certain degree, is diet dependent. Animal
studies did observe that pane of nutrition or the supply of some nutrients, including choline
and methionine, can alter BHMT activity [33–35]. In addition, it has been reported that
women with a high intake of one-carbon cofactors had a lower risk of congenital anomalies
in offspring, such as the neural tube defect (NTD) and perimembranous ventricular septal
defect (VSDpm) [36,37]. Overall, these valuable clues were collected to put forward a
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reasonable hypothesis that BHMT gene polymorphisms may interact with maternal dietary
habits on congenital anomalies.

Figure 1. Pathways of homocysteine metabolism. Abbreviation: BHMT Betaine-homocysteine
S-methyltransferase; MS methionine synthase; CBS cystathionine β-synthase; CSE cystathionine-
γ-lyase; THF tetrahydrofolate; DMG dimethylglycine; SAM S-adenosylmethionine; SAH S-
adenosylhomocysteine.

In this study, we determined VSD, the most common subgroup in CHD, as the in-
terested outcome variable, which is relatively more sensitive to maternal nutrient intake.
A hospital-based case-control study was carried out in an attempt to learn the following
questions: a. the association of maternal dietary habits with risk of VSD in offspring; b. the
association of polymorphisms of maternal BHMT gene with risk of VSD in offspring; c. the
interaction between BHMT genetic variants and maternal dietary habits on VSD.

2. Materials and Methods

2.1. Design and Participants

This is a hospital-based case-control study that started in February 2018 and was
over in March 2020. The cases and controls came from different departments in the same
hospital, Hunan children’s hospital, which is famous partly for its sophisticated diagnosis
and treatment techniques for CHD within the province. Considering the characteristics of
the relatively low incidence of VSD compared with other chronic diseases, a convenient
sampling method was used in the recruitment of the cases. VSD children, verified by both
doppler echocardiography and surgery, were consecutively recruited from the Department
of Cardiothoracic Surgery. Children in the control, free of any congenital malformations,
were randomly selected from the Department of Child Healthcare. It is worth noting that
cases only included VSD children that may or may not be diagnosed with other congenital
heart diseases; those coexisting with any other extra-cardiac malformations were excluded
from the study. Additionally, informed consent was obtained from all of the participants,
and the possible consequences of the study were explained. The exclusion criterions mainly
included: minority mothers, mothers conceiving children through in vitro fertilization or
other conception methods, adoptive mothers or stepmothers, and mothers suffering from
mental disorders or any other physical diseases so that this did not hinder the provision of
accurate exposure information and blood samples. Finally, a total of 426 mothers of VSD
children and 740 control mothers were included in the study.

The protocol of this study was in accordance with the guidelines of the 1964 Helsinki
Declaration, and the Ethics Committee of Xiangya School of Public Health, Central South
University, officially approved this study in January 2018. (no. XYGW-2018-36).
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2.2. Information Collection

The outcome we focused on in the study was VSD in offspring, which was diagnosed
by professional physicians via both doppler echocardiography and surgery. The interested
exposures were maternal dietary habits in early pregnancy, which were collected from
a self-designed food frequency questionnaire. We consulted The Dietary Guidelines for
Chinese Residents and went deep into the local food culture to develop the questionnaire.
Eleven main categories were determined, involving smoked foods, barbecued foods, fried
foods, pickled vegetables, fresh vegetables, fresh fruits, fresh meat, fish and shrimp, fresh
eggs, beans, and milk products. Each category was provided with three choices: a. hardly
(less than or equal to two times per week); b. sometimes (three to five times per week);
c. often (more than or equal to six times per week). The questionnaire was pre-investigated
using eligible mothers (test–retest reliability: r = 0.826; internal consistency: α = 0.769).

In addition, we also collected various pieces of maternal information that might
influence the outcomes of their offspring, mainly including the child-bearing age (<35 years
or ≥35 years), pre-pregnancy BMI (calculated with their pre-pregnancy height and weight,
<18.5, 18.5–23.9, 24–26.9, or ≥27), education level (less than primary or primary, junior
high school, high school or technical secondary school, college or above), consanguineous
marriages (yes or no), gestational diabetes mellitus (yes or no), gestational hypertension
(yes or no), abnormal pregnancy history before this pregnancy (yes or no), congenital
malformations in family members (yes or no), exposure of environmental pollutants (yes
or no), antibiotic use in early pregnancy (yes or no), tobacco exposure in early pregnancy
(yes or no), alcohol exposure in early pregnancy (yes or no), and periconceptional folate
use (yes or no).

An epidemiological survey was conducted by well-trained investigators when partici-
pants were waiting for their operation arrangements in the wards or medical check-ups
in the Department of Child Health. In China, every expectant mother has a personal
Maternal and Child Health Manual, which provides their sociodemographic information,
the results of regular medical check-ups, and necessary exposure information. So, in the
course of the investigation, we consulted the participants’ manual to further confirm the
abovementioned information obtained from face-to-face interviews, which enabled us to
reduce recall bias to a certain extent.

2.3. Sample Collection and Genotyping

Five milliliters of peripheral venous blood were collected from every single participant
after the face-to-face interview. All of the obtained blood samples would be brought back
to the laboratory at low temperatures (≤4 ◦C) within twelve hours and then divided into
two layers using a high-speed centrifuge: the blood cell layer and the plasma layer. Both
were stored in an ultra-low-temperature freezer until genotyping. The DNA was extracted
from the blood cell samples with the QIAamp DNA Blood Mini Kit (Qiagen, Valencia,
CA, USA). Genotyping was performed by matrix-assisted laser desorption and ionization
time-of-flight mass spectrometry MassARRAY system (Agena iPLEX assay, San Diego, CA,
USA). The laboratory technicians who performed SNP detection and recorded the genotype
data were blind to whether each sample was from the cases or controls, thereby reducing
selection bias to some extent.

Before genotyping, we consulted the NCBI and HapMap databases to determine the
major SNP sites of the BHMT gene and simultaneously excluded the SNPs whose minor
allele frequencies (MAF) were less than 10%. Furthermore, we imposed a minimum SNP
genotyping call rate at the level of 50%, which was applied to ensure the data integrity of
the individual’s genotypes. Moreover, the success rates for the SNPlex assays were >94%
for 2 SNPs, from 90 to 94% for 2 SNPs. Finally, these genetic loci (rs3733890, rs1316753,
rs567754, and rs1915706) were selected as candidate loci for this study.
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2.4. Statistical Analysis

The data for the qualitative variables were expressed as absolute numbers (percent-
ages). The chi-square test was used to assess the differences in qualitative variables across
groups. The Hardy–Weinberg equilibrium (HWE) test was used to compare the differences
in genotype distribution frequency in the control group (significance level at p < 0.01). We
utilized a logistic regression model to detect whether the association between maternal di-
etary habits in early pregnancy, BHMT gene polymorphisms, and VSD in offspring existed
and the level of the association. Both univariate and multivariate logistic regressions were
adopted; the crude odds ratio (cOR) and its 95% confidential intervals (CI) were calculated
by the former one without any adjustment; the adjusted odds ratio (aOR) and its 95%
confidential intervals (CI) were calculated by the latter one, which adjusted for the signifi-
cant confounders found using the chi-square test. For the significant SNPs and maternal
dietary habits, these originally ternary variables were converted into binary variables. We
then introduced all of the potential confounders, genetic factors, environmental factors,
and their multiplicative interaction term into the same logistic regression model to deter-
mine the presence or absence of gene–environment interaction and assess its significance.
When it comes to multiple hypothesis testing, the false discovery rate (FDR) based on the
Benjamini–Hochberg method was used to correct for bias. A false discovery rate P value
(FDR_P) of <0.1 was considered to be statistically significant. The calculation of FDR_P was
completed using R software (version 4.1.3, stats package). Basic analyses were performed
using SPSS 26.0 software (SPSS Inc., Chicago, IL, USA). The statistically significant results
were those with the two-sided p-value < 0.05, except where otherwise specified.

3. Results

3.1. Comparison of Maternal Baseline Characteristics

In the study, we recruited a total of 426 mothers of VSD children for cases and 740 moth-
ers of non-congenital malformation children for controls. The selection of participants
conformed strictly to the pre-made inclusion and exclusion criteria. The median (inter-
quartile range) age of the children the in cases and controls was 8.4 (5.7) months and 7.8 (4.3)
months, respectively. The comparisons of the maternal baseline characteristics between
cases and controls are summarized in Table 1. There were statistically significant differences
between the two groups in the following factors: pre-pregnancy BMI, education level, con-
sanguineous marriages, gestational diabetes mellitus, gestational hypertension, abnormal
pregnancy history before this pregnancy, congenital malformations in family members,
exposure to environmental pollutants, antibiotic use in early pregnancy, tobacco exposure
in early pregnancy, alcohol exposure in early pregnancy, and periconceptional folate use
(all p values < 0.05). These abovementioned factors would be adjusted as confounders
when evaluating the association of maternal dietary habits, SNPs of the BHMT gene, and
their interactions with VSD in offspring.

3.2. Maternal Dietary Habits and the Risk of VSD in Offspring

The association of maternal dietary intake in early pregnancy with the risk of VSD in
offspring is shown in Table 2. Both univariate and multivariate logistic regression indicated
that smoked foods, barbecued foods, fried foods, pickled vegetables, fresh fruits, fish and
shrimp, fresh eggs, beans, and milk products were significantly associated with the risk
of VSD in offspring. Specifically, children were predisposed to VSD when their mothers
reported excessive intake of smoked foods (aOR = 2.44, 95%CI: 1.89–3.13), barbecued foods
(aOR = 1.86, 95%CI: 1.39–2.48), fried foods (aOR = 1.93, 95%CI: 1.51–2.46), and pickled
vegetables (aOR = 2.50, 95%CI: 1.92–3.25). Instead, a significantly decreased risk of VSD
was observed in children whose mothers reported regular intake of fresh fruits (aOR = 0.47,
95%CI: 0.36–0.62), fish and shrimp (aOR = 0.35, 95%CI: 0.28–0.44), fresh eggs, (aOR = 0.56,
95%CI: 0.45–0.71), beans (aOR = 0.68, 95%CI: 0.56–0.83), and milk products (aOR = 0.67,
95%CI: 0.56–0.80).
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Table 1. Comparison of maternal baseline characteristics in cases and controls.

Baseline Characteristics
Control Group Case Group

χ2 p
(n = 740) (n = 426)

Child-bearing age (years) 0.912 0.340
<35 635(85.8%) 374(87.8%)
≥35 105(14.2%) 52(12.2%)

Pre-pregnancy BMI a

<18.5 192(25.9%) 77(18.1%) 11.810 0.008
18.5–23.9 406(54.9%) 274(64.3%)
24–26.9 91(12.3%) 47(11.0%)
≥27 51(6.9%) 28(6.6%)

Education level 187.573 <0.001
Less than primary or primary 9(1.2%) 43(10.1%)
Junior high school 144(19.5%) 195(45.8%)
High school or Technical

secondary school 246(33.2%) 123(28.9%)

College or above 341(46.1%) 65(15.3%)
Consanguineous marriages 13.989 <0.001

No 737(99.6%) 413(96.9%)
Yes 3(0.4%) 13(3.1%)

Gestational diabetes mellitus 34.302 <0.001
No 717(96.9%) 376(88.3%)
Yes 23(3.1%) 50(11.7%)

Gestational hypertension 23.594 <0.001
No 723(97.7%) 390(91.5%)
Yes 17(2.3%) 36(8.5%)

Abnormal pregnancy
history pregnancy 9.363 0.002

No 411(55.5%) 197(46.2%)
Yes 329(44.5%) 229(53.8%)

Congenital malformations in
family members 19.837 <0.001

No 733(99.1%) 404(94.8%)
Yes 7(0.9%) 22(5.2%)

Exposure to
environmental pollutants 43.687 <0.001

No 687(92.8%) 340(79.8%)
Yes 53(7.2%) 86(20.2%)

Antibiotic use in early pregnancy 7.234 0.007
No 729(98.5%) 409(96.0%)
Yes 11(1.5%) 17(4.0%)

Tobacco exposure in
early pregnancy 78.692 <0.001

No 602(81.4%) 244(57.3%)
Yes 138(18.6%) 182(42.7%)

Alcohol exposure in
early pregnancy 9.461 0.002

No 712(96.2%) 392(92.0%)
Yes 28(3.8%) 34(8.0%)

Periconceptional folate use 7.026 0.008
Yes 687(92.8%) 376(88.3%)
No 53(7.2%) 50(11.7%)

Abbreviations: BMI body mass index. a Classification according to Chinese standard for obesity BMI.

3.3. Maternal BHMT Gene Polymorphisms and the Risk of VSD in Offspring

Table 3 displays the genotypic distribution of four SNPs between two groups and
the results of the HWE test in the controls. All of the SNPs were in accordance with the
Hardy–Weinberg equilibrium (all of the p values were <0.05), indicating that the sample
was qualified for good group representativeness.
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Table 2. Maternal dietary habits and the risk of VSD in offspring.

Maternal Dietary
Habits

Control Group Case Group
Univariate Logistic

Regression
Multivariable Logistic

Regression a Regression

(n = 740) (n = 426) Cor (95%CI) p aOR (95%CI) p

Smoked foods 1.81(1.48-2.21) <0.001 2.44(1.89–3.13) <0.001

Hardly b 407(55.0%) 172(40.4%) 1 1
Sometimes c 310(41.9%) 213(50.0%) 1.63(1.27–2.09) <0.001 2.14(1.57–2.91) <0.001
Often d 23(3.1%) 41(9.6%) 4.22(2.46–7.24) <0.001 7.98(4.16–15.32) <0.001

Barbecued foods 1.94(1.53–2.47) <0.001 1.86(1.39–2.48) <0.001
Hardly 558(75.4%) 260(61.0%) 1 1
Sometimes 177(23.9%) 153(35.9%) 1.86(1.43–2.41) <0.001 1.89(1.37–2.60) <0.001
Often 5(0.7%) 13(3.1%) 5.58(1.97–15.82) 0.001 3.01(0.90–10.07) 0.073

Fried foods 1.55(1.27–1.89) <0.001 1.93(1.51–2.46) <0.001
Hardly 458(61.9%) 214(50.2%) 1 1
Sometimes 253(34.2%) 177(41.5%) 1.50(1.16–1.92) 0.002 2.15(1.57–2.94) <0.001
Often 29(3.9%) 35(8.2%) 2.58(1.54–4.34) <0.001 3.02(1.62–5.60) <0.001

Pickled vegetables 1.87(1.51–2.32) <0.001 2.50(1.92–3.25) <0.001
Hardly 448(60.5%) 184(43.2%) 1 1
Sometimes 274(37.0%) 220(51.6%) 1.96(1.53–2.50) <0.001 2.58(1.90–3.52) <0.001
Often 18(2.4%) 22(5.2%) 2.98(1.56–5.68) 0.001 5.53(2.58–11.82) <0.001

Fresh vegetables 0.89(0.52–1.52) 0.664 0.86(0.46–1.57) 0.615
Hardly 3(0.4%) 3(0.7%) 1 1
Sometimes 21(2.8%) 12(2.8%) 0.57(0.10–3.29) 0.531 0.17(0.02–1.11) 0.064
Often 716(96.8%) 411(96.5%) 0.57(0.12–2.86) 0.498 0.24(0.04–1.27) 0.093

Fresh fruits 0.37(0.30–0.47) <0.001 0.47(0.36–0.62) <0.001
Hardly 14(1.9%) 81(19.0%) 1 1
Sometimes 41(5.5%) 16(3.8%) 0.07(0.03–0.15) <0.001 0.06(0.03–0.16) <0.001
Often 685(92.6%) 329(77.2%) 0.08(0.05–0.15) <0.001 0.12(0.06–0.24) <0.001

Fresh meat 0.81(0.61–1.08) 0.155 1.08(0.77–1.54) 0.644
Hardly 21(2.8%) 12(2.8%) 1 1
Sometimes 38(5.1%) 37(8.7%) 1.70(0.74–3.95) 0.214 1.41(0.52–3.84) 0.498
Often 681(92.0%) 377(88.5%) 0.97(0.47–1.99) 0.931 1.34(0.58–3.08) 0.493

Fish and shrimp 0.27(0.22–0.33) <0.001 0.35(0.28–0.44) <0.001
Hardly 29(3.9%) 91(21.4%) 1 1
Sometimes 207(28.0%) 210(49.3%) 0.32(0.20–0.51) <0.001 0.33(0.20–0.56) <0.001
Often 504(68.1%) 125(29.3%) 0.08(0.05–0.12) <0.001 0.12(0.07–0.20) <0.001

Fresh eggs 0.40(0.33–0.49) <0.001 0.56(0.45–0.71) <0.001
Hardly 36(4.9%) 58(13.6%) 1 1
Sometimes 86(11.6%) 127(29.8%) 0.92(0.56–1.51) 0.732 0.76(0.42–1.37) 0.355
Often 618(83.5%) 241(56.6%) 0.24(0.16–0.38) <0.001 0.37(0.21–0.63) <0.001

Beans 0.52(0.44–0.61) <0.001 0.68(0.56–0.83) <0.001
Hardly 107(14.5%) 107(25.1%) 1 1
Sometimes 216(29.2%) 192(45.1%) 0.89(0.64–1.24) 0.486 1.13(0.76–1.69) 0.544
Often 417(56.4%) 127(29.8%) 0.30(0.22–0.42) <0.001 0.52(0.35–0.79) 0.002

Milk products 0.51(0.44–0.59) <0.001 0.67(0.56–0.80) <0.001
Hardly 143(19.3%) 173(40.6%) 1 1
Sometimes 150(20.3%) 109(25.6%) 0.60(0.43–0.84) 0.003 0.88(0.59–1.31) 0.533
Often 447(60.4%) 144(33.8%) 0.27(0.20–0.36) <0.001 0.46(0.32–0.65) <0.001

Abbreviations: VSD ventricular septal defect, cOR crude odds ratio, aOR adjusted odds ratio, CI confidence
interval. a Adjusted for pre-pregnancy BMI, education level, consanguineous marriages, gestational diabetes
mellitus, gestational hypertension, abnormal pregnancy history before this pregnancy, congenital malformations
in family members, exposure to environmental pollutants, antibiotic use in early pregnancy, tobacco exposure
in early pregnancy, alcohol exposure in early pregnancy, periconceptional folate use. b Hardly was defined as
less than or equal to two times per week. c Sometimes was defined as three to five times per week. d Often was
defined as more than or equal to six times per week.
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Table 3. Genotypic frequencies of maternal BHMT polymorphisms and P values of HWE test.

SNPs Location
Major
Allele

Minor
Allele MAF Group

Genotype Frequencies a

χ2 p
AA AB BB

rs3733890 Chr5:
79126136 G A 0.3250 control 333(45.0%) 333(45.0%) 74(10.0%) 0.4865 0.4855

case 162(38.0%) 216(50.7%) 48(11.3%)

rs1316753 Chr5:
79235514 C G 0.4338 control 248(33.5%) 342(46.2%) 150(20.3%) 2.5913 0.1075

case 95(22.3%) 247(58.0%) 84(19.7%)

rs567754 Chr5:
79120593 C T 0.4628 control 203(27.4%) 389(52.6%) 148(20.0%) 2.4204 0.1198

case 132(31.0%) 227(53.3%) 67(15.7%)

rs1915706 Chr5:
79140388 T C 0.2257 control 442(59.7%) 262(35.4%) 36(4.9%) 0.1261 0.7225

case 223(52.3%) 176(41.3%) 27(6.3%)

Abbreviations: BHMT betaine-homocysteine methyltransferase, HWE Hardy–Weinberg equilibrium, SNP single
nucleotide polymorphism, MAF minimum allele frequency. a AA = homozygous wild—type; AB = heterozygous
variant type; BB = homozygous variant type.

The association of maternal BHMT gene polymorphisms with the risk of VSD in
offspring based on logistic regression analysis was summarized in Table 4. After adjusting
for potential confounders, statistically significant associations were found between the
polymorphisms of the BHMT gene at rs1316753, rs1915706, and VSD in offspring. For
rs1316753, mothers carrying the CG genotype (aOR = 2.01, 95%CI: 1.43–2.83) were at
a significantly higher risk of VSD in offspring compared with those who had the CC
genotype. In addition, the dominant model (aOR = 1.88, 95%CI: 1.36–2.61) and the additive
model (aOR = 1.30, 95%CI: 1.06–1.60) of rs1316753 were also observed to be significantly
associated with increased risk of VSD in offspring. For rs1915706, compared to the TT
genotype, mothers with the CT genotype (aOR = 1.81, 95%CI: 1.33–2.46) were more likely to
have VSD children. Additionally, the dominant model (aOR = 1.84, 95%CI: 1.37–2.48) and
the additive model (aOR = 1.61, 95%CI: 127–2.05) of rs1915706 were significantly associated
with an increased risk of VSD in offspring.

Table 4. Polymorphisms of maternal BHMT gene associated with risk of VSD in offspring based on
logistic regression analysis.

SNPs

Univariate Logistic
Reregression

Multivariate Logistic Regression a

cOR (95%CI) p aOR (95%CI) p FDR_P

rs3733890
GG 1 1
GA 1.33(1.03–1.72) 0.026 1.28(0.94–1.73) 0.118 0.189
AA 1.33(0.89–2.01) 0.168 1.03(0.61–1.74) 0.918 0.918
Dominant model b 1.33(1.04–1.70) 0.021 1.23(0.92–1.65) 0.163 0.217
Recessive model c 1.14(0.78–1.68) 0.496 0.90(0.55–1.48) 0.681 0.904
Additive model d 1.21(1.01–1.45) 0.038 1.11(0.88–1.39) 0.373 0.373
rs1316753
CC 1 1
CG 1.88(1.41–2.51) <0.001 2.01(1.43–2.83) <0.001 <0.001
GG 1.46(1.02–2.09) 0.037 1.55(1.00–2.40) 0.048 0.096
Dominant model 1.76(1.34–2.31) <0.001 1.88(1.36–2.61) <0.001 <0.001
Recessive model 0.97(0.72–1.30) 0.821 0.98(0.68–1.41) 0.904 0.904
Additive model 1.25(1.05–1.48) 0.012 1.30(1.06–1.60) 0.014 0.028
rs567754
CC 1 1
CT 0.90(0.68–1.18) 0.438 0.90(0.65–1.26) 0.555 0.634
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Table 4. Cont.

SNPs

Univariate Logistic
Reregression

Multivariate Logistic Regression a

cOR (95%CI) p aOR (95%CI) p FDR_P

TT 0.70(0.48–1.00) 0.050 0.78(0.51–1.19) 0.249 0.332
Dominant model 0.84(0.65–1.09) 0.197 0.87(0.64–1.20) 0.393 0.393
Recessive model 0.75(0.54–1.02) 0.071 0.83(0.57–1.20) 0.323 0.646
Additive model 0.84(0.71–1.01) 0.058 0.88(0.72–1.09) 0.255 0.340
rs1915706
TT 1 1
CT 1.33(1.04–1.71) 0.025 1.81(1.33–2.46) <0.001 <0.001
CC 1.49(0.88–2.51) 0.138 2.05(1.10–3.82) 0.023 0.061
Dominant model 1.35(1.06–1.72) 0.014 1.84(1.37–2.48) <0.001 <0.001
Recessive model 1.32(0.79–2.21) 0.285 1.60(0.88–2.94) 0.124 0.496
Additive model 1.28(1.05–1.56) 0.015 1.61(1.27–2.05) <0.001 <0.001

Abbreviations: BHMT betaine-homocysteine methyltransferase, VSD ventricular septal defect, SNP single nu-
cleotide polymorphism, cOR crude odds ratio, aOR adjusted odds ratio, CI confidence interval, FDR_P, false
discovery rate P value. a Adjusted for pre-pregnancy BMI, education level, consanguineous marriages, gestational
diabetes mellitus, gestational hypertension, abnormal pregnancy history before this pregnancy, congenital mal-
formations in family members, exposure of environmental pollutants, antibiotic use in early pregnancy, tobacco
exposure in early pregnancy, alcohol exposure in early pregnancy, periconceptional folate use. b The dominant
model means heterozygote and mutant type homozygote vs. wild type homozygote. c The recessive model means
mutant type homozygote vs. heterozygote and wild type homozygote. d The additive model means mutant type
homozygote vs. heterozygote vs. mutant type homozygote.

3.4. Interaction of the Polymorphisms of BHMT Gene and Maternal Dietary Habits on the Risk of
VSD in Offspring

Figure 2 shows the level of association between genetic variants of the BHMT gene, ma-
ternal dietary intake, and VSD in offspring. The interaction of BHMT gene polymorphisms
and maternal dietary habits in early pregnancy based on multivariate logistic regression
analysis is displayed in Table 5. For rs1316753, statistically significant interactions were ob-
served between the variant genotypes (CG + GG) and excessive intake of pickled vegetables
(aOR = 0.48, 95%CI: 0.24–0.95) and beans (aOR = 0.40, 95%CI: 0.17–0.95). Nevertheless, this
significance vanished from the multiple test corrections based on the Benjamini–Hochberg
method (both FDR-p values > 0.1). As for rs1915706, there were significant interactions
between the variant genotypes (CT + CC) and a regular intake of beans (aOR = 0.33, 95%CI:
0.15–0.73, FDR-p = 0.035).

The crossover analysis was conducted to further elucidate the interaction between
BHMT gene polymorphisms at rs1915706 and maternal bean intake on the risk of VSD in
offspring (Table 6 and Figure 3). Mothers who had the wild genotype (TT) and meanwhile
reported regular intake of beans in early pregnancy were seen as the reference group. After
adjustment for potential confounders detected in Table 1, mothers who had the variant
genotypes (CT + CC) and meanwhile reported regular intake of beans (aOR = 1.52, 95%CI:
1.09–2.11) and a small intake of beans (aOR = 4.00, 95%CI: 2.17–7.40) were at a significantly
higher risk of VSD in offspring compared with those who were in the reference group.
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Figure 2. The level of association between genetic variants of BHMT gene, maternal dietary intake
and VSD in offspring.

Table 5. Interactions of polymorphisms of BHMT gene and maternal dietary habits based on multi-
variate logistic regression.

Dietary Habits a
Interaction with rs1316753 b Interaction with rs1915706 b

aOR (95%CI) c p FDR_P aOR (95%CI) c p FDR_P

Smoked foods 0.52 (0.26–1.01) 0.055 0.165 0.62 (0.34–1.14) 0.122 0.305
Barbecued foods 1.24 (0.62–2.48) 0.548 0.616 1.33 (0.71–2.49) 0.377 0.610
Fried foods 1.40 (0.72–2.71) 0.316 0.406 1.19 (0.66–2.15) 0.570 0.634
Pickled vegetables 0.48 (0.24–0.95) 0.034 0.165 0.66 (0.36–1.19) 0.170 0.340
Fresh fruits 0.30 (0.05–1.68) 0.168 0.360 0.68 (0.18–2.58) 0.571 0.634
Fish and shrimp 0.85 (0.29–2.53) 0.776 0.776 0.66 (0.24–1.84) 0.427 0.610
Fresh eggs 2.37 (0.64–8.83) 0.200 0.360 0.39 (0.13–1.18) 0.095 0.305
Beans 0.40 (0.17–0.95) 0.038 0.165 0.33 (0.15–0.73) 0.006 0.035
Milk products 0.66 (0.32–1.38) 0.273 0.406 1.14 (0.60–2.19) 0.687 0.687

Abbreviations: BHMT betaine-homocysteine methyltransferase, aOR adjusted odds ratio, CI confidence interval,
FDR_P, false discovery rate p-value. a Maternal dietary habits were classified as hardly and sometimes/often. b Sin-
gle nucleotide polymorphisms were classified as wild-type and variant genotypes. c Adjusted for pre-pregnancy
BMI, education level, consanguineous marriages, gestational diabetes mellitus, gestational hypertension, ab-
normal pregnancy history before this pregnancy, congenital malformations in family members, exposure to
environmental pollutants, antibiotic use in early pregnancy, tobacco exposure in early pregnancy, alcohol exposure
in early pregnancy, periconceptional folate use.

Table 6. Interaction of rs1915706 and maternal beans intake based on crossover analysis.

rs1915706 a Maternal Beans Intake b Cases Controls cOR(95%CI) aOR(95%CI) c

- - 175 (41.1%) 356 (48.1%) 1 1
- + 48 (11.3%) 86 (11.6%) 1.14 (0.76–1.69) 0.88 (0.54–1.42)
+ - 144 (33.8%) 277 (37.4%) 1.06 (0.81–1.39) 1.52 (1.09–2.11)
+ + 59 (13.8%) 21 (2.8%) 5.72 (3.36–9.71) 4.00 (2.17–7.40)

Abbreviations: cOR crude odds ratio, aOR adjusted odds ratio, CI confidence interval. a For rs1915706, ‘-’
means wild type, ‘+’ means variant genotype. b For maternal beans intake, ‘–’ means regular intake (namely,
sometimes/often), ‘+’ means little intake (namely, hardly). c Adjusted for pre-pregnancy BMI, education level,
consanguineous marriages, gestational diabetes mellitus, gestational hypertension, abnormal pregnancy history
before this pregnancy, congenital malformations in family members, exposure to environmental pollutants,
antibiotic use in early pregnancy, tobacco exposure in early pregnancy, alcohol exposure in early pregnancy, and
periconceptional folate use.
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Figure 3. Interaction of rs1915706 and maternal beans intake on the risk of VSD in offspring.

4. Discussion

Research on the causes of CHD has made great strides, and more than 400 genes and
important environmental factors have been determined to have substantial evidence in
relation to the risk of developing CHD and its subgroups [5–8]. However, the conclusion
can be easily drawn from the other hand that a single genetic or environmental factor may
impose minimal effects on CHD. Moreover, the interaction of the two factors cannot be
overlooked in the occurrence and development of CHD and its subgroups. In this study,
we attempted to achieve an insight into the etiology of VSD, the most common subtype
of CHD. The main purpose was to decide whether the association and interaction effect
of BHMT gene polymorphisms and maternal dietary habits with VSD exists, which is
conducive to the achievement of molecular genetic diagnostics and provide diet instruction
to expectant mothers in early pregnancy.

Firstly, we explored the association between maternal dietary intake during early
pregnancy and the risk of VSD in offspring. The results sent two messages. On the one
hand, mothers who reported excessive intake of smoked foods (aOR = 2.44), barbecued
foods (aOR = 1.86), fried foods (aOR = 1.93), and pickled vegetables (aOR = 2.50) were more
likely to have a VSD-affected child. On the other hand, mothers with an excessive intake
of fresh fruits (aOR = 0.47), fish and shrimp (aOR = 0.35), fresh eggs (aOR = 0.56), beans
(aOR = 0.68), and milk products (aOR = 0.67) were less likely to have a VSD-affected child.
Generally, various harmful chemicals can be generated from improper food processing,
and most of them are teratogens and carcinogens, such as nitrites, acrylamide (ACR),
polycyclic aromatic hydrocarbons (PAH), and so on. Pickled vegetables have a wide range
of nitrite and nitrate contents. Gravidas, who have an excessive intake of pickles, may suffer
hypoxemia because increased nitrite can react with hemoglobin, rendering it incapable of
carrying oxygen [38]. A recent experimental study established a rodent model and reported
that hypoxia was able to cause numerous abnormalities in cardiomyocyte gene expression,
the electrophysiologic substrate of the heart, and contractile function, thus delaying cardiac
maturation [39]. ACR, identified in food in 2002, is mainly formed via the Maillard reaction,
whereby a carbonyl compound reacts with the amino group of asparagine processed at high
temperatures (>120 ◦C, such as barbecuing, frying, and baking) [40,41]. Although no direct
evidence manifested its relation to heart defects, a number of animal studies have shown
strong neurotoxic, genotoxic, carcinogenic, mutagenic, and teratogenic effects [42]. Food
is readily contaminated by PAH during the smoking process involving the combustion
of fuel. A recent study reported that greater maternal levels of PAH exposure during
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pregnancy might be associated with an elevated prevalence of fetal CHD [43]. Moreover,
prior experimental research provided strong evidence that PAH exposure can result in
abnormal heart looping, an enlarged ventricle with a thinner ventricular wall, and even
developmental cardiac defects [44,45]. The protective foods detected in the study, such
as fruits, fish and shrimp, eggs, beans, and milk products, are common foods on tables.
Furthermore, they are packed with numerous nutrients, such as high-quality protein,
vitamins, minerals, and so on, which have been extensively accepted to play a vital role in
maintaining the health of gravidas and fetuses.

Moreover, we determined the association between maternal BHMT gene polymor-
phisms and the risk of VSD in offspring. Four SNPs (rs3733890, rs1316753, rs567754,
and rs1915706) were considered in this study, and two SNPs (rs1316753 and rs1915706)
were for the first time found to have a statistically significant association with VSD. To
date, the BHMT gene remained relatively little studied compared with other folate- and
homocysteine-metabolizing genes. The results in our study were only partly in accordance
with prior studies. The rs3733890 polymorphism is a well-studied exon of the BHMT gene
and undergoes a G-to-A change at nucleotide 716, leading to an arginine-to-glutamine
substitution at amino acid 239. Its association with congenital defects has been widely
explored but with contradictory results [27,46–48]. In the present study, we did not detect
its significance in the occurrence of VSD. Rs567754 is an intronic variant of the BHMT
gene, and neither previous data nor our data revealed an association with CHD or VSD
in offspring [27]. The interesting thing is that two other SNPs, rs1316753 and rs1915706,
were observed to be statistically associated with a remarkably-increased risk of VSD in
offspring. To the best of our knowledge, experimental or epidemiological research in-
volving these two polymorphisms remains a nearly unworked area, meaning that their
potential functional effects on BHMT are largely unknown. Qiping Feng et al. performed a
genotype–phenotype correlation analysis on betaine-homocysteine methyltransferase and
found that three introns (rs41272270, rs6875201, and rs7700790) and an intergenic variant
(rs16876512) were significantly correlated with both BHMT activity and protein levels [22].
Although this convincing research did not cover the two significant SNPs in our study, the
analogy seems to be reasonable that the two intergenic variants, rs1316753 and rs1915706,
are also capable of producing potential effects on the expression of the BHMT gene and
subsequently influencing plasma hcy concentrations. The correlation between maternal
hyperhomocysteinemia and CHD has been extensively studied and reviewed [25,49,50].
Meanwhile, hcy-induced CHDs, such as the transposition of the great arteries (TGA), single
ventricle defects (SVD), and VSD, have been found in embryos of different species (mice
and chicken) [51]. Therefore, the statistical association between maternal BHMT polymor-
phisms and VSD in offspring might be explained by the pathway from BHMT activity to
elevated hcy levels to multiple congenital anomalies. Nonetheless, more related research is
encouraged to provide clearer evidence, thus elucidating the potential mechanism.

Lastly, we also analyzed the gene–environment interaction and observed a significant
interaction between genetic variants of the BHMT gene at rs1915706 and maternal bean in-
take on the risk of VSD in offspring. The expectant mothers who had the variant genotypes
(CT + CC) and meanwhile reported a small intake of beans were at a significantly higher
risk of VSD in offspring (aOR = 4.00) compared with those with the wild genotype (TT) and
reported having a regular intake of beans in early pregnancy. Beans are an excellent source
of zinc, choline, and multiple B vitamins (such as folate, thiamin, niacin, riboflavin, and
pyridoxine) [52,53]. Notably, BHMT is a zinc-dependent cytosolic enzyme, and its substrate,
betaine, is partly derived from dietary choline [31,54]. In addition, a stronger risk reduc-
tion in CHD has been found in the maternal folate + B-vitamin supplementation group
compared with the maternal folate supplementation group, both setting the non-users as
the reference group [14]. Concerning whether a single nutrient can exist in various foods,
we speculated that the deficiency of diverse nutrients coexisting in beans coincided with a
genetic variant that contributes to the occurrence of VSD. This speculation seemed plausible
since similar research had been conducted not long ago. Hartmut Cuny et al. demonstrated
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that when dietary undersupply during pregnancy was combined with a maternal heterozy-
gous variant in Haao, a gene of the nicotinamide adenine dinucleotide (NAD) synthesis
pathway, the incidence of embryo loss and malformations was significantly higher [55].
This is a classical experimental study forcibly indicating a gene-diet interaction. As Gibson
G and Berger K commented, the discovery of such interaction suggests that the close
monitoring of nutrition in at-risk carrier mothers would be the type of personalized and
predictive intervention that advocates of genomic health call for [56]. Regardless, what
we found in our study necessitates more convincing experimental research and crowd
investigation to confirm it repeatedly.

Furthermore, several limitations in our study should be acknowledged. Firstly, al-
though we perfected the study design and executed it strictly during the whole process
as far as possible, the association found in this study, an observational case-control study,
was relatively limited compared to a cohort study or an experimental study. So, in other
words, well-designed prospective cohorts or reasonable experimental research are needed
to validate our findings further. Secondly, the information on food frequency and related
exposure in the questionnaire were obtained through retrospective investigation; we cannot
rule out the possible limitation of recall bias. Thirdly, this is a hospital-based case-control
study, and all of the cases came from the same department in a hospital; though its rep-
resentativeness in the province for sophisticated diagnosis and treatment techniques, the
selection bias still cannot be ignored. Fourthly, several potential confounders were deter-
mined and adjusted in the study, but there undoubtedly are other confounding covariates
that might also influence the outcomes, such as common genetic polymorphisms and some
nutritional biomarkers. The findings would be more convincing if taking these factors
into consideration. Last but not least, maternal hcy concentration was not available in our
research, which excludes the possibility of verifying the potential explanation that genetic
variants of the BHMT gene may cause VSD by elevating maternal hcy levels.

5. Conclusions

In this hospital-based case-control study, statistically significant associations were
found between the polymorphisms of the BHMT gene at rs1316753, rs1915706, and VSD in
offspring. Maternal dietary habits were also observed to have a significant impact on the
occurrence and development of VSD. A significant interaction between BHMT polymor-
phisms and maternal bean intake was identified in the study. Concerning the limitations of
our study, more convincing crowd investigation and experimental research are necessary
to repeatedly verify the findings and further elucidate the potential mechanism.
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Abstract: Limited studies on maternal dietary quality indices and congenital heart defects (CHD) are
available. This study aimed to explore the relationship between dietary quality in pregnancy and
CHD among the Chinese population. A case-control study was performed in Northwest China, and
474 cases and 948 controls were included. Eligible women waiting for delivery were interviewed to
recall diets and other information during pregnancy. Dietary quality was assessed by the Global Diet
Quality Score (GDQS) and Mediterranean Diet Score (MDS). Logistic regression models were adopted
to evaluate the associations of dietary quality scores with CHD. Pregnant women with higher scores
of GDQS and MDS were at a lower risk of fetal CHD, and the adjusted ORs comparing the extreme
quartiles were 0.26 (95%CI: 0.16–0.42; Ptrend < 0.001) and 0.53 (95%CI: 0.34–0.83; Ptrend = 0.007),
respectively. The inverse associations of GDQS and MDS with CHD appeared to be stronger among
women with lower education levels or in rural areas. Maternal GDQS and MDS had good predictive
values for fetal CHD, with the areas under the receiver operating characteristic curves close to 0.8.
Efforts to improve maternal dietary quality need to be strengthened to decrease the prevalence of
CHD among the Chinese population.

Keywords: dietary quality; congenital heart defects; pregnancy; Global Diet Quality Score;
Mediterranean Diet Score

1. Introduction

Congenital heart defects (CHD) refer to the structural abnormalities of the heart
and/or vessels at birth. As the most common congenital anomaly worldwide, the CHD
birth prevalence is estimated to be 9.41‰, with millions of newborns diagnosed with CHD
each year [1]. In China, the estimated CHD prevalence at live birth is about 9.00‰, with
more than 0.15 million incident cases yearly [2]. CHD accounted for over 0.26 million deaths
worldwide in 2017, and remained the leading cause of infant morbidity and mortality from
congenital abnormalities [3]. Nowadays nearly 20 million people live with CHD globally,
causing great burdens on the family and society [3]. Although some environmental and
genetic factors have been generally accepted as the risk factors for CHDs, the etiology of
CHD remains to be largely unclear [4,5].

Maternal diet in pregnancy, as an important modifiable factor, has been the focus of
interventions to improve birth outcomes because of the low cost and low risk. Existing
evidence suggests that maternal low intakes of some nutrients including iron, zinc, sele-
nium, folate, and niacin increase the risk of CHD [6–10], while maternal high intake of
vitamin E increase the risk of CHD [11]. Previous researches also suggest that mothers with
excessive intake of barbecued foods, smoked foods, fried foods, and pickled vegetables
are at higher risks of fetal CHD and ventricular septal defects (VSD), while mothers with
regular intake of fresh fruits, dairy, and fish and shrimp are at lower risks of fetal CHD
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and VSD [12–14]. However, most studies on the association between nutrition and CHD
to date focus on individual nutrients or foods, which does not fully capture the complex
interactions among nutrients and foods. Despite the emphasis of recent dietary recommen-
dations on healthy dietary patterns, limited studies have been published on optimal dietary
patterns in pregnancy to reduce the risk of CHD [15–18], especially for the use of dietary
quality indices [18]. Dietary quality indices have great potential for use among people
because of their easier collection and interpretation, especially in low- and middle-income
countries [19,20]. However, the associations between maternal dietary quality indices and
CHD have not been investigated in the population except one in America [18].

The Global Diet Quality Score (GDQS) is a novel food group-based dietary score
according to the data from 14 countries [21]. The GDQS has the ability to capture nutrient
adequacy and diet-related non-communicable disease, and is a promising candidate for
global monitoring platforms [21]. The Mediterranean Diet Score (MDS) is developed on the
basis of the Mediterranean diet, which is high in fruits, vegetables, whole grains, legumes,
fish, and nuts, high in olive oil but low in saturated lipids, low to moderate in dairy, and
limited in red meat and wine [22]. Previous studies have shown that the Mediterranean diet
in pregnancy benefits maternal and offspring health [19]. To our knowledge, the GDQS has
not been assessed for the associations with pregnancy outcomes including CHD. For the
MDS, only one study in America has used it to examine the association with CHD [18]. It
remains unknown whether maternal MDS during pregnancy could be used to evaluate the
association with CHD in Asian countries, where the dietary habits are distinct from those in
western countries. The prevalence of CHD (the mild lesions in particular) is higher in Asia
than that in other regions, and the increase rate of CHD prevalence (atrial septal defects
(ASD) in particular) in Asia is also greater than in other regions [1], which may partly come
from the difference in dietary habits. Some studies have described maternal predictors
for CHD [23–26], providing a reference for the early prediction of CHD. However, the
prediction values for dietary quality indices on CHD have not been explored.

The current study in Northwest China aimed to explore the associations of maternal
dietary quality during pregnancy assessed by GDQS and MDS with the risk of CHD, and
evaluate the prediction values for dietary quality indices on CHD.

2. Materials and Methods

2.1. Study Design and Participants

We performed a case-control study in six comprehensive hospitals from August 2014
to August 2016 in Xi’an City, Northwest China. These six hospitals were selected according
to their qualification to perform the diagnoses of birth defects and their willingness to
cooperate. The detailed fetal echocardiography during the 20th–24th month of gestation
was in the routine prenatal screening program in the six hospitals, and used as the prenatal
diagnosis of CHD. The study design has been published in detail previously [8,15]. Briefly,
we recruited participants among the pregnant women waiting for delivery in the cooperated
hospitals. Pregnant women whose fetuses had isolated CHD and no genetic abnormalities
were included in the case group, and pregnant women whose fetuses had no diagnosed
congenital anomalies were included in the control group. Mothers with multiple gestations
or diabetes were excluded because of potentially different etiologies. Qualified specialists
in the ultrasound, obstetrics, and pediatrics departments strictly enforced the diagnostic
standard criteria to finish the diagnoses in cases and controls. We further conducted a
telephone follow-up within one year after birth to confirm the diagnosis. All the CHD
diagnoses were ascertained by echocardiography and/or cardiac catheterization and/or
surgery. We randomly selected controls each month in each hospital, and the ratio of the
number of controls to cases included in the same month in the same hospital was 2:1. To
detect a significant (p < 0.05) OR of 0.75 between groups of good and poor dietary quality
with a statistical power of 80%, 443 cases, and 886 controls would be required. Finally,
474 cases and 948 controls with completed questionnaires were included, meeting the
requirements of the sample size.
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All participants gave written informed consent. The ethics committee of Xi’an Jiaotong
University Health Science Center approved this study (No. 2012008).

2.2. Dietary Quality Evaluation

We used a 111-item semi-quantitative food frequency questionnaire (FFQ) to collect
maternal diets throughout the entire pregnancy when women were waiting for delivery
in the hospital. The median time from the end of the interview to delivery was two
days among the cases and controls. Maternal dietary habits tend to be stable across
pregnancy [27]; thus, maternal diets during the entire pregnancy are comparable with those
in the 3rd–8th week of gestation, the critical period of cardiac development [6,8,15,28].
The FFQ was established according to a validated FFQ designed for pregnant women in
Northwest China [29]. Women recalled consumption frequency based on eight predefined
categories ranging from never to two or more times per day and reported portion sizes
with the help of food portion images [30,31]. The nutrient contents of foods were derived
from the Chinese Food Composition Tables [32,33].

The GDQS and MDS were used to assess dietary quality because these priori-defined
indices were previously validated and reflected common recommended dietary guide-
lines. The GDQS consists of 16 healthy food groups (citrus fruits, deep orange fruits, other
fruits, dark green leafy vegetables, cruciferous vegetables, deep orange vegetables, other
vegetables, legumes, deep orange tubers, nuts and seeds, whole grains, liquid oils, fish
and shellfish, poultry and game meat, low-fat dairy, and eggs), 7 unhealthy food groups
(processed meat, refined grains, and baked goods, sweets and ice cream, sugar-sweetened
beverages, juice, white roots and tubers, and purchased deep fried foods), and 2 food
groups regarded as unhealthy in excessive amounts (high-fat dairy, and red meat) [21].
The daily intake of each food group was classified into 3 or 4 categories. For 16 healthy
food groups, points from 0 to 4 were given to each intake category, with higher intake
receiving more points. For the other 9 food groups, points from 0 to 2 were given according
to the intake categories. The GDQS was a sum of all 25 food group scores, with a range
of 0 to 49 [21]. The higher the GDQS was, the better the diet quality was. A previously
modified version of MDS for pregnant women was used in this study [34], in which 8 com-
ponents were positively scored (fruits, vegetables, legumes, whole grains, fish, dairy, nuts,
monounsaturated-to-saturated fat ratio), and 1 component was negatively scored (red and
processed meat). Zero or one points were assigned according to the median intake for each
component. The MDS was summed for each component score, and the range was 0 to 9,
with higher scores showing better adherence to the Mediterranean diet. Alcohol consump-
tion was excluded from the original MDS because alcohol intake was not recommended
during pregnancy and our participants rarely drank alcohol during pregnancy.

2.3. Covariates

We collected the general information about pregnancy face-to-face by a standard
questionnaire. The study covariates included (1) socio-demographic characteristics: mater-
nal age (<30 years/≥30 years), work (in employment/without employment), education
(junior high school or below/senior high school or above), residence (urban/rural), and
parity (0/≥1); (2) maternal health-related factors in early pregnancy: passive smoking
(no/yes), anemia (no/yes), medication use (no/yes), and folate/iron supplements use
(yes/no). Women with no paid employment outside their homes were regarded as without
employment. People exposed to others’ tobacco smoke for ≥15 min/d was defined as
exposure to passive smoking. Women with hemoglobin concentration <110 g/L in early
pregnancy were diagnosed with anemia.

2.4. Statistical Analysis

Univariate comparisons between groups were tested by the χ2 test for categorical
variables, and by the Mann-Whitney U test for continuous variables because of the non-
normal distributions observed by the Shapiro–Wilk test. Considering the clustering in
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the design through hospitals, we used mixed logistic regression models to estimate ORs
(95%CIs) for total CHDs and CHDs subtypes associated with GDQS and MDS. The GDQS
and MDS were divided into four groups according to quartiles of the control distribution.
The confounding variables were adjusted in the models if they were reported to be risk
factors for CHD [4,5] and changed the estimated by more than 10% [35], which finally
included maternal age, work, education, residence, parity, and maternal passive smoking,
anemia, medication use, and folate/iron supplement use in early pregnancy. Total energy
intake during pregnancy was adjusted in the models to indirectly reflect maternal BMI
status that was not collected in the survey. p for trend was calculated by including quartile-
specific median value in the model. The risk of CHD associated with per 1 higher score of
GDQS and MDS was assessed by mixed logistic regression models. Subgroup analyses were
performed by baseline characteristics including maternal age, work, education, residence,
parity, and maternal passive smoking, anemia, medication use, and folate/iron supplement
use in early pregnancy. The interaction between GDQS or MDS and each of the subgroup
factors was tested by the likelihood ratio test comparing regression models with and
without an interaction term. The receiver operating characteristic curves (ROC) were
constructed to determine the optimal cut-off values of GDQS and MDS in pregnancy for
CHD with the maximum Youden index (sensitivity + specificity − 1). The areas under
the ROC (AUCs) showed the accuracy of GDQS and MDS as predictive markers for CHD.
When the AUC > 0.5, the closer the AUC was to 1, the better the predictive power of the
model was, as follows: AUC > 0.9, very good; AUC > 0.8, good; and AUC > 0.7, useful [36].

We used the Stata software (version 15.0; StataCorp, College Station, TX, USA) to
conduct the statistical analyses. We set the statistical significance at 0.05 with two-sided.

3. Results

3.1. Baseline Characteristics of the Study Population

Among the 474 CHD babies, 46.8% were diagnosed with VSD, and 46.0% with ASD,
followed by atrioventricular septal defects, patent ductus arteriosus, and tetralogy of fallot
(Table S1). Women in the cases were less likely to be in employment, have higher education
levels, live in an urban area, and be nulliparity when compared with those in the controls
(Table 1). Passive smoking, anemia, and medication use in early pregnancy were more
common in the cases than in the controls, while folate/iron supplements use in early
pregnancy was less common in the cases than in the controls. The proportion of babies
with birth weight lower than 2500 g was higher in the cases than in the controls, while no
difference in gestational age was found between the two groups. Pregnant women in the
cases had lower intakes of energy and most nutrients except carbohydrate in comparison
with those in the controls. Women in the cases had significantly lower GDQS and MDS in
pregnancy than the controls (both p < 0.001).

3.2. The Distribution of Food Components in GDQS and MDS among Cases and Controls

The GDQS scores for all 16 healthy food groups except dark green leafy vegetables,
whole grains, and low-fat dairy were significantly lower in the cases than in the controls (all
p < 0.05) (Table 2). The GDQS scores for juice, purchased deep-fried foods, high-fat dairy,
and red meat were also significantly lower in the cases than the controls (all p < 0.05), while
the GDQS scores for the other five unhealthy food groups were not significantly different
between groups (Table 2). The proportions of women consuming fruits, vegetables, legumes,
fish, dairy, and nuts above the median intake levels during pregnancy were significantly
lower in the cases than in the controls, while the proportion of women consuming red and
processed meat above the median intake level during pregnancy was significantly higher
in the cases than the controls (Figure 1).
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Table 1. Baseline characteristics of the study population.

Case (N = 474) Control (N = 948) p 1

Sociodemographic characteristics, %
Maternal age < 30 years 66.5 65.8 0.812

Maternal work, in employment 50.6 78.7 <0.001
Maternal education, senior high

school or above 58.9 80.7 <0.001

Urban residence 66.0 71.6 0.030
Nulliparity 57.8 80.3 <0.001

Maternal health-related factors in early pregnancy, %
Passive smoking 33.5 9.3 <0.001

Anemia 16.9 10.9 0.001
Medication use 41.6 30.4 <0.001

Folate/iron supplements use 76.6 89.2 <0.001
Birth weight < 2500 g, % 9.7 5.3 0.003

Gestational age < 37 weeks, % 6.1 5.1 0.407
Daily nutrients intakes during pregnancy, median (25th percentile, 75th percentile)

Total energy, kcal 1753.2 (1452.4, 2086.1) 1907.1 (1563.3,
2415.9) <0.001

Protein, g 44.5 (32.0, 60.5) 56.9 (40.9, 78.9) <0.001
Fat, g 30.9 (19.0, 47.8) 41.7 (29.0, 59.5) <0.001

Monounsaturated fatty acid, g 6.9 (3.9, 12.2) 9.7 (6.6, 14.4) <0.001
Saturated fatty acid, g 13.1 (8.1, 19.3) 17.4 (12.6, 25.0) <0.001

Carbohydrate, g 185.6 (142.0, 237.7) 190.9 (142.5, 269.8) 0.057
Iron, mg 17.5 (12.6, 23.3) 20.4 (14.3, 28.9) <0.001
Zinc, mg 4.7 (3.1, 6.8) 6.4 (4.6, 9.1) <0.001

Selenium, μg 22.7 (15.0, 32.5) 30.8 (21.9, 43.7) <0.001
Calcium, mg 457.4 (315.8, 643.8) 500.9 (359.8, 707.0) <0.001
Niacin, mg 9.6 (7.3, 13.2) 12.5 (9.0, 17.3) <0.001
Folate, μg 195.1 (161.3, 242.9) 220.2 (181.5, 270.5) <0.001

Vitamin C, mg 63.5 (42.1, 107.0) 77.0 (51.8, 123.2) <0.001
Dietary quality scores, median (25th percentile, 75th percentile)

GDQS 27.5 (23.7, 31.0) 31.0 (27.3, 34.3) <0.001
MDS 4.0 (2.0, 5.0) 5.0 (3.0, 6.0) <0.001

GDQS, Global Diet Quality Score; MDS, Mediterranean Diet Score; 1 Categorical variables are compared between
groups by the χ2 test, and continuous variables are compared between groups by the Mann–Whitney U test.
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Figure 1. The proportion of women consuming food components in the Mediterranean Diet Score dur-
ing pregnancy by the median intake levels among cases and controls. MUFA/SFA, monounsaturated-
to-saturated fat ratio. Dark shaded bars indicate maternal consumption above the median levels, and
light shaded bars indicate maternal consumption equal to or below the median levels. Statistically
significant differences were found for the groups of fruits, vegetables, legumes, fish, dairy, nuts, and
red and processed meat between cases and controls by the χ2 test (all p < 0.05).

Daily nutrient intakes during pregnancy by GDQS and MDS categories among cases
and controls are shown in Tables S2 and S3, respectively. In both cases and controls, daily
intakes of energy, macronutrients, and micronutrients were increased with higher scores of
GDQS and MDS (all p < 0.001).

3.3. Associations of Maternal GDQS and MDS during Pregnancy with CHD

The risk of total CHD was reduced with the increasing quartiles of GDQS and MDS,
and the tests for trend were statistically significant (both p for trend <0.05) (Table 3). The
fully adjusted ORs comparing the highest with the lowest quartiles of the GDQS and
MDS were 0.26 (95%CI: 0.16–0.42) and 0.53 (95%CI: 0.34–0.83), respectively. The risk of
total CHD was reduced by 12% (OR: 0.88, 95%CI: 0.85–0.91) and 12% (OR: 0.88, 95%CI:
0.80–0.95) for per 1 higher score of GDQS and MDS, respectively. The fully adjusted models
also showed inverse associations of GDQS and MDS with the risks of VSD and ASD (all
p for trend <0.05) (Table 3). Per 1 higher score of GDQS and MDS was associated with
12% (OR: 0.88, 95%CI: 0.84–0.92) and 11% (OR: 0.89, 95%CI: 0.81–0.98) lower risk of VSD,
respectively. Per 1 higher score of GDQS and MDS was associated with 13% (OR: 0.87,
95%CI: 0.84–0.91) and 10% (OR: 0.90, 95%CI: 0.83–0.98) lower risk of ASD, respectively.

Subgroup analyses showed that the associations of maternal GDQS and MDS during
pregnancy with total CHD did not change by maternal age, work, parity, or maternal
health-related factors in early pregnancy (passive smoking, anemia, medication use, or
folate/iron supplements use) (Figures S1 and S2). However, the inverse association between
maternal GDQS and the risk of total CHD appeared to be stronger among women with
lower education levels and in rural areas, and the tests for interaction were significant (both
p < 0.05) (Figure S1). The inverse association between maternal MDS and the risk of total
CHD appeared to be stronger among women in rural areas, and the test for interaction was
significant (p = 0.004) (Figure S2).
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3.4. The Prediction Values for Maternal GDQS and MDS during Pregnancy on CHD

The ROC suggested that the performances of maternal GDQS during pregnancy
were useful in predicting total CHD, VSD, and ASD, with the AUCs being 0.80 (95%CI:
0.78–0.83), 0.80 (95%CI: 0.76–0.83), and 0.78 (95%CI: 0.74–0.81), respectively (Figure 2). The
optimal GDQS cut-off scores were 30 for total CHD (sensitivity: 69.6%; specificity: 77.7%),
28 for VSD (sensitivity: 63.5%; specificity: 82.7%), and 30 for ASD (sensitivity: 60.6%;
specificity: 84.8%), respectively. The ROC also suggested that the performances of maternal
MDS during pregnancy were useful in predicting total CHD, VSD, and ASD, with the
AUCs being 0.79 (95%CI: 0.76–0.81), 0.79 (95%CI: 0.76–0.82), and 0.77 (95%CI: 0.74–0.80),
respectively (Figure 3). The optimal MDS cut-off scores were 8 for total CHD (sensitivity:
65.2%; specificity: 79.5%), 7 for VSD (sensitivity: 70.7%; specificity: 73.7%), and 7 for ASD
(sensitivity: 69.3%; specificity: 73.5%), respectively.

Figure 2. The ROC for the Global Diet Quality Score during pregnancy in the prediction of (A) total
congenital heart defects, (B) ventricular septal defects, and (C) atrial septal defects. ASD, atrial
septal defects; CHD, congenital heart defects; ROC, receiver operating characteristic curves; VSD,
ventricular septal defects. The dotted line refers to the reference line, resulting from random selection.

Figure 3. The ROC for the Mediterranean Diet Score during pregnancy in the prediction of (A) total
congenital heart defects, (B) ventricular septal defects, and (C) atrial septal defects. ASD, atrial
septal defects; CHD, congenital heart defects; ROC, receiver operating characteristic curves; VSD,
ventricular septal defects. The dotted line refers to the reference line, resulting from random selection.

4. Discussion

This case-control study suggested that pregnant women with better dietary quality,
defined by higher scores of GDQS and MDS, had a reduced risk of having fetuses with
total CHD and subtypes. The inverse associations of maternal GDQS and MDS during
pregnancy with CHD appeared to be stronger among women with lower education levels
or in rural areas. This case-control study also suggested that maternal GDQS and MDS
during pregnancy had good predictive values for total CHD and the subtypes in fetuses,
with the AUCs close to 0.8.

To date, there was only one study investigating the relationship between maternal
dietary quality and CHD [18]. This previous study conducted in America found that better
dietary quality, assessed by MDS and Dietary Quality Index for Pregnancy, reduced the
risk of CHD, which was consistent with the results in the current study. Some studies
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evaluated priori dietary quality indices in association with birth defects [37–39], but not
CHD. These studies reported significant inverse associations of maternal MDS with the
risks of some birth defects (orofacial clefts, neural tube defects, and gastroschisis) [37,38],
but not hypospadias [40]. There were three studies examining the risk of CHD in relation
to dietary patterns identified by posterior statistical analyses [15–17], rather than the priori
indices. A study from America reported that a prudent dietary pattern high in reduced-fat
milk, yogurt, fortified cereal, whole-wheat bread, and fish, and low in vegetables and fruits
reduced CHD risk [16]. The study in the Netherlands observed that the one-carbon-rich
dietary pattern, which was high in fish and seafood, lowered the CHD risk [17]. The study
in Shaanxi China found that the prudent dietary pattern, which was high in white meats,
red meats, vegetables, legumes, dairy, and snacks, and the dairy and egg pattern, which was
high in dairy, nuts, and eggs, and low in beverages, decreased the CHD risk [16]. Although
these three studies have identified some posterior dietary patterns associated with CHD, it
could hardly be applied in other populations because of the subjective. Our study focused
on the priori dietary quality indices, to be more easily reproducible and comparable to
prior related studies. The magnitude of the risk for CHD associated with maternal MDS
in our study was approximately similar to that observed for CHD in the previous study,
with the lowest OR comparing the extreme quartiles being 0.53 (95%CI: 0.34–0.83) and
0.43 (95%CI: 0.25–0.75), respectively [18]. The strength of the inverse association between
dietary quality and CHD risk seemed to be stronger for GDQS than MDS in the current
study, similar to the stronger association for Dietary Quality Index for Pregnancy than MDS
with CHD and other birth defects in the previous studies [18,37]. Since there has been no
study investigating health outcomes in relation to maternal GDQS in pregnancy, it is hard
for us to compare the results about GDQS in our study with other studies. More studies
are needed to explore the relationships between maternal GDQS and health outcomes
including CHD and to validate the prediction of maternal GDQS on health outcomes.

Maternal diet is critical to fetal growth and development. Suboptimal diets in preg-
nancy can cause adverse pregnancy outcomes including congenital abnormalities [28].
Maternal low intakes of zinc, selenium, iron, niacin, and folate have been reported to
reduce the risk of CHD [6–8,11]. Maternal diets rich in these nutrients may benefit the
development of the cardiovascular system in fetuses. Women with higher scores of GDQS
and MDS during pregnancy had higher intakes of these micronutrients in the current study,
which may partly explain the protective effect of better dietary quality on CHD. Pregnant
women with better dietary quality may have more opportunities to obtain nutrition knowl-
edge and pay more attention to healthy diets, and thus have better nutritional status [15].
In addition, maternal adherence to better dietary quality was reported to decrease maternal
oxidative DNA damage and lipid oxidation [39], which may further benefit the normal
development of the fetal cardiovascular system [41]. Maternal dietary quality is also likely
to be a mediator of metabolic diseases including gestational diabetes mellitus and hyperten-
sion in pregnancy, which further influences the fetal cardiovascular system [42]. However,
we could not further conduct the mediation analyses because women with diabetes have
been excluded and there were only two women with gestational hypertension.

The current study provides valuable evidence for the relationship between maternal
dietary quality in pregnancy and the risk of CHD. However, we should acknowledge
some limitations. First, due to the limited sample size, the associations of dietary quality
with other CHD subtypes could not be separately investigated. Further studies with large
sample sizes are needed to explore the association with other CHD subtypes. Second,
selection bias cannot be excluded because pregnant women having CHD fetuses tend to
choose comprehensive hospitals for delivery. Selection bias may also come from the fact
that this study did not recruit CHD fetuses that did not survive. Third, recall bias cannot
be excluded because maternal information during pregnancy was retrospectively reported
by mothers waiting for delivery. However, previous studies have indicated that diets and
events in pregnancy can be recalled well after years [43,44]. To reduce this bias, standard
questionnaires and supporting materials such as food portion images and calendars were
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used to collect information to help participants recall accurately in the survey. Fourth,
exposure misclassification may cause because we collected dietary information during the
entire pregnancy, rather than in the critical period of heart development in the 3rd–8th
week of gestation. However, previous studies have shown that maternal dietary habits tend
to be stable throughout pregnancy [27]. Finally, the possibility of residual confounding
from unobserved and unknown factors cannot be excluded. For example, we did not
collect information on gestational weight gain or BMI, which was reported to be associated
with fetal CHD [45]. In fact, the real causal relationship between dietary quality during
pregnancy and CHD cannot be revealed in the case-control study. Further intervention
studies are needed to examine the influence of maternal dietary quality on fetal CHD.

5. Conclusions

In summary, this case-control study suggested that maternal GDQS and MDS, indica-
tors of dietary quality, were negatively associated with the CHD risk. Moreover, maternal
GDQS and MDS during pregnancy had good predictive values for CHD in offspring. These
results implied the importance of improving dietary quality in pregnancy to decrease the
prevalence of CHD in Northwest China. Further research is warranted to assess the validity
of these scoring systems as predictive tools for CHD in other populations.
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Abstract: Pregnant adolescents’ diet and eating habits are inadequate; however, their association
with gestational weight gain (GWG) is uncertain. We aimed to analyze whether there is an association
between dietary and nutrient intake and eating habits with GWG among pregnant adolescents
and their offspring’s birth weight. A longitudinal study was performed with 530 participants.
We assessed GWG and applied several tools, such as a food frequency questionnaire and 24-h
recall, to obtain dietary and nutrient intake and eating habits. The birth weight of adolescents’
offspring was registered. Later, we performed crude and adjusted Poisson models. The mean age
was 15.8 ± 1.3 years. Of all food groups, the lowest frequency of adequate intake corresponded to
vegetables (7%) and legumes (10.2%). Excessive (36.8%) and insufficient (40.9%) GWG were observed.
Pregnant adolescents with inadequate legumes intake increased the probability of excessive GWG:
(PR 1.86 95% CI 1.00–3.44). Cereals and grains were positively associated with GWG: (PR 1.65,
95% CI 1.18–2.29). Energy, macronutrient intake, and eating habits were not associated with GWG.
Offspring’s small gestational age (SGA) increased when pregnant adolescents had inadequate sugar-
sweetened beverages intake: PR (1.58, 95% CI 1.01–2.49) and when pregnant adolescent watched
television (TV). In our sample of Mexican adolescents, dietary and nutrient intake and eating habits
were inadequate. Excessive dietary intake from cereals, grains, and animal-sourced foods along with
insufficient legumes were associated with excessive GWG. Watching TV while adolescents ate was
associated with the birth weight of the offspring.

Keywords: adolescent pregnancy; gestational weight gain; energy intake; food groups; dietary
habits; Mexico

1. Introduction

Adolescent pregnancy represents a global public health concern. Nearly 20% of adoles-
cents from low and middle-income countries give birth [1,2]. They have a higher frequency
of adverse outcomes such as preterm birth, small-for-gestational-age (SGA), and increased
neonatal and maternal mortality risk than pregnant adults [3–5]. Gestational weight gain
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(GWG) has been associated with both short-term and long-term consequences, such as
anemia and preeclampsia. In the short-term, excessive GWG is associated with adverse
newborn outcomes, including preterm birth, large-for-gestational-age, and macrosomia.
In the long term, it is associated with significant weight retention after pregnancy and
excess body weight later in the mother’s life [6]. Therefore, pregnant adolescents need more
health services, which are associated with higher costs to provide them with prenatal and
postnatal care [7,8]. In addition, although pregnant adolescents have a similar proportion
of excessive gestational weight gain (GWG) compared to adults, the former have a higher
total GWG in kilograms (kg) [6].

Several countries in sub-Saharan Africa, Latin America, and Asia have moved from
low-income to middle-income status, which is accompanied by lifestyle changes, including
increased food security, dietary transitions, and reduced physical activity. These changes
have led to modifications in maternal diets before and during pregnancy, affecting GWG
patterns and the overall pregnancy experience for women in these regions [9–11]. For
example, a study from Tanzania reported that, according to Institute of Medicine (IOM)
guidelines, 42.0%, 22.0%, and 36.0% of pregnant adults were characterized as having
inadequate, adequate, and excessive GWG, respectively [12].

Another problem is that, as pregnant adolescents’ linear growth has not reached its
peak, their nutrient requirements are higher than adult women [13]. Nevertheless, studies
about the dietary patterns of pregnant adolescents are scarce [14]. Pregnant adolescents
tend to have low iron intake (28% for Recommended Dietary Allowances-RDA) [15,16].
Moreover, less than 30% have good adherence to folate supplementation [15]. The av-
erage intake of calcium in pregnant adolescents from the USA [16], Brazil, and Mexico
[15,17,18] ranges from 400 to 900 mg/day, which does not meet the recommended intake
of 1000–1300 mg/day [19]. This inadequate nutrient intake in pregnant adolescents can be
linked to the low variety of food groups they consume [20,21]. At least 75% of pregnant
adolescents who received antenatal care in a public hospital had low intake of vegetables
and legumes, around 50% consumed more sweetened beverages than recommended, and
5–25% skipped supper or breakfast [22].

Dietary and nutrient intake and eating habits can potentially affect GWG, as energy
and nutrients are necessary for tissue accretion [23]. A few studies have been conducted on
adult women to analyze that relationship [24–26]. However, systematic reviews about this
topic included only adult women [27–29]. We could not find any studies on the association
of dietary and nutrient intake and eating habits with GWG and offspring’s birth weight in
pregnant adolescents [29]. Nevertheless, evidence derived from Rumanian adult women
showed a positive association between a high-fat diet and excessive GWG and a negative
association with a high-protein diet [26]. In addition, adult pregnant women who consume
foods from the Mediterranean diet (legumes, vegetables, nuts, olive oil, and whole cereals)
have high odds of having a lower [24] or adequate GWG [24,25] and a lower risk of having
a small-for-gestational-age newborn when eating fruits and vegetables [30–32]. Energy
intake has been associated with GWG, while macronutrients have not [28]. This paper
aimed to analyze whether there is an association between dietary and nutrient intake and
eating habits and GWG among pregnant adolescents and their offspring’s birth weight.

2. Materials and Methods

We conducted a longitudinal study with pregnant adolescents aged 11–19 years who
received antenatal care at the Instituto Nacional de Perinatología (INPer) in Mexico City.
The inclusion criteria were being a woman primigravida with single pregnancy and without
chronic diseases. In addition, adolescents with drug addictions, vegans or vegetarians, and
those who had a newborn with congenital malformations or stillbirth were excluded.

Six hundred and fifty adolescents were invited to participate in the study. Forty
teenagers did not agree to participate, 38 accepted but did not arrive at any assessment,
25 did not deliver at the INPer, 15 cases were incomplete, and two neonates died at birth.
There were 530 cases with complete data. During the first visit, we obtained signed
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consent from adolescents and their parents/guardians as well as sociodemographic data.
Anthropometric measurements and dietary assessment were conducted. We obtained
maternal and neonatal outcomes from the last consultation from the medical records.

2.1. Dietary and Nutrient Intake, and Eating Habits

We assessed food group consumption to describe dietary intake using a semi-quantitative
food frequency questionnaire (FFQ) [33]. Intake of nine food groups was measured. The
dietary guidelines for the Mexican population were used as criteria. These guidelines
present the following food groups: vegetables; fruits; legumes; cereal and grains; meat,
cheese, and eggs (herein, “animal-source foods”); fats and oils; milk and yogurt; table sugar;
and sweetened beverages [34]. Participants reported their frequency of intake during the
last trimesters. Because it is known that macronutrient intake remains relatively stable
during pregnancy [35], one measurement in the second or third trimesters was obtained.
The interviewers used food replicas and standard measuring cups, spoons, and glasses to
improve serving size estimation. Later, we compared the number of servings consumed
with the recommendations for the Mexican population [34]. The number of servings of each
food group used as a reference can be reviewed in Appendix A. Adequate consumption
was defined when the number of servings was met according to the recommendation.
Inadequate consumption (excessive and insufficient) was when the participants ate more
or fewer servings than the recommendation range.

Three 24-h dietary recalls were applied. Two were recorded on non-consecutive
weekdays and another on weekends. The 24-h recalls were administered by personnel
trained in the interview technique. The nutrient and energy intake were estimated using
Nutrikcal® software. Later, the mean energy intake in kilocalories (kcal) was calculated.
To measure participants’ energy intake adequacy, we used the reference of the IOM (2005)
[36,37]. We categorized energy intake adequacy as insufficient (<80%), adequate (80–119%),
or excessive (>120%). The contribution of carbohydrates, proteins, and lipids to total energy
consumption was estimated. The recommendations of the IOM were used as a reference to
categorize the distribution of energy contribution of macronutrients [37].

Participants were asked about the following eating habits: their number of meals;
frequency of skipping meals (never, 1–3 times, 4–5 times/week); with whom they ate
their foods (alone, with family, and friends); where they ate (out of home, home); and
what activities they did while eating (doing homework/household chores, watching TV or
using a cellphone, or just eating). In addition, we inquired as to whether participants had
modified their diet during pregnancy (if it was improving, was worse, or had no change).

2.2. Anthropometric Data and Gestational Weight Gain

In the first interview, the pre-pregnancy self-reported weight was obtained. The
self-reported weight is an adequate proxy for pre-pregnancy weight [38,39].

All anthropometric measurements were performed according to Lohman’s tech-
niques [40]. Height was measured at the first antenatal visit using a stadiometer (SECA,
Hamburg, Germany, model 208, accuracy 0.1 cm). We estimated the pregestational body
mass index (pBMI) using the pregestational weight and height. Then, we classified
pBMI with AnthroPlus® (World Health Organization, Geneva, Switzerland) according
to percentiles: underweight <3rd, normal weight 3–85th, overweight 85–97th, and obesity
≥97th [41].

One or two weeks before delivery, we measured and recorded participants’ body
weight with a digital scale (TANITA, Tokyo, Japan, model BWB-800, accuracy 0.10 kg). This
measure was considered the final gestational weight. The GWG was calculated from the
difference between the final gestational weight and the pregestational weight.

The expected weight gain was calculated with the following equation [42]:
Expected weight gain = recommended weight gain for the first trimester + ((gestational

age final—13.86 weeks) × (recommended weight gain rate in second and third trimesters)).
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The recommendation of GWG rate for the first trimester was according to pBMI: low
and normal weight 2 kg, overweight 1 kg, and obesity 0.5 kg. For adolescents in the second
and third trimesters, these pBMI figures were low weight 0.51 kg, normal weight 0.42 kg,
overweight 0.28 kg, and obesity 0.22 kg/week [43].

The gestational weight gain adequacy percentage was estimated using the recommen-
dations of the US Institute of Medicine [43,44]. Finally, we categorized the GWG percentage
as follows: inadequate (<90%), adequate (90 to <125%), and excessive (≥125%).

2.3. Neonatal Outcomes

The sex of the newborn was obtained from the neonatal clinical record. Gestational
age was obtained by ultrasound and recorded in weeks and days. If the gestational age
was ≤36.6 weeks we classified it as preterm, whereas if the gestational age was between
≥37 and ≤42 weeks this was considered at term.

Standardized personnel measured and recorded birth weight (g) with calibrated
equipment (SECA 374, model “Baby and Mommy”; accuracy 0.1 g) and length at birth
(cm) (stadiometer SECA 416; accuracy 0.1 cm). SGA was defined when birth weight was
<10 percentile, normal birth weight as the neonate being between 10–90 percentile, and large
for gestational age (LGA) as >90 percentile, according to the Intergrowth-21s criteria [45].

2.4. Other Variables

In an antenatal visit, trained personnel obtained information on sociodemographic char-
acteristics such as chronological age, marital status, education, occupation, and socioeconomic
level. Age was registered at the time of the survey in years and as a dichotomous variable
(≤15 or ≥16 to 19 years). In addition, marital status was classified as cohabiting or single.

Education was reported by the pregnant adolescents and was considered as elementary
school or less, middle school, and incomplete high school. In addition, we created a school
dropout variable according to the school grade and chronological age for adolescents who
were more than two years behind in educational training.

Occupation was classified as student or housewife. A questionnaire validated for the
Mexican population was used to determine socioeconomic status [46]. In our sample only
middle, low–middle, and low were observed.

The initiation of antenatal care and the gestational age at delivery were obtained
through ultrasound and reported in weeks. Obstetricians registered maternal adverse
outcomes during prenatal visits, and the information from the clinical records was ob-
tained. Complications were identified and recorded in the following categories: gestational
diabetes, pregnancy-induced hypertension, eclampsia/pre-eclampsia, and anemia [47,48].

2.5. Statistical Analyses

A descriptive analysis was performed, including percentages for categorical variables.
For continuous variables, the Kolmogorov–Smirnov test was used to assess their distri-
bution. The mean was estimated for variables with normal distribution, and the median
was obtained for those with a non-normal distribution. Next, we compared the prevalence
of outcomes between the categories of nutrition, energy intake, and eating habits. The
chi-square test was estimated to assess whether significant differences between categories
existed. When the significance of the difference was p ≤ 0.250, the variable was considered
for the next step.

Poisson regression models were calculated to determine the association of outcomes
(GWG and offspring’s birth weight) with predictors of interest (nutrients, energy intake,
and eating habits). We estimated separate models for inadequate and excessive GWG. For
this reason, dummy variables were created for the GWG and birth-weight categories. For
each outcome, three models were performed: M1, crude M2, adjusted by socioeconomic
level, school drop-out, education, gynecological age, chronological age, and antenatal
care; and M3, adjusted by the same variables included in M2 plus pBMI. The regression
coefficients were transformed to prevalence ratios (PR).
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When the cross-tabulation of two eating habits with the outcomes was estimated, the
absence of any cases in certain cells was evident. Hence, these variables were not included
in the regression analysis.

2.6. Ethical Aspects

This research was approved by the Institutional Ethics, Biosafety, and Research Com-
mittees from INPer (registration numbers 212250-49481, 212250-49541, and 2017-2-101,
respectively). All adolescents and their guardians were informed of the study’s objectives
and procedures. Confidentiality was guaranteed by assigning an ID number during each
participant’s data collection and analysis. Written informed consent was obtained from
adolescents and guardians.

3. Results

The mean age of the participants was 15.8 ± 1.3 years. Seventy percent of the adoles-
cents were single, and the rest lived cohabiting with their partners. Most adolescents were
homemakers (89%). Their socioeconomic status was low or very low. Three-quarters of the
women had elementary education (74.7%). School dropout was experienced by 89.1%.

Gestational weight gain in pregnant adolescents was excessive in 36.6%, adequate in
26%, and insufficient in 37.4%. In addition, it was observed that 20.4% of newborns were
SGA (<10th percentile) and 3.8% were LGA (>90th percentile).

The lowest frequency of adequate intake corresponded to vegetables, followed by
legumes and animal-source foods (Figure 1). In contrast, the food groups that were eaten
most frequently were table sugar, cereals and grains, and dairy foods. None of the nine
food groups reached 50% recommended consumption coverage. In addition, 73% of the
participants included less than three food groups in their diet.

 

Figure 1. Distribution of adequate intake from different food groups.

One-fifth of the adolescents had two or less meals. Dinner was the most skipped meal.
Fifty-six percent skipped meals more than once a week. Fifty-one percent of adolescents
watched TV while they ate, and 66% reported that their diet was better during pregnancy
than pregestational (Appendix B).

Excessive GWG was more frequent among pregnant adolescents who did not consume
legumes than those who consumed them (p = 0.023) (Table 1). The adolescents with
high consumption of cereals and grains and animal-source foods had a higher frequency
of excessive GWG (p ≤ 0.001) than those with low or normal consumption. Excessive
and insufficient GWG were observed more frequently among pregnant adolescents who
excessively consumed sugar-sweetened beverages compared to their counterparts who

49



Nutrients 2022, 14, 4545

consumed them adequately (p = 0.030). The rate of small for gestational age neonates
among mothers who consumed excessive sugar-sweetened beverages was higher than in
those with a low intake (p = 0.066).

Table 1. Adolescents’ gestational weight gain and offspring’s birth weight according to dietary intake.

Food Group Intake

Gestational Weight Gain (%) Birth Weight (%)

Insufficient,
n = 205

Excessive,
n = 187

p-Value
SGA,

n = 108
LGA,
n = 20

p-Value

Vegetables Adequate, n = 37 32.4 37.8 0.785 27.0 5.4 0.472

Insufficient, n = 493 37.7 36.5 19.9 3.7

Fruits Adequate, n = 149 33.6 36.2 0.335 21.5 3.4 0.891

Insufficient, n = 381 38.8 36.7 19.9 3.9

Legumes Adequate, n = 54 42.6 20.4 0.023 16.7 1.9 0.536

Insufficient, n = 476 36.8 38.4 20.8 4.0

Cereal and grains Adequate, 7–11 n = 203 33.5 36.9 ≤0.001 23.6 3.0 0.256

Insufficient, <7 n = 211 53.1 20.4 20.4 3.3

Excessive ≥12 n = 116 15.5 65.5 14.7 6.0

Animal- Adequate, n = 118 31.4 39.0 ≤0.001 22.0 3.4 0.941

source Insufficient, n = 368 41.3 32.1 20.1 4.1

foods Excessive, n = 44 20.5 68.2 18.2 2.3

Fats and Adequate, n = 151 33.1 43.0 0.275 17.9 3.3 0.795

oils Insufficient, n = 361 39.1 33.5 21.1 3.9

Excessive, n = 18 38.9 44.4 27.8 5.6

Milk and Adequate, n = 171 38.6 40.9 0.270 20.5 3.5 0.822

yogurt Insufficient, n = 257 38.1 33.5 20.2 4.7

Excessive, n = 102 33.5 37.3 20.6 2.0

Sugar table Adequate, n = 226 39.8 33.6 0.442 18.6 4.0 0.671

Excessive, n = 304 35.5 38.8 21.7 3.6

Sugar-sweetened Adequate, n = 171 33.3 33.3 0.030 14.6 4.7 0.066

beverage Excessive, n = 359 39.3 38.2 23.1 3.3

Number of ≥4, n = 106 29.2 40.6 0.151 18.9 2.8 0.754

food groups ≤3, n = 424 39.4 35.6 20.8 4.0

Percentages estimated by rows. SGA: small for gestational age. LGA: large for gestational age. p-value determined
by Pearson’s Chi-Square.

The energy intake of the participants was 2022 ± 657 kcal. The distribution of macronu-
trients of total energy was as follows: 102 ± 34% energy adequacy, 53 ± 8% carbohydrates,
16 ± 5% proteins, and 31 ± 8% lipids. Table 2 shows that none of the macronutrients and
energy intake had statistical significance with respect to the maternal GWG and the birth
weight of their offspring.
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Table 2. Adolescent’s gestational weight gain and offspring’s birth weight according to energy and
macronutrients intake.

Nutrient Intake

Gestational Weight Gain (%) Birth Weight (%)

p-ValueInsufficient,
n = 205

Excessive,
n = 187

p-Value SGA, n = 108 LGA, n = 20

Adequacy energy
Adequate (80–120%) n = 248 35.9 38.3 0.577 18.5 3.6 0.736
Low (<80%), n = 147 37.4 32.7 19.7 4.1
Excessive (>120), n = 135 40.7 37.8 24.4 3.7
Carbohydrates
Adequate (45–55%),n = 226 36.7 37.2 0.727 19.0 4.9 0.698
Low (<45%), n = 91 31.9 39.6 18.7 3.3
Excessive (>55), n = 213 40.4 34.7 22.5 2.8
Lipids
Adequate (25–30%), n = 253 38.3 36.4 0.590 24.1 4.0 0.245
Low (<25%), n = 125 41.6 33.6 18.4 2.4
Excessive (>30%), n = 152 32.2 39.5 15.8 4.6
Proteins
Adequate (15–20%), n = 227 38.3 35.2 0.881 24.2 3.5 0.379
Low (<15%), n = 225 35.6 39.1 17.3 4.4
Excessive (>21%), n = 78 39.7 33.3 17.9 2.6

Percentages estimated by rows. SGA: small for gestational age. LGA: large for gestational age. p-value determined
by Pearson’s Chi-Square.

The frequency of GWG and the newborn weight categories did not differ according to
eating habits (Table 3).

Table 3. Adolescents’ gestational weight gain and offspring’s birth weight according to eating habits.

Eating Habits

Gestational Weight Gain (%) Birth Weight (%)

Insufficient,
n = 205

Excessive,
n = 187

p-Value
SGA,

n = 108
LGA,
n = 20

p-Value

Number of meals

≥3, n = 121 35.5 34.7 0.695 23.1 3.3 0.855

3, n = 300 38.7 35.7 20.3 3.7

≤2, n = 109 35.8 41.3 17.4 4.6

Having breakfast

Yes, n = 505 36.6 36.8 0.263 19.6 4.0 0.099

No, n = 25 52 32.0 36.0 0.0

Having lunch

Yes, n = 524 37.8 36.6 0.047 20.6 3.8 0.381

No, n = 6 0.0 33.3 0.0 0.0

Having dinner-super

Yes, n = 467 36.8 37.3 0.591 21.2 3.9 0.408

No, n = 63 42.9 31.7 14.3 3.2

Skipping meals

Never, n = 245 36.3 37.6 0.157 20.8 3.3 0.819

1–3 times/week,
n = 222 40.1 32.0 21.2 4.5

4–5 times/week,
n = 63 31.7 49.2 15.9 3.2
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Table 3. Cont.

Eating Habits

Gestational Weight Gain (%) Birth Weight (%)

Insufficient,
n = 205

Excessive,
n = 187

p-Value
SGA,

n = 108
LGA,
n = 20

p-Value

Eating out of home

Yes, n = 73 32.9 34.2 0.349 20.6 3.7 0.954

No, n = 457 38.1 37.0 19.2 4.1

Eating alone

Yes, n = 107 35.5 43.0 0.262 19.6 5.6 0.535

No, n = 423 37.0 35.0 20.6 3.3

Activities during the meals

None, n = 205 36.6 34.6 0.793 22.4 1.5 0.190

Watching TV or using a
cellphone, n = 270 37.4 38.5 18.5 5.6

Doing household chores, n
= 55 40.0 34.5 21.8 3.6

Modify their feeding

Was better, n = 353 36.3 36.5 0.544 19.8 3.4 0.644

Was worse, n = 103 38.8 40.8 23.3 5.8

No change, n = 74 40.5 31.1 18.9 5.8

Percentages estimated by rows. SGA: small for gestational age. LGA: large for gestational age. None of the
variables was statistically significant. p-value determined by Pearson’s Chi-Square.

Pregnant adolescents with insufficient consumption of legumes had a greater prob-
ability of excessive GWG than participants with adequate intake (Table 4). Insufficient
consumption of cereals and grains was associated with a higher probability of insuffi-
cient GWG. In contrast, the excessive consumption of cereals and grains demonstrated
a high probability of excessive GWG. In addition, excessive sugar-sweetened beverage
consumption was associated with a higher probability of having a small-for-gestational-
age newborn.

Table 4. Poisson regression models of adolescents’ gestational weight gain and offspring’s birth
weight as outcome and dietary intake as predictors.

Gestational Weight Gain Birth Weight

Insufficient Excessive SGA LGA

PR 95% CI PR 95% CI PR 95% CI PR 95% CI

Legumes

M1 1.16 0.75–1.79 1.89 1.03–3.47 – – – –
M2 0.80 0.51–1.28 1.95 1.05–3.60 – – – –
M3 0.82 0.52–1.28 1.86 1.00–3.44 – – – –

Cereal and grains
<7 servings

M1 1.59 1.17–2.14 0.55 0.38–0.80 – – – –
M2 1.61 1.19–2.18 0.55 0.38–0.80 – – – –
M3 1.56 1.14–2.12 0.57 0.39–0.83 – – – –

>12 Excessive
M1 0.46 0.28–0.78 1.77 1.29–2.44 – – – –
M2 0.47 0.28–0.79 1.77 1.29–2.44 – – – –
M3 0.49 0.29–0.82 1.65 1.18–2.29 – – – –
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Table 4. Cont.

Gestational Weight Gain Birth Weight

Insufficient Excessive SGA LGA

PR 95% CI PR 95% CI PR 95% CI PR 95% CI

Animal–source foods
Insufficient

M1 1.32 0.92–1.89 0.82 0.59–1.16 – – – –
M2 1.35 0.94–1.94 0.81 0.57–1.14 – – – –
M3 1.43 0.99–2.05 0.72 0.51–1.02 – – – –

Excessive
M1 0.65 0.32–1.35 1.75 1.04–2.77 – – – –
M2 0.70 0.34–1.46 1.65 1.03–2.65 – – – –
M3 0.80 0.38–1.68 1.33 0.82–2.17 – – – –

Consume sweetened beverages
M1 1.18 0.87–1.60 1.15 0.84–1.56 1.58 1.01–2.47 0.71 0.29–1.75
M2 1.16 0.85–1.59 1.14 0.84–1.56 1.58 1.00–2.47 0.77 0.31–1.94
M3 1.19 0.87–1.62 1.14 0.84–1.56 1.58 1.01–2.49 0.78 0.31–1.98

≤3 Food groups
M1 1.40 0.95–2.07 0.88 0.63–1.23 – – – –
M2 1.31 0.89–1.93 0.90 0.64–1.27 – – – –
M3 1.34 0.91–1.98 0.86 0.61–1.21 – – – –

p-value determined by Poisson regression. PR: prevalence ratio; CI: confidence interval; SGA: small for gestational
age. LGA: large for gestational age. M stands for Model: M1, crude; M2: adjusted by socioeconomic level, school
drop-out, education, gynecological age, chronological age, and antenatal care; M3, adjusted by the same variables
included in M2 plus pBMI. In bold are present the significant results.

Lipids intake and eating habits did not have any association with GWG or newborn
weight (Table 5).

Table 5. Poisson regression models of adolescents’ gestational weight gain and offspring’s birth
weight as outcome and lipids intake and eating habits as predictors.

Lipids

Gestational Gain, % Birth Weight

Insufficient Excessive Small Large

PR 95% CI PR 95% CI PR 95% CI PR 95% CI

Adequate REF

Insufficient

M1 – – – – 0.70 0.46–1.08 0.55 0.14–2.21

M2 – – – – 0.74 0.43–1.26 0.35 0.08–1.48

M3 – – – – 0.74 0.44–1.27 0.35 0.08–1.52

Excessive

M1 – – – – 0.71 0.42–1.20 0.95 0.35–2.56

M2 – – – – 0.73 0.47–1.26 0.86 0.31–1.49

M3 – – – – 0.75 0.49–1.27 0.85 0.31–2.34

Skipping meals

None REF
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Table 5. Cont.

Lipids

Gestational Gain, % Birth Weight

Insufficient Excessive Small Large

PR 95% CI PR 95% CI PR 95% CI PR 95% CI

1–3 time/week

M1 1.10 * 0.82–1.48 0.85 0.63–1.16 – – – –

M2 1.14 0.85–1.53 0.85 0.62–1.16 – – – –

M3 1.15 0.85–1.54 0.82 0.60–1.12 – – – –

4–5 time/week

M1 0.87 0.54–1.42 1.31 0.87–1.97 – – – –

M2 0.87 0.54–1.42 1.30 0.87–1.97 – – – –

M3 0.92 0.57–1.51 1.17 0.77–1.77 – – – –

Number of meals

>3 REF

3

M1 1.01 0.69–1.47 1.09 0.73–1.62 – – – –

M2 1.03 0.70–1.52 1.12 0.75–1.69 – – – –

M3 1.03 0.70–1.52 1.08 0.72–1.64 – – – –

<2

M1 1.01 0.66–1.54 1.22 0.79–1.88 – – – –

M2 1.04 0.68–1.59 1.23 0.80–1.90 – – – –

M3 1.08 0.70–1.65 1.09 0.70–1.70 – – – –

Activities during the meals

Seeing TV

M1 – – – – 0.83 0.55–1.23 3.80 1.10–13.11

M2 – – – – 0.84 0.56–1.26 3.92 1.11–13.84

M3 – – – – 0.87 0.58–1.30 3.76 1.06–13.36

Doing household chores

M1 – – – – 0.97 0.52–1.84 2.49 0.42–14.87

M2 – – – – 0.98 0.52–1.87 2.67 0.44–16.45

M3 – – – – 0.98 0.52–1.86 2.89 0.46–18.07

* p < 0.050. p-value determined by Poisson regression. PR: prevalence ratio; CI: confidence inter-val; SGA: small
for gestational age. LGA: large for gestational age. M stands for model: M1, crude; M2, adjusted by socioeconomic
level, school drop-out, education, gynecological age, chronological age, and antenatal care; M3, adjusted by the
same variables included in M2 plus pBMI. In bold are present the significant results.

4. Discussion

The results of the present research show that unhealthy eating habits and nutrient intake
are frequent in pregnant adolescents. The participants in our study had excessive intake of
cereal and grains, animal-source foods, table sugar, and sugar-sweetened beverages, and
insufficient consumption of legumes and vegetables. For example, most did not consume
the recommended servings of vegetables (93.0%), legumes (89.8%), or sugar-sweetened
beverages (79.8%), among other foods, and showed poor eating habits such as skipping
meals (56%), eating alone (20.1%), and carrying out activities (61.3%) while they ate.

The present study showed associations between insufficient legumes and excessive
cereal and grains consumption and excessive GWG. Meanwhile, sugar-sweetened bever-
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ages consumption and using cell phones/watching TV while eating had associations with
birth weight.

4.1. Dietary and Nutrients Intake and Eating Habits

Although most of our participants (67%) reported that their diet had improved during
the pregnancy, they did not have adequate dietary and nutrient intake or eating habits. Our
participants’ dietary intake was low in legumes and vegetables and excessive in sweetened-
sugar beverage consumption, which is common in most age groups [21,22,49–51]. More
than 70% of pregnant adolescents did not eat more than three food groups in their meals.
Only fifty percent of Mexican pregnant adolescents in the present study had adequate
consumption of energy and macronutrients; similar data has been found in pregnant
adults [50]. This dietary pattern could be a risk factor for developing non-transmissible
chronic diseases [52,53] and micronutrients deficiencies [54].

More than half of the participants skipped meals, watched TV, or used cell phones
while eating. Youth exposed to screens habitually consume ultra-processed foods [55].
Watching TV has been associated with the development of excess weight, obesity, and
cardiometabolic risk in the adolescent population [55,56].

4.2. Gestational Weight Gain

Our study reported that excessive gestational weight gain in adolescent pregnant
women occurred in 36.6% and was insufficient in 37.4%. This highlights that there is
currently a higher probability in pregnant adolescents of not meeting the recommendations
GWG of the IOM. This is similar to the findings of Santos et al. in adolescent Brazilians,
which showed 37% and 33% insufficient and excessive GWG, respectively [57]. A significant
rate of insufficient and excessive GWG was observed in our sample of pregnant adolescents.
This population likely experiences nutritional transitions and reduced physical activity [58],
which may lead to changes in maternal diets before and during pregnancy, thereby affecting
GWG patterns [59].

4.3. Dietary and Nutrient Intake, Eating Habits, and GWG

Insufficient intake of legumes was associated with a higher risk of excessive GWG,
even after adjusting for pBMI. Among pregnant adults from Spain and South Africa, the
consumption of diets that include legumes [24,60] has been associated with lower GWG.
Legumes have nutrient content (high in fiber and antioxidants but low in fat) that can help
with keeping a healthy weight [60]. Nevertheless, there is little information on this topic in
adolescent pregnant women.

We observed that a higher intake of cereal and grains was associated with excessive
GWG. However, with animal-source foods the association was lost when the models were
adjusted for pBMI, showing that GWG was affected more by pBMI than by diet in our
group of pregnant adolescents. In addition, it has been documented that pBMI is a better
predictor of GWG than other variables such as food consumption [61].

Watching TV is a risk factor for developing obesity [56] because it is a sedentary
behavior related to higher consumption of ultra-processed foods. Our study found that
adolescents who ate while watching TV were associated with LGA neonates. The mecha-
nisms that explain this relationship may be related to maternal consumption of foods with
high energy density [62].

We did not find an association between macronutrients and GWG. Our study coincides
partially with a previous systematic review that reported macronutrient intake to not be
associated with GWG [28]. Hence, it is challenging to estimate macronutrients, which could
affect the possible association between GWG and the birth weight of adolescent’s offspring.
Nevertheless, the scientific evidence establishes that a whole diet and the foods that make
it up can be more relevant than individual nutrients to GWG [24,25]. In this sense, in the
present study, we observed that legumes, cereals, and grains were associated with GWG.
However, not all foods or macronutrients were associated with GWG.
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4.4. Dietary Intake, Eating Habits, and Birth Weight

Sugar-sweetened beverages consumption was associated with SGA. There is insuffi-
cient evidence to identify possible causal mechanisms to explain the association between
maternal consumption of sugar-sweetened beverages and birth weight outcomes [63–65].
Therefore, our findings should be interpreted with caution. However, we believe that an in-
adequate maternal diet is likely to be associated with the birth weight of their offspring [66].

None of the maternal nutrient intakes were associated with birth weight in our sample,
similar to GWG. Data from observational studies indicate that certain dietary habits and
patterns during pregnancy have no consistent associations with birth weight. Maternal lack
of all foods in their diet is relevant, as it has been demonstrated that the whole diet, beyond
individual nutrients, can influence birth weight. However, if most participants do not
meet a recommended diet the birth weight effect would likely be attenuated, as reported
in pregnant adults [67]. Nonetheless, we did not find scientific evidence to support this
hypothesis in the studied group of pregnant adolescents

4.5. Limitations and Strengths

Using the IOM references, we observed a high frequency of excessive and insufficient
GWG. However, it is unknown whether the IOM reference is adequate for Mexican pregnant
adolescents, which is a public health concern as we currently do not have any official
parameters to evaluate GWG in adolescent pregnancy. The number of LGA neonates was
small (n = 20). Therefore, certain estimates were imprecise.

Although our sample was for convenience considering the inclusion criteria, we must
consider that INPer is a national reference center that provides prenatal control for women
from several regions of Mexico. Moreover, our study had a prospective follow-up.

5. Conclusions

To the best of our knowledge, this is the first study to analyze the association between
maternal dietary and nutrient intake and eating habits and GWG and birth weight in
a sample of pregnant adolescent–baby dyads. Furthermore, we show that when certain
elements of the diet are inadequate, optimal maternal and neonatal outcomes can be limited.
In addition, all models were adjusted by pBMI in order to control its confounding effect to
a certain extent.

Pregnant adolescents need to know the relationship between the components of
the diet and GWG to improve their eating habits. Health personnel should promote
the consumption of a healthy diet according to the individual requirements of pregnant
adolescents and promote avoidance of inappropriate eating habits while considering
sociocultural and economic characteristics.

The consumption of adequate amounts of legumes, cereals and grains, animal-sourced
foods, and sugar-sweetened beverages is part of the dietary guidelines because their
consumption is related to health outcomes such as weight gain and diabetes. However,
our study provides evidence of other health outcomes, such as GWG and birth weight
in the studied group of pregnant adolescents, which could be affected by eating habits.
Our results can inform the development of clinical and nutritional guidelines for antenatal
control aimed at preventing complications and promoting healthy pregnancy.
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Appendix A

Recommended intake and number of servings of food groups for adolescent mothers.

Food Group Recommendation Real Intake *

Vegetables >3 0 (0–1)
Fruits 3–4 1.5 (0.5–3)

Grain and cereals 8–11 8 (6–11)
Legumes 2–2.5 0 (0–0)

Animal-source foods 3.5–4 3 (2–4)
Fat and oils 3–5 2 (1–3)

Milk and yogurt 2–2.5 2 (1–2)
Sugar table <5 1 (0–2)

Sugar sweetened beverages 0 2 (0.5–11)
Academia Nacional de Medicina 2015. México (Fernández-Gaxiola et al. 2015). * Median (p25–75).

Appendix B

GWG of adolescent mother and offspring birth weights according to sociodemographic characteristics (%).

Gestational Weight Gain %

p-Value

Birth Weight

LGA, n = 20 p-Value
Insufficient Excessive

SGA,

n = 108

Chronological age (years)
≤15,

n = 204
31.9 39.7 0.038 22.5 3.4 0.601

≥16,
n = 326

42.9 32.5 19.0 4.0

Beginning antenatal care
First, n = 89 37.1 33.7 0.762 15.7 3.4 0.134

Second,
n = 338

37.9 37.0 21.0 5.0

Third,
n = 103

42.7 31.1 22.3 0.0

Marital status
Single,
n = 323

37.8 37.2 0.525 20.4 4.3 0.694

Cohabiting,
n = 207

40.1 32.4 20.3 2.9

Occupation
Student,
n = 57

42.1 36.8 0.655 19.3 1.8 0.668

Housewife,
n = 473

38.3 35.1 20.5 4.0
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Gestational Weight Gain %

p-Value

Birth Weight

LGA, n = 20 p-Value
Insufficient Excessive

SGA,

n = 108

Socioeconomic level
Middle,
n = 143

38.5 37.1 0.464 18.9 2.8 0.292

Low, n = 213 34.7 37.1 17.8 3.3
Very low,
n = 174

43.7 31.6 24.7 5.1

School dropout
No, n = 193 37.3 38.3 0.526 19.2 3.6 0.858
Yes, n = 337 39.5 33.5 21.1 3.9

Gestational age
Term >37,

n = 473
40.0 34.7 0.215 19.9 3.6 0.550

Preterm,
n = 57

28.1 40.4 26.4 5.3

Number of prenatal visits
≤6, n = 437 41.6 33.9 0.459 19.7 3.4 0.877
≥7, n = 93 36.4 36.4 20.9 4.0

Percentages estimated by rows. SGA: small for gestational age. LGA: large for gestational age. p-value determined
by Pearson’s Chi-Square.
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Abstract: Choline is an essential nutrient that is involved in various developmental processes during
pregnancy. While the general adequate choline intake (AI) for adults has been set at 400 mg/day by
the European Food Safety Authority (EFSA), an AI of 480 mg/day has been derived for pregnant
women. To date, the choline intake of pregnant women in Germany has not been investigated
yet. Therefore, in this survey, the total choline intake from dietary and supplementary sources in
pregnant women was estimated using an online questionnaire. A total of 516 pregnant women
participated in the survey, of which 283 met the inclusion criteria (13 to 41 weeks of gestational age,
19–45 years). 224 (79%) of the participants followed an omnivorous diet, 59 (21%) were vegetarian or
vegan. Median choline intake was 260.4 (±141.4) mg/day, and only 19 women (7%) achieved the
adequate choline intake. The median choline intake of omnivores was significantly higher than that
of vegetarians/vegans (269.5 ± 141.5 mg/day vs. 205.2 ± 101.2 mg/day; p < 0.0001). 5% (13/283) of
pregnant women took choline-containing dietary supplements. In these women, dietary supplements
provided 19% of the total choline intake. Due to the importance of choline for the developmental
processes during pregnancy, the study results prove the urgent need for an improved choline supply
for pregnant women.

Keywords: choline; pregnancy; vegan; vegetarian; omnivorous; adequate intake

1. Introduction

Choline is an essential nutrient being involved in many physiological processes in
the human body. It is a constituent of the neurotransmitter acetylcholine and it modu-
lates, as a precursor to the cell membrane components phosphatidylcholine and sphin-
gomyelin, membrane integrity, transmembrane signaling, myelination, cell growth, and
cell division [1]. Moreover, choline acts as a methyl group donor via the synthesis of
s-adenosylmethionine [2], thereby essentially contributing to epigenetic methylation reac-
tions, DNA stability, and cellular metabolism [3–5].

Correspondingly, higher phosphatidylcholine intake is associated with lower risk of
incident dementia and better cognitive performance [6], and dietary choline intake has been
suggested to play a relevant role in the prevention of cognitive decline [7,8], poststroke
cognitive impairment [9], and poststroke depression [10]. Even more, choline has recently
been found to be neuroprotective against prenatal alcohol exposure-related brain structure
deficits in humans [11,12]. Respective effects of choline may, at least in part, be mediated
by a functional interaction with vitamin B12 [13]. Dietary choline can be converted to
trimethylamine (TMA) by the colonic microbiota, with TMA being further metabolized to
trimethylamine-N-oxide (TMAO) in the liver [14]. The role of choline-derived TMAO for
cardiovascular health is subject to controversial discussions [15].

A choline deficiency has not been reported at a population level, but has been observed
in experimental settings and total parenteral nutrition only [16–18]. However, inadequate
choline intake has been linked to non-alcoholic fatty liver disease (NAFLD), skeletal muscle
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atrophy, neurodegenerative diseases, and several ocular diseases including retinal hemor-
rhage, glaucoma, and dry eye syndrome [19,20]. Furthermore, a variety of choline-related
inherited metabolic diseases has been described [21].

Even though choline, in principle, can be synthesized de novo through the methy-
lation of phosphatidylethanolamine, the endogenous synthesis is not sufficient to meet
the physiological choline requirements [22]. Therefore, choline must at least in part be
acquired from dietary sources. Choline is mainly found in foods of animal origin such as
eggs, poultry, and meat [23,24]. Plant-based foods such as legumes, leafy greens, and nuts,
contain only small amounts of choline [25]. For an Australian cohort, it has been shown
that eggs, red meat, nuts, legumes, and dairy account for 50% of the choline intake, with
eggs alone contributing 17% [26]. In a randomized cross-over trial, the consumption of
two eggs significantly increased the plasma choline level of adult [27]. Accordingly, it is
difficult to meet the adequate choline intake especially for vegetarians and vegans [28,29].

During pregnancy and lactation, the dietary requirements for choline are substantially
higher than for non-pregnant women, since the fetus and the infant accumulate choline
at the expense of maternal stores [30,31]. Therefore, the adequate intake (AI) for choline
in pregnant women has been set at 480 mg/day by the European Food Safety Authority
(EFSA), compared to 400 mg/day for non-pregnant adults [32]. A growing body of evidence
strongly suggests that choline plays a crucial role during neuronal fetal development [33],
e.g., by contributing to fetal brain and memory development [34], acetylcholine biosynthe-
sis, and neuronal cell signaling [25,35–37]. Accordingly, an increased choline intake during
pregnancy probably improves the neurocognitive outcomes in the offspring [4,35,38]. Most
recently, a meta-analysis found that a low maternal choline intake is not only associated
with impaired child neurocognition and neurodevelopment, but also with an increased risk
of neural tube defects [39]. However, substantial evidence from randomized-controlled
trials investigating the prenatal effects of choline is still lacking, especially regarding both
possible dose response-relationships between maternal choline intake and child neurocog-
nitive outcomes and potential interactive effects of the two methyl-donor nutrients choline
and folate [40].

Taking together the major relevance of a sufficient choline intake for the fetal neuronal
development, the elevated choline requirements during pregnancy, and the poor choline
content of plant-based foods, it can be supposed that pregnant women following a veg-
etarian or vegan diet have a high risk of not achieving the recommended AI for choline.
Moreover, choline is absent in most dietary supplements marketed for pregnant women,
with a median daily choline dose of only 25 mg [41,42].

Most surveys during pregnancy suggest that choline intakes are considerably below
the AI [23], but the clinical assessment of choline status remains difficult [43]. In Germany,
the choline intake of pregnant women has never been assessed systematically before.
Therefore, we estimated the dietary and supplementary choline intake of pregnant women
in Germany with an online survey. To detect possible subgroup differences, both omnivores
and vegetarians/vegans have been included.

2. Materials and Methods

2.1. Study Design and Participants

For this online survey, pregnant women were recruited via social media in November
and December 2021, using a questionnaire on the SurveyMonkey platform. The inclusion
criteria were a gestational age of 13 weeks or higher, and an age between 19 and 45 years.
In total, 516 subjects started the questionnaire, of whom 283 met the inclusion criteria
(Figure S1). The sample size calculation was based on epidemiological data: In Germany,
the population size is approx. 500,000 pregnant women in the second and third trimester of
the pregnancy. With a confidence level set at 90% and a margin of error at 5%, the sample
size has been calculated n = 273.

The participants were informed about the purpose of the study and their formal
consent was collected before they started the questionnaire. Ethical review and approval
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were not required for the study in accordance with the local legislation and institutional
requirements.

2.2. Questionnaire

The study was conducted in Germany and the questionnaire was in German language.
It comprised 30 questions that were further divided into four different parts: health and
pregnancy; dietary supplement use; a food frequency questionnaire (FFQ) which specified
60 choline-containing food items or groups; and questions about the sociodemographic
background of the participants (Figure S2).

The FFQ was based on the National Health and Nutrition Examination Survey
(NHANES) questionnaires [44] and the Project Viva FFQ [45], which have been used
for the estimation of choline intake before [46]. The questionnaire used in the present study
was designed to assess the choline intake from the diet within the previous week. Pictures
of hand portion sizes were added to visualize the portion size and to have a standard for the
subsequent evaluation. The FFQ focused on choline-containing foods only. To assess the
dietary choline intake, we referred to Zeisel’s measurements [47]. Using a drop-down list,
respondents were able to determine the respective number of foods/food groups consumed
during the previous week. Subsequently, the study population was categorized based on
their dietary pattern (omnivore vs. vegetarian/vegan).

Finally, participants documented their intake of dietary supplements during the
pregnancy (trademark, duration, dosing).

2.3. Data Analysis

The individual dietary choline intake was calculated by multiplying the frequency
of consumption per week by consumed amounts of all the assessed food products. The
concentration of choline in every respective food item was taken from previous studies [47].
To assess the daily intake, total weekly choline intake of each individual was divided by
seven. The median and the interquartile range (IQR) of the entire cohort were calculated.
To estimate the daily choline intake from dietary supplements, the participants answered
the questions about the frequency and the dosage of the supplements they took.

For all data, statistical analyses were performed using GraphPad Prism. To test for
the normal distribution, the Shapiro–Wilk test was applied. Since the normal distribution
could not be assumed, non-parametric tests were used to statistically analyze the choline
intake. Median values of total choline intake and dietary choline intake were calculated and
presented in milligrams per day, with min to max error bars. Choline intake was compared
to the adequate choline intake for pregnant women (480 mg/day).

Multivariate analysis for confounding variables was performed by linear regression.
The statistical comparison for the analysis of the different groups (omnivore to vegetar-

ian/vegan to all) was carried out using a Kruskal–Wallis test with Dunn’s test for multiple
analyses; when only 2 groups were compared, the Mann–Whitney was used. We adjusted
for outliers in the whole population referring to the daily intake. Outliers above the 95%
percentile and below the 5% percentile were excluded (in total 10 data points, 8 omnivore
and 2 vegetarian/vegan).

3. Results

3.1. Study Population

The baseline characteristics of the study population (n = 283) are shown in Table 1.
Most participants were aged between 26–35 years (234/283), lived with their partner or
family (278/283), and had a university degree (144/283). 56 (20%) participants changed
their diet due to the pregnancy, and 16 (6%) took choline-containing dietary supplements.
Among participants taking choline-containing dietary supplements, only three received a
recommendation for it. Referring to health in pregnancy, the mean number of days of feeling
nauseous was 50, with 54 (19%) of participants reporting weight loss due to vomiting.
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Table 1. Descriptive statistics of the study population. Selected characteristics of the study cohort
(n = 283) stratified by dietary patterns. Values are absolute number and percentages unless stated
otherwise within diet group according to the categories in the first column.

Vegetarian/Vegan
n = 59 (21%)

Omnivore
n = 224 (79%)

Total
n = 283 (100%)

Age (years)
19–25 6 (10%) 11 (5%) 17 (6%)

26–30 21 (36%) 101 (45%) 122 (43%)

31–35 25 (42%) 87 (39%) 112 (40%)

36–40 6 (10%) 23 (10%) 29 (10%)

41–45 1 (2%) 2 (1%) 3 (1%)

≥46 0 0 0

Living situation
Living alone 1 (2%) 2 (1%) 3 (1%)

Living with partner 33 (56%) 107 (48%) 140 (49%)

Living with family 24 (41%) 114 (51%) 138 (49%)

Others 1 (2%) 1 (1%) 2 (1%)

Level of education
Secondary school 1 (2%) 3 (1%) 4 (1%)

Secondary modern school 9 (15%) 47 (21%) 56 (20%)

Grammar school 10 (17%) 64 (29%) 74 (26%)

University 38 (64%) 106 (47%) 144 (51%)

Others 1 (2%) 4 (2%) 5 (2%)

Median (IQR) gestational week 31 (17) 24 (14.75) 25 (15)

Parity
1 29 (49%) 105 (47%) 134 (47%)

2 17 (29%) 70 (31%) 87 (31%)

≥3 13 (22%) 48 (22%) 62 (22%)

Median (IQR) days feeling nauseous 60 (78) 32 (75) 35 (74)

Weight loss due to vomiting 8 (14%) 46 (21%) 54 (19%)

Changed diet for pregnancy 11 (76%) 45 (20%) 56 (20%)

Choline-containing supplement intake 5 (8%) 11 (5%) 16 (6%)

Choline recommendation by doctor,
alternative practitioner, or nutritionist 0 (0%) 3 (1%) 3 (1%)

In the context of qualitative representativeness, our sample is representative for preg-
nant women in Germany regarding age distribution and living situation. Regarding
education, women with a university degree (51%) are overrepresented in our sample.

59 (21%) women followed a vegetarian/vegan diet, while 224 (79%) were omnivorous.
These two groups differed across health and sociodemographic characteristics. Vegetar-
ian/vegan women were more likely to be older, more educated, and more likely to take
choline-containing dietary supplements (8% vs. 5%). Moreover, they were less likely to lose
weight due to vomiting (14% vs. 21%). In contrast, omnivorous women were less likely to
change their diet for the pregnancy (20% vs. 76%). No-one in the vegetarian/vegan group
received a recommendation to take choline-containing dietary supplements.
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3.2. Total Choline Intake

For total choline intake, the estimated choline intake from both diet and dietary sup-
plements were added. Only 7% (19/283) of participants achieved the adequate choline
intake of 480 mg/day. The median choline intake was 263.5 ± 147.8 mg/day. 93% of omni-
vores (208/224) and 95% of vegetarians/vegans (56/59) had an inadequate choline intake
when applying the choline AI (median: 274.3 ± 156 mg/day and 209.2 ± 107.7 mg/day,
respectively).

After excluding outliers (choline intake > 558.70 mg/day), the median choline intake
remained below the AI with 260.4 ± 141.4 mg/day for all, 269.5 ± 141.5 for omnivores, and
205.2 ± 101.2 mg/day for vegetarians/vegans (Figure 1). The difference in daily choline
intake between omnivores and vegetarians/vegans was statistically significant (p < 0.001)
(Figure 1). Calculating the odds ratio (OR), the vegetarian/vegan group had 30% lower
odds of meeting the AI than the omnivorous group (95% CI 0.21–2.35, Table 2).

Figure 1. Total (dietary and supplementary) daily choline intake in all (n = 273), omnivorous (n = 217)
and vegetarian/vegan (n = 56) participants (outliers excluded). The red dotted line represents the
choline AI of 480 mg/day. Data are presented as median with whiskers from ‘min to max’ and was
analyzed with Kruskal–Wallis test following the Dunn’s test for multiple comparisons (** adjusted
p value < 0.01; *** adjusted p value < 0.001).

Table 2. Participants who met the adequate choline intake (AI) of 480 mg/d.

All Omnivores Vegetarians/Vegans

AI 19 (7%) 16 (7%) 3 (5%)
Total 283 224 59

Odds ratio 1.0 0.70 (0.21–2.35)

As a result of the multivariate analysis for possible confounders (age, education,
nauseous days, diet), apart from the diet, the age of 36–40 years was the only confound-
ing factor.
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3.3. Dietary Choline Intake

Applying the AI for pregnant women, only 7% of the participants achieved an ade-
quate choline intake. The median dietary choline intake was 267.8 ± 137.7 mg/day for
omnivorous women and 204.4 ± 99.5 mg/day for vegetarian/vegan women (p < 0.0001)
(Figure 2A).

Figure 2. Dietary choline intake. (A) Daily dietary choline intake in omnivorous and vegetar-
ian/vegan participants. The AI of 480 mg/day is represented by the red dotted line. Data are
presented as median with whiskers from ‘min to max’ and was analyzed with Mann–Whitney test
(**** p < 0.0001). (B) Dietary choline sources in omnivorous and vegetarian/vegan participants. Data
are shown as parts of 100, numbers in the graph indicate the mean contribution of the given food to
the total dietary choline intake.

The minimal dietary choline intake was 49 mg per day, being higher among vegetari-
ans/vegans than among omnivores (60.06 mg/day vs. 48.69 mg/day). Diet contributed
most to total choline intake in both groups, with differences between omnivores and vege-
tarians/vegans. The main sources of choline in omnivores were eggs (56.7 mg/day), red
meat (48.2 mg/day), and white meat (25.1 mg/day); whereas, in the vegetarians/vegans,
eggs, green kale, and fruit juice contributed the most with 42.7 mg/day, 19.1 mg/day,
and 11.8 mg/day, respectively (Figure 2B). 3–4% of the total choline intake via food was
provided by milk and potatoes in both groups.

3.4. Choline Intake from Dietary Supplements

In total, 13/283 (5%) participants reported to take choline-containing dietary sup-
plements (omnivores: n = 10; vegetarians/vegans: n = 3, Figure 3A). In these women,
dietary supplements accounted for 19% of total choline intake. Differentiating between
dietary habits, choline-containing supplements contributed 16% to the total choline intake
of omnivores (mean supplementary choline intake: 100.94 mg/day), but 34% (mean supple-
mentary choline intake: 126.67 mg/day) to the total choline intake of vegetarians/vegans
(Figure 3B).
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Figure 3. Intake of dietary supplements. (A) Proportion of participants taking choline-containing
dietary supplements in all (13/267), omnivorous (10/213), and vegetarian/vegan (3/54) partici-
pants (B) Percentage of choline coming from food sources and dietary supplements in participants
supplementing choline (all n = 13; omnivore n = 10, vegetarian/vegan n = 3) (C) Intake of dietary
supplements during pregnancy. Percentage of participants taking given supplement alone or as a
part of a prenatal vitamin complex supplement.

3.5. Dietary Supplement Use

274/283 (97%) participants took any dietary supplement during pregnancy. 90% of the
women took folic acid alone or as part of a prenatal vitamin complex (Figure 3C). Vitamin D
was supplemented by 52%, iodine by 50%, and magnesium and vitamin B12 by 49% each.

4. Discussion

4.1. Main Finding

Our study was the first to estimate the dietary and supplemental choline intake of
pregnant women in Germany, demonstrating that 93% of pregnant women do not meet the
adequate choline intake, with vegetarian/vegan women having an even lower chance of
achieving the adequate intake. Moreover, taking dietary supplements does not substantially
improve the situation.

4.2. Previous Findings on Choline Intake

As early as 1998, choline was recognized as an essential nutrient, and the adequate
choline intake has been set for both the general population and pregnant women by the
Institute of Medicine (IOM) [48]. In contrast, until now, no respective recommendations
have been published by the German Society of Nutrition.
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Data on the dietary and supplementary choline intake of healthy adults are only
available for North America and few European countries; respective data for Germany
are lacking. Most surveys during pregnancy suggest that the AI of choline is met by few
women only [23]. Accordingly, the choline intake of healthy, non-pregnant women has
recently been estimated at 291 mg/day (France), 285 mg/day (Greece), 334 mg/day (The
Netherlands), 294 mg/day (UK), and 362 mg/day (Australia) [26,49]. For Germany, total
choline intake estimates have only been published for children and adolescents with an
average intake in females ranging from 151–295 mg/day [50]. With the estimated median
choline intake in our survey being 260.4 mg/day, our results are consistent with previous
findings as they are both close to the estimated choline intake from neighboring countries
with similar dietary habits (291–374 mg/day) [49], and very similar to the estimated choline
intake of German female adolescents (295 mg/day) [50]. The result of the multivariate
analysis indicating that the age of 36–40 years is the only confounding factor (apart from
the diet) can be interpreted as a statistical artefact, as it cannot be plausibly explained by
physiological/psychological hypotheses and previous studies.

Investigating the choline intake during pregnancy, systematic data for European
countries are lacking almost completely. The only data published so far come from a Latvian
survey showing an average choline intake among pregnant women of 336 mg/day [51],
which too is in line with our results. Moreover, our finding that 93% of pregnant women in
Germany do not reach the adequate choline intake is in line with similar data from the US
with 91% of the pregnant women not meeting the AI for choline [52].

4.3. Studies on Choline-Containing Dietary Supplements

A randomized controlled trial assessed the effect of third trimester maternal choline
supplementation (930 mg/day vs. 480 mg/day) on child memory at 7 years of age. Both
groups were above the adequate intake levels in Germany [32]. Children of higher sup-
plemented mothers scored better results than children in the control group with lower
choline doses. Another study investigating the effect of prenatal choline supplementation
(500 mg/day vs. 25 mg/day) on maternal and fetal biomarkers of choline metabolism
measured higher plasma concentrations of free choline, betaine, dimethylglycine, phos-
phatidylcholine, and sphingomyelin among higher supplemented women [53]. Moreover,
pregnancy-related metabolic adaptions were supported in this trial. These findings indi-
cate that even the choline AI set for pregnant women by the EFSA may not be sufficient
for optimal offspring neurodevelopment. However, in both studies the sample size was
relatively small which makes it difficult to draw generalized conclusions. Furthermore,
compared to the supplements used in our study, the dietary supplements used in these
trials by far exceeded the choline doses used in Germany.

Most women in our study supplemented folic acid (FA) during their pregnancy.
Recent studies suggest that imbalances between FA and other methyl-donor nutrients
involved in one-carbon metabolism can determine the pregnancy outcomes [54] and
metabolic adaptions [55]. Folic acid and choline play critical roles in the production
of S-adenosylmethionine (SAM), a key modulator of DNA methylation [56]. However, in
contrast to FA, choline is absent in most prenatal dietary supplements in Germany. This
aspect is also observed in our study, since most of the women took folic acid-containing
dietary supplements while most of these supplements did not contain any choline.

4.4. Implications

Our results for the first time demonstrate that the choline intake of pregnant women
in Germany generally does not meet the recommendations for an adequate intake, with
vegetarian and vegan women having an even lower chance of achieving the AI for choline.
Moreover, taking dietary supplements does not improve the situation. Thus, it can be
concluded that currently neither the majority of pregnant women, nor health care profes-
sionals, nor manufacturers of dietary supplements are aware of choline being a critical

70



Nutrients 2022, 14, 4862

nutrient in pregnancy. Furthermore, our results underline the imbalance of folic acid and
choline intake in pregnant women in Germany. Several implications arise from our results.

First, obviously, it is very difficult to meet the recommended AI for choline with a
regular, omnivorous diet, and it is even more so for pregnant women following a vegetarian
or vegan diet. Therefore, it might be suggested to advice pregnant women to change their
dietary habits, thereby improving their choline intake. This approach, however, is hardly
practicable considering the low success rates of general dietary recommendations. Even
more, pregnant women sticking to a vegetarian or vegan diet due to ethical reasons are
very unlikely to switch to an omnivorous, egg and meat-containing diet just to increase
their choline supply. On the other hand, small dietary changes even of omnivorous women
will not be able to substantially increase their choline intake.

Second, the awareness that choline might be an essential nutrient in pregnancy should
be raised, both among pregnant women and healthcare professionals, including gynecol-
ogists, midwives, general practitioners, and pharmacists. The urgent need for improved
choline provision for pregnant women, both through individual counselling and public
health interventions, has been emphasized by other authors before [57]. This goal, however,
is unlikely to be achieved through general information campaigns, but rather through
targeted training and continuing medical education programs. If choline-specific dietary
recommendations prove to be insufficient or unsuccessful, the intake of choline-containing
dietary supplements might be considered. Particularly, respective supplements may be
useful in vegetarian/vegan women and in women suffering from nausea and vomiting
during pregnancy. Since vegetarian and vegan diets are increasingly common in pregnant
women, there is an increased risk that the maternal choline supply will deteriorate as
a result.

Third, the results of our survey suggest that it might be useful to add sufficient
amounts of choline to products that are advertised for pregnant women. As shown here,
most dietary supplements used do not contain any choline. If they do contain choline, the
respective concentrations are too low to substantially improve the choline supply of the
pregnant women.

Finally, fourth, more randomized controlled trials are needed to further specify the
health benefits for the offspring resulting from an improved maternal choline intake. The
adequate choline intake recommendations are not derived from randomized controlled
trials but estimated from epidemiological data only. Therefore, it must be kept in mind that
not meeting the recommended AI not necessarily means that the respective individual (or
her offspring) is insufficient of choline or even suffering from clinically relevant deficiency.

4.5. Strengths and Limitations

It is a particular strength of our study that it makes an important contribution to
putting the focus on the choline supply of pregnant women. The results presented here
are the first to estimate the total choline intake of pregnant women in Germany, both from
dietary and supplementary sources and differentiating between omnivorous and vegetar-
ian/vegan diets. A major strength of our methodology is the semiquantitative questionnaire
with hand portion pictures that enabled improved estimation of dietary intakes.

Regarding the limitations, it has to be considered that our data are based on a non-
probability convenience sample rather than a representative population-based sample.
With this type of sampling, the generalizability of our results is limited to populations that
share similar characteristics with our sample. Therefore, it remains questionable whether
the results would be similar in a representative sample. Due to the case number calculation,
the quantitative representativeness of our results is given. In terms of qualitative represen-
tativeness, our sample is representative for pregnant women in Germany regarding age
distribution and living situation. However, regarding education, women with a univer-
sity degree (51%) are overrepresented in our sample, as due to census data only 28% of
women < 60 years hold a university degree. Thus, the choline intake of pregnant women
without a university degree might differ from the results presented here.

71



Nutrients 2022, 14, 4862

In this context, a selection bias might be relevant, too. Recruitment was done through
social media, so pregnant women without appropriate media use were not reached. Women
with a heightened interest in nutritional issues and dietary supplements probably prefer-
entially participated in the survey. When interpreting the data, it must be noted that the
number of subjects in some subgroups was too small to obtain statistically meaningful
results. This problem must be addressed with appropriately powered follow-up studies.

Additionally, the choline content of several foods was unknown since it has never
been analyzed and published. As a result, some dietary choline sources were not named so
that the final result might be lower. Specifically, the FFQ used in our study did not include
vegan and vegetarian meat or dairy alternatives which might have affected the estimated
choline intake especially in vegetarians and vegans.

Since the FFQ method is widely used in nutrition surveys, its inherent limitations
are well-known and have been discussed in detail elsewhere [58]. Additionally, some
participants obviously misread the instructions and filled in the questionnaire not for a
week but rather for a whole month. In order to attenuate this error, we excluded outliers as
indicated. An alternative approach for food intake assessment might have been repeated
dietary recalls or records; however, an FFQ is more achievable in a large cohort and within
the given time frame [59], even more, it is less prone to over- or underestimating the food
intake than other methods [60].

Of course, the results may not be transferred to other countries without further ado,
since not only dietary habits may differ, but also the medical counselling of pregnant
women, the market situation of dietary supplements, the health policies and public opinion
regarding food fortification, and the women’s attitude towards taking dietary supplements.

Finally, any evaluation of choline intake must be done with caution, as intake below
the AI not necessarily indicates a health-affecting deficiency [49].

5. Conclusions

Due to the relevance of choline for fetal development, and considering our results that
suggest an inadequate choline intake in pregnant women in Germany, efforts to encourage
the increased intake of choline-rich foods and/or choline-containing dietary supplements
during pregnancy might be useful. This is especially true for pregnant women who follow a
vegetarian or vegan diet. Moreover, further research is necessary to define optimal choline
requirements in pregnancy.
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Abstract: Folate, vitamin D and iodine are key micronutrients in pregnancy, with deficiency asso-
ciated with poor maternal and infant outcomes. For folate and vitamin D especially, deficiency is
more common amongst women with obesity and recommended intakes and guidance on supple-
mentation varies worldwide. The present study aims to investigate dietary and supplementary
intakes of these micronutrients amongst a population of pregnant women with obesity in the United
Kingdom, alongside key maternal demographic characteristics. Expectant women (n = 75) with a
body mass index ≥ 30 kg/m2 at first antenatal appointment were recruited at 12 weeks gestation.
Participants were asked about their supplement use preconception and during trimester one in a
baseline questionnaire which also asked about demographic characteristics. Women also completed
a four day diet diary from which dietary and supplemental intakes of micronutrients intakes were
estimated. Folic acid was taken by 96% of women at any point in trimester 1, whilst only 26% of
women took the higher 5 mg dose recommended for women with obesity in the UK. For vitamin
D and iodine, 56% and 44% of women met the UK RNI, respectively. Maternal age was positively
associated with taking supplements of any kind and the 5 mg folic acid supplement, whilst parity
was inversely associated with both outcomes. This study strengthens the rationale for further work
to be done raising awareness of the need for women with obesity to supplement both with a higher
dose of folic acid and vitamin D and to be aware of the role of iodine during pregnancy.

Keywords: pregnancy; maternal obesity; supplementation; folic acid; vitamin D; iodine

1. Introduction

Nutritional status prior to and during pregnancy influences growth and development
of the fetus and general maternal health [1]. There is significant interest in the role of
maternal under- or over-nutrition on outcomes such as gestational weight gain, infant
birth size and other adverse pregnancy outcomes such as gestational diabetes mellitus,
pre-eclampsia and pre-term delivery.

The incidence of maternal obesity is increasing worldwide, across Europe and in the
United Kingdom (UK; [2,3]). Much of the literature examining diet during pregnancy
amongst women with obesity is focused on energy intake, macronutrient intakes and
dietary patterns, and studies examining micronutrient intakes during pregnancy have
tended to focus on under-nourished women, rather than those with obesity. Women with
obesity are often considered to be ‘over-nourished’ however, a recent observational study
conducted in England reported that intakes of iron, vitamin D, iodine and folate were
below the reference nutrient intake (RNI) for the majority of women with obesity [4].

Folate and folic acid have been the focus of much micronutrient research in pregnancy
due to their role in the prevention of neural tube defects (NTDs). The neural tube closes
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within 4 weeks of conception, and thus, the Department of Health in the UK recommend
that women supplement with 400 μg folic acid daily from pre-conception to 12 weeks
gestation [5]. Supplementation has been shown to reduce the risk of NTDs in randomised
controlled trials [6]. However, maternal obesity has been shown to be associated with
increased risk of NTDs [7] and in the US, despite implementation of the 1998 US folate
fortification program of cereal products, increased maternal BMI was associated with
lower serum folate status [8]. In the UK, the Royal College of Obstetricians and Gynae-
cologists (RCOG) recommend that women with obesity, defined as a body mass index
(BMI) ≥ 30 kg/m2, intending to become pregnant or already pregnant should take a higher
dose of 5 mg folic acid daily until the end of the first trimester of pregnancy [9], which in the
UK, is only available on prescription. A nested cohort study conducted in Dublin, Ireland,
observed that women with obesity were significantly less likely to take a pre-pregnancy
folic acid supplement than women with a healthy BMI and none reported taking the higher
5 mg dose, although dose was recorded for only 36% of the sample [10].

In addition to folate, vitamin D and iodine are important micronutrients during preg-
nancy. Iodine has long been known to be important for fetal brain development during
pregnancy and a focus for the World Health Organisation (WHO) amongst women of
childbearing age in developing countries [11]. However, recent data from the UK has
suggested that mild to moderate iodine deficiency exists amongst women of childbearing
age in the UK [12]. Recent findings from the Avon Longitudinal Study of Parents and
Children (ALSPAC) suggest that mild to moderate iodine deficiency during early preg-
nancy is associated with impaired cognitive function in offspring [13]. Supplementation
with iodine is not currently recommended for women in the UK during pregnancy, al-
though the RNI for the general population of 140 μg/day [14] is present in the majority of
pregnancy multivitamin products marketed to women in pregnancy. This is in contrast to
advice from WHO/UNICEF who recommend iodine intake is increased from 150 μg to
250 μg/day in pregnancy [15], whilst the European Food Safety Authority (EFSA) recom-
mend 200 μg/day [16]. The UK RNI may therefore be insufficient for pregnant women with
a healthy BMI, and it is not known whether women with obesity have higher requirements.

The importance of adequate vitamin D status during pregnancy is important to protect
fetal skeletal development and it is widely accepted that maternal vitamin D deficiency
should be prevented [17]. In the UK, SACN estimate intakes of 10 μg/day will enable
97.5% of individuals, including pregnant women, to meet or exceed the target of 25-
hydroxyvitamin D [25(OH)D] concentrations of 25 nmol/litre [18], whilst the WHO and
EFSA recommend 5 μg/day and 15 μg/day, respectively [19,20]. In addition, many Euro-
pean countries at more southerly latitudes than the UK, where sunlight is likely of sufficient
strength to trigger the conversion 7-dehydrocholesterol in the skin to cholecalciferol for
more months of the year, have higher recommended intakes of vitamin D than the UK
of 15–20 μg/day during pregnancy [21]. Obesity is a risk factor for vitamin D deficiency,
which may be related to sequestering of vitamin D3 in adipose tissue, and in pregnancy,
maternal obesity has been shown to increase the odds of both maternal and neonatal vita-
min D deficiency [22]. Vitamin D deficiency has also been shown to be an independent risk
factor for pre-eclampsia, a condition which is more frequently observed amongst women
with obesity than women with a healthy BMI [23] with supplementation with vitamin D
shown to reduce the risk of the reoccurrence of pre-eclampsia [24].

An observational study, conducted in Plymouth, UK, concerned the collection of
weight gain, diet, physical activity, sleep and infant data amongst a cohort of pregnant
women with obesity. The aim of the present study was to examine the dietary and supple-
mentary intakes of key nutrients of interest in this population: folate, iodine and vitamin D
and to investigate for any association between supplement use and key maternal demo-
graphic characteristics. We hope that our findings will be of use to health professionals
involved in the dietary counselling of women pre-conception and in early pregnancy, and
that we will highlight groups of women for whom interventions promoting supplementa-
tion may have the most impact.
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2. Materials and Methods

Women aged between 18 and 40 years, with a BMI ≥ 30 and <40 kg/m2 at first hospital
booking appointment and pregnant with a singleton pregnancy were eligible to take part in
the study. Women meeting inclusion criteria were identified from their antenatal booking
notes by a Research Midwife and approached by the researcher at their 12 week dating
scan at Derriford Hospital in Plymouth, UK between January 2015 and December 2017.
Ethical approval was obtained from the NHS Health Research Authority National Research
Ethics Service and local Research and Development (R&D) approval was obtained from
University Hospitals Plymouth NHS Trust.

Following recruitment, participants were visited by the researcher who obtained both
verbal and written informed consent. The first visit occurred between 12 and 14 weeks
gestation at which point participants answered a baseline questionnaire which asked about
demographic characteristics as well as preconception supplementation habits. Participants
were also given a food diary and asked to record, in as much detail as possible, all food and
beverages consumed within a 4 day period following each study visit, giving details about
their portion sizes using weights, household measurements, packet sizes and photographs.
The 4 day period was chosen in an attempt to maximise compliance with this aspect of
data collection, and it was also the same 4 day period that participants were asked to
wear an accelerometer for the collection of physical activity data. The 4 day diet diary
was adapted from the previously validated UK National Diet and Nutrition Survey in
order to maximise validity and reliability of dietary assessment [25]. Subjects were also
asked to record any dietary supplements, whether prescribed or self-bought. At the end of
the 4-day period, the researcher visited the participant to collect the diary and to clarify
portion sizes, the types of foods eaten and supplements taken. The researcher also asked the
participant to report whether their dietary intake had been affected by complications such
as pregnancy sickness or hyperemesis gravidarum. Dietary assessment data was analysed
using DietPlan 7 (Forestfield Software Ltd. 2010, Horsham, UK) to generate nutritional
intake data for each participant using data from UK Food Composition Tables [26]. Dietary
intakes and supplemental intakes of micronutrients were estimated and reported separately.
Food portion sizes were estimated from the photographs, weights given and household
measurements using ‘Food Portion Sizes’ published by the Food Standards Agency in the
UK [27]. When foods were missing from the database, nutrient data was obtained from the
manufacturer where possible and added manually to the database. For some foods this was
not possible, in which case the researcher chose a food with similar nutrient composition
from the database.

3. Results

Of the original sample of 75 women, 66 completed at least three days of their diet diary
at the end of trimester 1. Table 1 shows descriptive data for these women. Compliance
with the diet diary element of the study decreased as pregnancy continued, as did the
proportion of women taking a supplement of any kind from decreased from 65% of women
at the end of trimester 1, to 46.6% and 46.2% at the end of trimesters 2 and 3, respectively.

Of the 66 women completing a trimester 1 diet diary, 30 (46%) reported taking a sup-
plement containing folic acid pre-conception, while 62 (96%) reported taking a supplement
containing folic acid at some point during trimester 1. Table 2 shows the dietary and sup-
plementary intakes of folate/folic acid, vitamin D and iodine reported in diet diaries at the
end of trimester 1. At this point, 42 women (64%) report taking a supplement containing
folic acid, and all of these women were meeting the UK RNI for folate of 300 μg/day
with the addition of supplements. Of the 24 women not reporting supplementation with
folic acid at the end of trimester 1, only one woman was achieving the RNI of 300 μg
through their dietary intake. There was no statistically significant difference in the dietary
intakes of folate between women supplementing (221.5 ± 102.4 μg) and those not taking a
supplement (182.5 ± 81.0 μg, p = 0.114).
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Table 1. Maternal descriptive data, n = 66.

Mean ± SD (Range)

Maternal age, years 30.1 ± 4.5 (20.0–39.0)

Previous pregnancies, number 0.9 ± 1.0 (0.0–4.0)

Index of Multiple Deprivation, decile 4.3 ± 2.8 (1.0–10.0)

Ethnicity, white Caucasian, n (%) 66 (100)

Pregnancy sickness experienced, n (%) 53 (80)

Appetite affected due to pregnancy sickness, n (%) 52 (79)

Booking BMI, kg/m2 33.0 ± 1.9 (30.0–37.6)

Energy intake, kcal/day 1766 ± 442.6 (769–2893)

Protein intake, g/day 67.7 ± 20.7 (24.5–144.8)

Fat intake, g/day 67.9 ± 21.1 (24.6–140.4)

Carbohydrate intake, g/day 235.3 ± 64.3 (105.9–408.4)

Women taking a supplement of any kind, trimester 1, n (%) 43 (65.2)

Women taking a supplement of any kind, trimester 2, n (%) * 27 (46.6)

Women taking a supplement of any kind, trimester 3, n (%) ** 24 (46.2)
* n = 58; ** n = 52.

Table 2. Trimester 1 intakes of folate, vitamin D and iodine.

Total
Population

Women
Supplementing

Women Not
Supplementing

p

Folate n = 66 n = 42 n = 24

Dietary, μg 207.3 ± 96.4
(54.0–778.5)

221.5 ± 102.4
(100.3–778.5)

182.5 ± 81.0
(54.0–444.8) 0.114

Supplementary, μg 1511.4 ± 2246.8
(0.0–5400.0)

2375.0 ± 2429.4
(350.0–5400)

Total, μg 1718.7 ± 2257.2
(54.0–5744.8)

2596.5 ± 2429.6
(512.0–5744.8)

182.5 ± 81.0
(54.0–444.8) <0.001

Women meeting RNI,
n (%) 43 (65.2) 42 (100) 1 (4.2)

Vitamin D n = 66 n = 37 n = 29

Dietary, μg 1.7 ± 1.1
(0.1–5.0)

2.0 ± 1.1
(0.3–4.6)

1.3 ± 0.9
(0.1–3.5) 0.007

Supplementary, μg 5.8 ± 5.5
(0.0–25.0)

10.4 ± 2.5
(10.0–25.0)

Total, μg 7.5 ± 5.9
(0.1–26.0)

12.4 ± 2.6
(10.3–26.0)

1.3 ± 0.9
(0.1–3.5) <0.001

Women meeting RNI,
n (%) 37 (56.1) 37 (100) 0 (0)

Iodine n = 66 n = 28 n = 38

Dietary, μg 98.8 ± 54.4
(13.7–261.5)

107.4 ± 52.2
(39.9–217.2)

92.5 ± 55.9
(13.7–261.5) 0.082

Supplementary, μg 63.0 ± 74.0
(0.0–150.0)

148.6 ± 3.6
(140.0–150.0)
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Table 2. Cont.

Total
Population

Women
Supplementing

Women Not
Supplementing

p

Total, μg 161.8 ± 97.7
(13.7–367.2)

255.9 ± 52.2
(189.9–367.2)

92.5 ± 55.9
(13.7–261.5) <0.001

Women meeting UK
RNI, n (%) 34 (51.5) 28 (100) 6 (15.8)

Women meeting EFSA
RNI, n (%) 26 (39.4) 24 (85.7) 4 (14.3)

Mean ± SD. p values for the difference between women taking supplements vs. those not taking supplements,
independent t test.

A total of 37 (56%) and 28 women (42%) reported use of a supplement containing
vitamin D and iodine, respectively. With the use of the supplement, these women achieved
the UK RNI for vitamin D of 10 μg/day and for iodine of 140 μg/day, although when
looking at the EFSA iodine recommendations of 200 μg/day, 4 women who were taking
a supplement containing iodine did not meet this target. None of the women not taking
a supplement achieved the RNI for vitamin D, while just 6 women (16%) achieved the
UK RNI for iodine, which reduced to just 4 women (14%) when considering the EFSA
recommendation. Dietary intakes of vitamin D were significantly greater amongst women
who were also supplementing (2.0 ± 1.1 μg) than amongst women who did not take a
supplement (1.3 ± 0.9 μg, p = 0.007). For women taking a supplement containing iodine,
dietary intakes were higher (107.4 ± 52.2 μg) than intakes of women not supplementing
(92.5 ± 55.9 μg), however, this trend did not reach significance (p = 0.082).

A binomial logistic regression was performed to ascertain the effects of maternal
age, index of multiple deprivation, booking BMI and previous pregnancies on the like-
lihood of taking supplements, of any kind, in trimester 1. The logistic regression model
was statistically significant, χ2(4) = 16.638, p = 0.002. Of the four predictor variables, in-
creasing maternal age was positively and significantly associated with supplement use,
while previous number of pregnancies was inversely and significantly associated with
supplement use.

The RCOG recommend that women with obesity supplement with a higher 5 mg
dose of folic acid during pregnancy. Table 3 shows that just 17 women (26%) were taking
this higher dose at the end of trimester 1, while a further 24 were taking a supplement
containing 400 μg. One woman took a supplement containing 25 μg of vitamin D although
this particular participant did not consume a folic acid supplement at any point. The
remaining women supplementing with vitamin D consumed a supplement containing
10 μg.

Table 3. Breakdown of supplements consumed by women in trimester 1.

n (% of Total Population)

5 mg folic acid 17 (26)

+pregnancy multivitamin 12

+10 μg vitamin D/day 2

No additional supplement 3

400 μg folic acid 24 (36)

Within pregnancy multivitamin 19

+10 μg vitamin D/day 3

No additional supplement 2

Vitamin D only 1

25 μg/day 1
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A second regression analysis was performed to ascertain the effects of the same
variables previously examined for supplement use, on the likelihood of taking the rec-
ommended 5 mg dose of folic acid. Once again, the model was statistically significant
χ2(4) = 16.488, p = 0.002 with maternal age and BMI positively associated with use of the
higher 5 mg folic acid dose, and previous number of pregnancies inversely associated.
There was no association observed between Multiple Index of Deprivation and higher 5 mg
folic acid dose.

4. Discussion

Findings from this observational study demonstrate that whilst 46% and 96% of
pregnant women with obesity took a folic acid supplement pre-conception and in the first
trimester, respectively, only 26% of women took the higher 5 mg dose recommended by the
RCOG. For vitamin D and iodine, 56% and 52% of women met the UK RNI, respectively.
For women who did not supplement with these two micronutrients, no women met the RNI
for vitamin D and only 16% of women met the RNI for iodine. Maternal age was positively
associated with taking supplements of any kind and taking the 5 mg folic acid supplement,
whilst parity was inversely associated with both outcomes. The present study is unique in
that it focuses on supplementation trends for three key micronutrients of concern amongst
pregnant women with obesity.

In terms of folic acid supplementation with the UK recommendation of 400 μg per day,
our findings are in keeping with those observed amongst the general pregnant population in
the UK. A total of 46% of women in our study supplemented with folic acid pre-conception,
which is similar to the rate of 39% observed amongst women with a BMI > 30 kg/m2 who
were actively planning a pregnancy in a prospective cohort conducted in women in the
UK [28]. A limitation of the current study is that women were not asked whether their
pregnancy was planned or unplanned, although previous studies have suggested higher
rates of unplanned pregnancies in women with obesity, due to hormonal contraception
failure [29], and unsurprisingly, women planning a pregnancy are more likely to be taking
folic acid preconception [30].

The observation in the present study that 96% of women reported taking folic acid at
any point in trimester 1 seems to be slightly higher than values reported in the literature
from other studies in the UK conducted amongst women of all weights which ranged
from 67–85% in three large cohort studies [31–34], but is similar to the rate observed
by Cawley et al. of 96.1%, also amongst women of all weights [35]. Of these, 26% of
women in the present study were taking the recommended 5 mg folic for women with
obesity. Unfortunately, it is not known what proportion of these women took the 5 mg
pre-conception, or whether they were prescribed the 5 mg dose once they’d engaged
with a healthcare professional during their pregnancy. Therefore, it is not appropriate to
compare the findings of the current study directly against those of a recent Irish study,
which specifically asked women about pre-conception high dose folic acid compliance and
found that no women reported taking this higher dose [10]. Similarly, Cawley et al. [35]
report that just 2 of 106 women with obesity reported taking the high dose supplement in
their observational study at any time in pregnancy [35].

However, despite a high proportion of women reporting taking a folic acid supplement
at any point of trimester 1, by the end of trimester 1, when four-day food records were
collected, just 64% of women reported taking a supplement containing folic acid. Of the
24 women not taking a supplement, only one woman met the pregnancy RNI of 300 μg
through dietary intakes, leaving 42% of women in the total population with intakes below
the RNI. This is concerning as although folate is important preconception for the prevention
of NTDs, folate is also essential throughout the rest of pregnancy for the prevention of
complications and poor birth outcomes such as anaemia, preterm birth, low birth weight
and congenital heart diseases [36]. Although the UK does not recommend to women that
they continue a 400 μg/day supplement beyond the end of the first trimester, it is important
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that women are aware of the need to consume foods rich in folate or fortified with folic
acid to meet the RNI in the remainder of their pregnancy, as per NICE guidance [5].

In total, 56% of women reported supplementing with vitamin D at the end of trimester
1, all of whom met the RNI of 10 μg/day. This is considerably higher than the 27% of women
meeting vitamin D recommendations in a Finnish observational study conducted amongst
women with obesity [37]. Conversely, women who did not report taking a supplement
containing vitamin D had mean intakes of 1.4 μg/day, and none of these women met
the RNI for vitamin D. These observations are in keeping with those from a recent Irish
study, in which only 1% of pregnant women were meeting the RNI for vitamin D from diet
alone [38]. These findings suggest that not all women are aware of the recommendation to
supplement with 10 μg vitamin D throughout pregnancy, which should be a key feature in
public health nutrition campaigns, particularly those aimed at women with obesity, which
is a risk factor for maternal and neonatal vitamin D deficiency [22] which in turn is a risk
factor for pre-eclampsia [23].

Similarly, when examining iodine intakes in the present study, the 42% of women who
reported taking an iodine containing supplement met the UK RNI of 140 μg for iodine.
These observations are slightly higher than those observed amongst pregnant women in
the US where only 17.8% of women reported taking a supplement containing iodine [39],
despite the fact that there is a pregnancy increment in the recommended daily allowance
from 150 μg to 220 μg in the USA as per Institute of Medicine recommendations [40] and that
the American Thyroid Association recommend a 150 μg/day supplement [41]. Interestingly,
although perhaps unsurprisingly, when considering the EFSA iodine recommendations
of 200 μg/day in pregnancy, the proportion of supplementing and non-supplementing
women meeting the EFSA RNI in the present study decreased compared with the lower
UK RNI for which there is not a pregnancy increment. However, it is perhaps not useful
to compare iodine intakes in pregnancy to those in other countries, particularly those
in which iodised salt is routinely available. For example, iodised salt in the USA and
Canada provides approximately 45 μg iodine per gram of salt, whereas in the UK and many
other European countries, salt is not iodised. Globally, UNICEF estimate that 89% of the
population are consuming iodised salt [42] but it is worth noting that although table salt
may be iodised, in many countries the salt added to processed foods, which makes up a
large proportion of dietary salt intake, is not iodised. In addition, despite progress towards
reducing iodine deficiency globally, there are countries in Northern Europe with iodised
salt programmes that are still considered iodine deficient, including Germany, Finland and
Norway [43], and a recent study in South Australia suggests that even with mandatory
fortification of bread with iodine contributing to iodine sufficiency, it is difficult to achieve
urinary iodine concentrations >150 μg/L without additional iodine supplementation [44].

Of the women not supplementing with iodine in the present study, only 6 women
(16%) met the RNI from dietary intakes, which gives possible cause for concern as iodine
supplements are not currently recommended in the UK, and unlike vitamin D and folic
acid, iodine is not included in the NHS Healthy Start vitamins that are available free of
charge to low-income women in the UK [45]. The majority of other branded multivitamin
products marketed to pregnant women in the UK that are sold in supermarkets and high
street pharmacies do contain iodine.

Additionally, it is also well documented that pregnant women in the UK are generally
iodine insufficient [12] despite a lack of large good quality studies [46]. In addition, studies
have shown even marginal iodine deficiency in pregnancy is associated with impaired
cognitive outcomes for offspring [12,47], highlighting the importance of the mineral in
future preconception and pregnancy research.

Increasing maternal age was positively associated with supplement use of any kind
and taking the 5 mg folic acid dose in the present study, which is in agreement with
findings from other studies conducted in the UK [31], Finland [48] and USA [39], and
suggests younger women in particular should be targeted for interventions aiming to
increase supplement use. In addition, parity was negatively associated with supplement
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use and taking high dose folic acid, suggesting that women may benefit from a reminder to
restart supplement use following a pregnancy when they intend to become pregnant again.
It is also possible that some women may not have needed to take the higher dose of folic
acid in a previous pregnancy due to their weight being lower, but it is well documented
than women are more likely to start subsequent pregnancies at a higher weight and BMI
than a previous pregnancy [49]. Therefore, as well as following NICE guidance to achieve a
healthy weight between pregnancies [50], women also need to be made aware of the need
to take a higher dose of folic acid if they plan to enter a subsequent pregnancy at a higher
body weight.

The present study did not observe any associations between supplement use and
deprivation, which is in contrast to many studies conducted amongst women of all weights.
For example, Brough et al. report that women from higher social groups in the UK were
more likely to take a folic acid supplement at any stage of their pregnancy [51]. Similarly,
Alwyn et al. report that pregnant women taking a supplement of any kind during preg-
nancy were less likely to be living in an area with an IMD score in the lowest quartile [31].
It is worth noting that all women in the present study lived in or near Plymouth, in the
United Kingdom which as a Local Authority district, has an IMD score in decile 2, placing
within the 20% most deprived local authority districts in the country [52]. Although there
is variation within the city, this may explain why no association was observed between
IMD score and supplementation, as all women live within a city with high deprivation.

A limitation of this study is that women were all of white Caucasian origin, so we were
not able to examine whether race or ethnicity predict supplement use in women with obesity.
A previous meta-analysis conducted in the United Kingdom demonstrated higher levels of
peri-conceptional folic acid use amongst Caucasian women when compared to women of
other ethnicities [53]. Future studies should focus on examining supplementation trends
for key pregnancy micronutrients in more diverse populations. Although we were able to
report parity in the present study, there was no data available for women who may have suf-
fered previous miscarriages, nor did we have information about concomitant medications
which may have influenced women taking supplements in early pregnancy. In addition,
we acknowledge that based on the mean reported energy intake of 1766 ± 442.6 kcal/day,
it is possible and likely that some women under-reported their dietary intake, which may
have led to under-estimations of dietary intakes of micronutrients. However, as this data
was collected in the first trimester of pregnancy where pregnancy sickness and changes to
appetite are common, we have not excluded any women from analysis.

A strength of this study was that information on dietary intakes and supplement use
was recorded using a structured four-day food diary which was distributed, checked and
analysed by a single nutrition researcher at each study visit and allowed the researcher to
check food and supplement intakes with the women. This reduced the risks of respondent
error, recall bias or inter-observer variation. The study is also the first, to the authors’
knowledge that specifically examines dietary and supplemental intakes of folate, vitamin D
and iodine amongst women with obesity in the UK, with particular focus on preconception
intake of the higher folic acid dose and demographic characteristics.

5. Conclusions

In conclusion, findings from the present study suggest that women with obesity in the
UK who do not take a pregnancy micronutrient supplement are unlikely to be meeting the
RNI for folic acid, vitamin D and iodine, three important micronutrients during pregnancy.
Younger women and women who had been pregnant before were less likely to take any
micronutrient supplement so it may be particularly important to target interventions
and public health information for these women. Particular attention should be paid to
folic acid supplementation and ensuring that women with obesity are made aware of the
need to take a higher 5 mg dose preconception, alongside 10 μg vitamin D, as advised
by the NHS and the RCOG. In the UK, the 5 mg folic acid supplement is only available
on prescription, so it is imperative that GPs and midwives are aware of the higher dose
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recommendations for women with obesity and counsel women prior to conception if
possible. This is particularly important for low-income women who may be eligible for free
NHS Healthy Start vitamins, which contain the 400 μg folic acid rather than the higher 5 mg
dose. Further research is required to investigate iodine status and whether there is potential
for iodine supplementation in pregnancy to improve pregnancy and infant outcomes.
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Abstract: Background: Vitamin D deficiency (VDD) is a global micronutrient issue that commonly occurs
in pregnant women, leading to adverse health outcomes. We examined the role of sunlight-related
factors and dietary vitamin D intake on vitamin D concentrations among pregnant women in different
climate zones. Methods: We conducted a nationwide cross-sectional survey in Taiwan between June
2017 and February 2019. The data of 1502 pregnant women were collected, including sociodemographic
information and characteristics related to pregnancy, diet, and sun exposure. Serum 25-hydroxyvitamin
D concentrations were measured, and VDD was assessed as a concentration of less than 20 ng/mL.
Logistic regression analyses were used to explore the factors associated with VDD. Furthermore, the
area under the receiver operating characteristic (AUROC) curve was used to analyze the
contribution of sunlight-related factors and dietary vitamin D intake to vitamin D status stratified
by climate zones. Results: The prevalence of VDD was 30.1% and was the highest in the north.
Sufficient intake of red meat (odds ratio (OR): 0.50, 95% confidence interval (CI): 0.32–0.75; p = 0.002),
vitamin D and/or calcium supplements (OR: 0.51, 95% CI: 0.39–0.66; p < 0.001), sun exposure
(OR: 0.75, 95% CI: 0.57–0.98; p = 0.034), and blood draw during sunny months (OR: 0.59, 95% CI:
0.46–0.77; p < 0.001) were associated with a lower likelihood of VDD. Additionally, in northern
Taiwan, which is characterized by a subtropical climate, dietary vitamin D intake (AUROC: 0.580,
95% CI: 0.528–0.633) had a greater influence on vitamin D status than did sunlight-related factors
(AUROC: 0.536, 95% CI: 0.508–0.589) with a z value = 51.98, p < 0.001. By contrast, sunlight-related
factors (AUROC: 0.659, 95% CI: 0.618–0.700) were more important than dietary vitamin D intake
(AUROC: 0.617, 95% CI, 0.575–0.660) among women living in tropical areas of Taiwan (z value = 54.02,
p < 0.001). Conclusions: Dietary vitamin D intake was essential to alleviate VDD in the tropical region,
whereas sunlight-related factors played a greater role in subtropical areas. Safe sunlight exposure and
adequate dietary vitamin D intake should be promoted appropriately as a strategic healthcare program.

Keywords: 25-hydroxyvitamin D [25(OH)D] concentration; diet; pregnant women; sunlight; Taiwan;
vitamin D deficiency
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1. Introduction

Vitamin D deficiency (VDD) has become an urgent micronutrient issue globally [1] be-
cause of its high prevalence [2], and it has become a potential cause of non-communicable [3,4]
and infectious [5,6] diseases. Although VDD has been addressed as a global public health
problem in all age groups, the population-representative data regarding vitamin D were
limited to several risky groups [7]. Pregnant women are a vulnerable population affected by
VDD [1], which can lead to adverse pregnancy outcomes [8,9]. Moreover, VDD may result
in health disparities [10], which leads to the increment of stillbirths and pregnancy-related
deaths [11]. Hence, improving vitamin D status is necessary to upgrade the reproductive
health and well-being of mothers and their infants.

The major factors for VDD are sun exposure and dietary vitamin D intake [12]. How-
ever, obtaining vitamin D through sun exposure can be inefficient or unsafe because of
the skin cancer risk from ultraviolet radiation [13]. Additionally, the dermal synthesis
of vitamin D was suggested to be influenced in different climate zones using an in vitro
model [14]. The adequate achievement of vitamin D intake from diet alone is hard [15].
Therefore, vitamin D supplementation is a crucial nutritional priority recommended by
many physicians to achieve optimal serum concentration [16] that could prevent short and
long-term maternal and infant health complications [17].

Vitamin D status has been explored in the literature. However, population-based
research on pregnant women in East Asia is still limited. To our best knowledge, relevant
information regarding the potential effect of the climatic zone has not been explored.
Taiwan is an East Asian island characterized by two climatic zones [18]. Based on this
unique advantage, Taiwan has the opportunity to assess whether sunlight-related factors
and dietary vitamin intake contribute differently to vitamin D levels among people living
in different parts of the country. Exploring the prevalence of VDD and its potential risk
factors among pregnant women in Taiwan is an important task to address the research
gap and for future policy planning. This study aimed to assess the determinants of VDD
and to examine the contribution of sunlight-related factors and dietary vitamin D intake to
vitamin D status in different regions of Taiwan using a nationally representative survey.

2. Materials and Methods

Study Population

A national cross-sectional nutritional survey of pregnant women was conducted from
June 2017 to February 2019 across Taiwan. A multiple-stage cluster sampling approach was
used, including (1) the selection of eight layers according to geographical location (northern,
central, southern, and eastern Taiwan) and (2) the random selection of hospitals (large
and small sizes) from the list based on the number of women availing pregnancy-related
services per year and the probability proportional to size in each layer and (3) the whole
selection of participants arriving in the selected hospitals for antenatal examination with
the expectation of 150–300 women from one or two hospitals in each layer enrolled based
on the potential number of annual outpatients in each hospital [19]. The distribution of
eleven selected hospitals across Taiwan was in Figure 1.

We calculated a sample size of 1062 based on 200,000 deliveries by pregnant women
during the study period, with a 3% margin of error and a 95% confidence interval (CI). We
recruited participants aged ≥15 years who were legal residents of Taiwan and who under-
went antenatal examinations at the selected hospitals. A satisfactory sample of 1502 pregnant
women was included in the final analysis after the exclusion of nonsingleton pregnancies,
participants unable to understand and speak Mandarin, and incomplete questionnaires. All
participants provided written informed consent before taking the survey.
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Figure 1. The distribution of eleven selected hospitals across Taiwan.

3. Data Collection

During study periods, all pregnant women making an antenatal visit were enrolled
consecutively. At recruitment, collection of questionnaires, physical examination and
blood sample were performed. Information was obtained from standardized face-to-face
interviews by trained interviewers using the structured questionnaires. Variables regarding
participants’ sociodemographic status, histories of diseases before and during pregnancy,
pregnancy-related factors, and intake histories of prenatal and natal dietary supplements
were collected by the self-reported baseline questionnaire. The dosage of supplements
during pregnancy was asked and recorded in brand, exact dosage and frequency per
week. Food frequency questionnaires was also used to record the intake frequency during
past 3 months in 66 items of foods including egg, milk, meat, fish and vegetables. After
interview of questionnaires, a 24 h dietary recall was recorded by trained dietitians. Food
models were used to assist participants in recalling the food portion sizes and details of the
dietary information. Then, we estimated participants’ energy intake and nutrient intake
from foods. The intakes of several nutrients (e.g., vitamin D) were labeled the sources of
foods or supplements respectively. We used the online software Cofit Pro (Cofit Health
Care, Taipei, Taiwan) to analyze participants’ nutrient intake using the 2015 version of the
Taiwan Food and Nutrient Database.

At the time of recruitment, pre-pregnancy body weight was self-reported by pregnant
women, and their current body height and weight were measured. Blood samples were
drawn, centrifuged, then froze (−80 ◦C) and analyzed in batches.

3.1. Sociodemographic and Pregnancy-Related Characteristics

Pregnant women were queried regarding their age (years); residential area; education
level; household monthly income; religion; gravidity; parity; number of fetuses in the
current pregnancy; gestational age; and body height (cm) and weight (kg) before pregnancy,
which were used to calculate pre-pregnancy body mass index (BMI, kg/m2). Additional
information related to pregnancy was extracted from the prenatal visit records of partici-
pants. The residence was categorized as living in Taiwan’s northern, central, southern, or
eastern regions.

3.2. Dietary Characteristics

Pregnant women were asked whether they consumed sufficient amounts of the four
groups of the following food items: (1) dairy products (e.g., fresh milk, yogurt, cheese,
cream cheese, and powdered milk); (2) eggs; (3) red meat (e.g., pork, beef, and mutton);
and (4) nut fruits (e.g., stone fruit, nuts, pistachios, and almonds). Women also reported
their frequency of using vitamin D and/or calcium supplements during pregnancy as
“never”, “less than 1 day per week”, “2–5 days/week”, and “almost daily”. Then, this
factor was recoded into two categories of usage, “yes” or “no”, due to the small sample
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size. The 24 h dietary intake was recorded to assess the intake of total energy (kcal), raw
protein (g), raw fat (g), total carbohydrates (g), and vitamin D content (mg) and the use
of vitamin supplements. The percentages of calories from protein, fat, and carbohydrates
were also calculated [19].

The dosages of supplements were calculated if participants provided the exact dosage.
However, these parameters were frequently missing, as were the brands and models of
vitamins. Therefore, in the present study, we only analyzed the usage frequency of vitamin
D-only or D-based supplements.

3.3. Sunshine-Related Factors

Sun exposure was estimated using the question, “Were you exposed to outdoor sunlight
last month?” and the answers were categorized as “no” if exposed to sunlight for less than
10 min per day and “yes” if exposed to sunlight for more than 10 min per day. The seasons of
blood draw were categorized according to the month of blood sample collection, as follows:
sunny months (June to November) and rainy months (December to May) established
according to the rainfall report of the Central Weather Bureau, Taiwan. Participants also
reported whether they had to stay indoors (e.g., bedridden) for any reason during their
pregnancy (“yes” or “no” response) and the number of methods used for sun protection
(e.g., sunscreen, parasols, hats and outerwear with UV-block) and how often they are used.

3.4. Vitamin D Deficiency Assessment

As 25-hydroxyvitamin D [25(OH)D] has the long half-life (15 days) and relative sta-
bility of concentration in the blood [20], the circulating 25(OH)D is the useful biomarker
of vitamin D in the human body [21]. The plasma 25-hydroxyvitamin D [25(OH)D] con-
centration was measured using an electrochemiluminescence immunoassay, as described
previously [19]. Although there is no consensus in the definition of the suboptimal vita-
min D level, VDD was defined as a 25(OH)D level of <20 ng/mL, which is a common
threshold for people in at-risk groups, including pregnant women [22–24]. The cutoff point
of less than 20 ng/mL was also recommended for use for VDD by Institution of Medicine,
Academy of Medicine and American Academy of Pediatrics.

4. Ethical Consideration

This study was funded by the Health Promotion Administration, Ministry of Health
and Welfare in Taiwan (C1050912) and was approved by the institutional review board of
the government and selected hospitals (IRB number: N201707039).

5. Statistical Analysis

First, descriptive analysis was performed to explore the distribution of independent
variables. We performed chi-square tests (for categorical variables) and t tests or Mann–
Whitney tests (for continuous variables) to compare the distribution of independent vari-
ables between pregnant women with and without VDD. Second, logistic regression analysis
was used to determine the factors associated with VDD. Two models were constructed.
Model 1 comprised variables associated with VDD that had p < 0.1 in bivariate analysis,
including age, residential area, parity, gestational age, pre-pregnancy BMI, egg intake, red
meat intake, fat, vitamin D content, vitamin supplements, sun exposure, remaining indoors
during pregnancy, and the season of blood draw. Gravidity and carbohydrate intake were
removed from model 1 because they were highly correlated with parity (rho = 0.82) and fat
intake (rho = −0.89), respectively (Table S1). Model 2 comprised factors associated with
VDD that had p < 0.1 in model 1, including age, residential area, gestational age, red meat
intake, vitamin D content, vitamin supplements, sun exposure, remaining indoors during
pregnancy, and the season of blood draw. Odds ratios (ORs) and 95% CIs were reported,
and p < 0.05 was considered statistically significant.

Further sensitivity analysis was performed and stratified by residential area (north vs.
south and other regions) to examine the contribution of modifiable factors to vitamin D
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status. Two models were constructed for each layer, including one model adjusted for
sunlight-related factors (season of blood draw and sun exposure) and one model adjusted
for dietary vitamin D intake (red meat and supplements). The area under the receiver
operating characteristic (AUROC) curve was computed to compare the models. It is favored
due to the characteristics of invariant and independent from the prevalence of the condition.
All analyses were performed using R software (version 4.1.3; R Foundation for Statistical
Computing, Vienna, Austria).

6. Results

6.1. Characteristics of Study Participants

The data contained several missing values, but the distribution of variables before
and after removing the missing information was the same. Therefore, the entire data of the
1502 pregnant women were used for analysis. Overall, the mean 25(OH)D concentration
was 25.5 ± 8.9 ng/mL, and the prevalence of VDD was 30.1% (weighted). Compared
with women without VDD, those with VDD were younger (p = 0.017); lived in the north
(p < 0.001); had uniparity (p = 0.01); were in the first trimester of gestation (p < 0.001);
consumed high quantities of carbohydrates (p = 0.013) but insufficient eggs (p = 0.034), red
meat (p < 0.001), fat (p = 0.023), and vitamin D and/or calcium supplements (p < 0.001); had
little sun exposure (p = 0.001); remained indoors during pregnancy (p = 0.018); and had
blood drawn during the rainy months (p = 0.004). These data are displayed in (Table 1).

Table 1. Characteristics of study participants according to vitamin D status (n = 1502).

Variables Total
Non-VDD

(1095, 72.9%)
VDD

(407, 27.1%)
p

n (%) n (%) n (%)

Maternal age (years) (mean ± SD) 32.5 ± 4.8 32.7 ± 4.8 32.1 ± 4.8 0.017
Residential area <0.001

North 501 (33.4) 312 (28.5) 189 (46.4)
Central 371 (24.7) 260 (23.7) 111 (27.3)

South and east 291 (19.4) 254 (23.2) 37 (9.1)
Eastern and outlying islands 339 (22.6) 269 (24.6) 70 (17.2)

Education level * 0.291
High school and below 237 (15.9) 182 (16.8) 55 (13.5)

College, university 1025 (68.7) 740 (68.1) 285 (70.0)
Postgraduate studies 231 (15.5) 164 (15.1) 67 (16.5)

Household monthly income 0.465
Less than NT$30,000 212 (14.4) 162 (15.1) 50 (12.5)

NT$30,000–59,999 634 (43.0) 464 (43.2) 170 (42.4)
NT$60,000–99,999 443 (30.1) 318 (29.6) 125 (31.2)

More than NT$100,000 185 (12.6) 129 (12.0) 56 (14.0)
Religion 0.242

None 689 (45.9) 488 (44.6) 201 (49.4)
Buddhism 281 (18.7) 205 (18.7) 76 (18.7)

Taoism 345 (23.0) 265 (24.2) 80 (19.7)
Other (Yiguandao, Christian, Catholic, Muslim) 187 (12.5) 137 (12.5) 50 (12.3)

Gravidity * 0.061
1 694 (46.3) 487 (44.6) 207 (51.0)
2 498 (33.2) 366 (33.6) 132 (32.5)
3 199 (13.3) 158 (14.5) 41 (10.1)
≥4 107 (7.1) 81 (7.4) 26 (6.4)

The ordinal of current pregnancy (parity) * 0.010
1st child 824 (55.0) 577 (52.9) 247 (60.7)
2nd child 527 (35.2) 395 (36.2) 132 (32.4)
≥3rd child 146 (9.8) 118 (10.8) 28 (6.9)
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Table 1. Cont.

Variables Total
Non-VDD

(1095, 72.9%)
VDD

(407, 27.1%)
p

n (%) n (%) n (%)

Number of fetuses in this pregnancy 0.972
≥2 33 (2.2) 24 (2.2) 9 (2.2)

Gestational age <0.001
1st trimester (less than 17 weeks) 375 (25.0) 235 (21.5) 140 (34.4)

2nd trimester (17 weeks to less than 29 weeks) 485 (32.3) 357 (32.6) 128 (31.4)
3rd trimester (more than 29 weeks) 642 (42.7) 503 (45.9) 139 (34.2)

Pre-pregnancy BMI * 0.098
Normal (18.5 ≤ BMI < 25.0) 141 (9.4) 99 (9.1) 42 (10.3)

Underweight (<18.5) 1018 (68.1) 730 (67.0) 288 (70.9)
Overweight/obese (≥25.0) 336 (22.5) 260 (23.9) 76 (18.7)

Dairy products * 0.546
Enough 1213 (81.2) 888 (81.6) 325 (80.2)

Egg * 0.034
Enough 1397 (93.6) 1027 (94.4) 370 (91.4)

Red meat * <0.001
Enough 1390 (93.1) 1029 (94.6) 361 (89.1)

Nut fruits * 0.514
Enough 875 (58.6) 643 (59.2) 232 (57.3)

Fat (%) (mean ± SD) 35.8 ± 9.0 36.1 ± 9.1 34.9 ± 8.9 0.023
Protein (%) (mean ± SD) 15.3 ± 3.7 15.3 ± 3.7 15.0 ± 3.7 0.147

Carbohydrate (%) (mean ± SD) 49.8 ± 9.8 49.4 ± 9.9 50.8 ± 9.5 0.013
Vitamin D content (g) (median, IQR) 2.8 (7.7) 2.8 (9.6) 2.5 (4.8) 0.031

Vitamin supplements * <0.001
Vitamin D and/or Calcium 698 (47.7) 560 (52.3) 138 (35.0)

Sun exposure 0.001
Yes 1046 (69.6) 789 (72.1) 257 (63.1)

Protective methods for sunshine (mean ± SD) 1.6 ± 1.3 1.6 ± 1.3 1.6 ± 1.3 0.504
Remained indoors during pregnancy 0.018

Yes 228 (15.3) 152 (14.0) 76 (19.0)
Season of blood draw 0.004

Sunny months 927 (61.7) 700 (63.9) 227 (55.8)

Abbreviations: BMI, body mass index; IQR, interquartile range; NT$, New Taiwan dollar; SD, standard deviation;
VDD, vitamin D deficiency. * Variables containing missingness of ≤0.6%, with the exception of remaining indoors
during pregnancy, number of fetuses in this pregnancy, household monthly income, and vitamin supplements,
which have 0.9%, 1.1%, 1.9%, and 2.5% missingness, respectively.

6.2. Associated Factors of Vitamin D Deficiency

As displayed in Table 2, the likelihood of VDD was significantly lower in pregnant
women who were older (OR: 0.95, p < 0.001); lived in central (OR: 0.66, p = 0.010), southern,
or eastern Taiwan (OR: 0.20, p < 0.001) or in the eastern and outlying islands (OR: 0.33,
p < 0.001); were in the second trimester (OR: 0.72, p = 0.046) or the third trimester (OR: 0.60,
p = 0.002); consumed sufficient red meat (OR: 0.50, p = 0.002); took vitamin D and/or
calcium supplements (OR: 0.51, p < 0.001); received sun exposure (OR: 0.75, p = 0.034); and
had blood drawn during the sunny months (OR: 0.59, p < 0.001).

In the sensitivity analysis, among participants living in northern Taiwan, dietary
vitamin D intake (AUROC: 0.580, 95% CI: 0.528–0.633) had a greater influence on vitamin D
status than did sunlight-related factors (AUROC: 0.536, 95% CI: 0.508–0.589). By contrast,
among participants living in the south and other parts of Taiwan, sunlight-related factors
(AUROC: 0.659, 95% CI: 0.618–0.700) were more influential than dietary vitamin D intake
(AUROC: 0.617, 95% CI: 0.575–0.660). The differences in regional models were significant,
with z value = 51.98, p < 0.001 for northern Taiwan and z value = 54.02, p < 0.001 for the
remaining regions. These results are visualized in Figure 2.
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Table 2. Factors associated with vitamin D deficiency via multiple logistic regression analysis models
(n= 1502).

Variables
Model 1 Model 2

OR 95% CI p OR 95% CI p

Age 0.96 0.93–0.98 0.005 0.95 0.93–0.98 <0.001
Residential area

North 1.00
Central 0.68 0.50–0.94 0.021 0.66 0.48–0.90 0.010

South and east 0.22 0.14–0.33 <0.001 0.20 0.13–0.31 <0.001
Eastern and outlying Islands 0.36 0.25–0.52 <0.001 0.33 0.23–0.47 <0.001

The ordinal of current pregnancy (parity)
1st child 1.00
2nd child 0.83 0.62–1.10 0.203
≥3rd child 0.69 0.42–1.12 0.141

Gestational age
1st trimester (less than 17 weeks) 1.00 1.00

2nd trimester (17 weeks to less than 29 weeks) 0.73 0.52–1.01 0.054 0.72 0.52–0.99 0.046
3rd trimester (more than 29 weeks) 0.61 0.44–0.84 0.002 0.60 0.44–0.83 0.002

Pre-pregnancy BMI
Normal (18.5 ≤ BMI < 25.0) 1.00

Underweight (<18.5) 1.04 0.67–1.59 0.850
Overweight/obese (≥25.0) 0.87 0.63–1.20 0.397

Egg intake
Not enough 1.00

Enough 0.72 0.43–1.23 0.236
Red meat intake

Not enough 1.00 1.00
Enough 0.54 0.34–0.86 0.010 0.50 0.32–0.78 0.002
Fat (%) 0.99 0.98–1.01 0.711

Vitamin D content
≤median 1.00 1.00
>median 0.80 0.62–1.03 0.091 0.78 0.60–1.00 0.057

Vitamin supplements
No relevant supplements 1.00 1.00

Vitamin D and/or calcium 0.47 0.36–0.62 <0.001 0.51 0.39–0.66 <0.001
Sun exposure

No 1.00 1.00
Yes 0.77 0.59–1.01 0.064 0.75 0.57–0.98 0.034

Remained indoors during pregnancy
No 1.00 1.00
Yes 1.33 0.95–1.87 0.089 1.35 0.97–1.88 0.071

Season of blood draw
Rainy months 1.00
Sunny months 0.57 0.44–0.75 <0.001 0.59 0.46–0.77 <0.001

Abbreviations: BMI, body mass index; CI, confidence interval; NT$, New Taiwan dollar; OR, odds ratio.

Figure 2. Contribution of sunlight-related factors and dietary vitamin D intake to vitamin D status in
different regions of Taiwan.
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7. Discussion

In the present study, the prevalence of 25(OH)D level < 20 ng/mL among pregnant
women in Taiwan was 30.1% (weighted). The determinants of VDD included age, gesta-
tional age, red meat intake, vitamin D and/or calcium supplements, residential area, sun
exposure, and the season of blood draw.

The occurrence of VDD [25(OH)D < 20 ng/mL] is common in pregnant women,
although the rates vary in different Asian countries, ranging from 7% to 40.7% [25,26].
The present study found that VDD occurred more frequently in pregnant women living
in northern Taiwan than in those living in southern Taiwan. A nationwide report on
VDD among older adults (a risk group of VDD) had similar findings, reporting that VDD
occurrence was higher in the north than in the south [27]. This phenomenon has several
possible explanations. First, northern Taiwan has a higher latitude than other regions [28],
and vitamin D status decrease with increasing latitudes [29]. Second, northern Taiwan has
a humid subtropical climate, and sunlight may be of lower intensity than that in southern
Taiwan and other regions characterized by a tropical monsoon climate. The association
between age and VDD was found in the previous studies with the controversial findings.
The former authors showed that age over thirty was the risk factor for VDD among pregnant
women [26]. However, the current study indicated that younger age was a contributing
factor for VDD, which was in line with other studies [30,31]. Our findings could be due to
the habits of avoiding sunlight among almost youngers that they were likely to apply sun
protection (e.g., using sunscreen, wearing long-sleeved clothes, preferring indoor activities).
Thus, our findings indicate that it is worth planning VDD prevention, such as educating
health literacy related to VDD and lifestyle changes in younger women, and such methods
should be promoted integrating with efficient intervention strategies.

Regarding the impact of gestational age on maternal VDD, the findings are inconsistent
across studies. Although several studies have reported that vitamin D status decreased
during advanced gestation [32], our results are in line with those of studies reporting that
the likelihood of VDD was reduced during the second and third trimesters. For example,
Perreault et al. indicated that serum 25(OH)D concentrations were significantly greater
in the last trimester compared to the first trimester [33]. Similarly, Savard et al. found
that serum 25(OH)D levels significantly increased across trimesters [34]. In addition, Shen
et al. noted a positive relationship between the increased vitamin D concentration and later
gestational week [35].

It has been well established that sunlight is the main source of vitamin D. Hence,
sun exposure and the summer season are the most important contributing factors to the
vitamin D concentration. Nevertheless, if sun exposure cannot provide sufficient vitamin D
because of factors such as sunlight intensity, time of exposure, and application of sun
protection, the vitamin D status in the human body can be adjusted through nutrition and
dietary intake. In the literature, the natural vitamin D content in foodstuffs is usually limited
to vitamin D3 from animal products [36]. Our findings indicated that the consumption of
red meat was associated with lower VDD rates. Moreover, the present study demonstrated
that vitamin D and/or calcium supplements could reduce the likelihood of VDD.

In our sensitivity analysis, the effects of sunlight-related factors and dietary vitamin D
intake on 25(OH)D levels varied by region. In northern Taiwan, dietary vitamin D intake
was more important than sunlight-related factors for improving maternal vitamin D status;
however, sunlight-related factors were the main sources of vitamin D for pregnant women
living in the south and other parts of Taiwan, and vitamin D intake played a minor role.
These variations in effectiveness corresponded to the variations in climate across Taiwan.
These findings can assist health policymakers in designing regional strategies for the
prevention of prenatal VDD.

To date, suboptimal vitamin D levels is mostly indicated for bone health but remain
controversial across populations and countries. For some investigators, deficiency was
defined as specific to bone; however, insufficiency was defined relating to other health
outcomes. For others, deficiency covered diseased population and insufficiency covered
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at-risk population. One of the most commonly used definitions comes from the Endocrine
Society Clinical Practice Guidelines [24]; vitamin D deficiency was defined as 25(OH)D
values below 20 ng/mL (50 nmol/L), and vitamin D insufficiency was defined as 25(OH)D
of 21–29 ng/mL (52.5–72.5 nmol/L). This guideline was accepted and used widely by the
International Osteoporosis Foundation, American Association for Clinical Endocrinologists,
Institute of Medicine, American Academy of Pediatrics, and government of Australia, New
Zealand, Germany, Austria and Switzerland as well as in Taiwan. In any case, cut point is
very important when looking at the results in 25(OH)D level.

Particularly in older adults, having a higher BMI or body fat percentage are significant
subject-specific characteristics that negatively affect vitamin D metabolism [37]. Normal-
weight women reached the higher 25(OH)d level after vitamin D supplementation faster
than women with obesity [38]. However, in pregnant women, the association between BMI
and VDD was not consistent across the studies. While several studies showed that high
BMI was associated with VDD, others showed that BMI was not statistically significantly
associated with VDD [39,40]. Obesity is strongly associated with insufficient dietary
vitamin D intake and low sun exposure. Pre-pregnancy obesity predicts poor vitamin D
status in mothers [41]. In our study, pre-pregnancy BMI (as a continuous variable) was
significantly different in two groups of VDD and non-VDD, but in logistic regression, after
adjusting for confounders, pre-pregnancy BMI was not significantly associated with VDD.
The findings for BMI (as a categorical variable) were also insignificant in multiple logistic
regression. Obesity is not associated with 25(OH)D levels in our study.

The present study is the first national report on vitamin D status among pregnant
women in Taiwan. Our findings demonstrated specific differences in the effects of sunlight-
related factors and vitamin D intake on vitamin D concentrations in distinct regions of
Taiwan. However, several limitations should be considered. First, because this was a
cross-sectional study, we can only note associations; we cannot determine the causal
relationship. Second, several factors influencing vitamin D status were not assessed in our
study, such as occupation and the brand and dose of supplements. Third, we used a self-
report questionnaire, which may introduce assessment bias because of subjective responses.
Fourth, although the present study highlights the critical role of dietary vitamin D intake,
the data on nutrient quantitation per serving are unavailable.

8. Conclusions

VDD was prevalent in pregnant women in Taiwan. On the basis of our findings,
we recommend the promotion of a robust health policy regarding safe sunlight exposure
and effective dietary vitamin D intake, with adjustments according to the characteristics
of various climate zones. In doing so, clinicians can enhance maternal vitamin D status,
reduce the VDD-induced burden, and improve health and well-being.
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Abstract: In the United States, pregnant women have low concentrations of docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), which are essential for fetal development. Although ma-
ternal blood provides accurate polyunsaturated fatty acid (PUFA) concentrations, venipuncture is
expensive and not always accessible. PUFA-containing foods consumption, both omega-3 ad omega-6
is supposed to reflect in the status (plasma, RBC, adipose tissue) of docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA). De novo synthesis of DHA and EPA during pregnancy is supposed to
be higher compared to pre and/or post-pregnancy periods. Thus, this study aimed to determine the
association between maternal self-reported dietary intake of foods high in DHA and EPA, along with
vegetable oils as a source of omega-6 fatty acids, with maternal blood DHA and EPA concentrations.
Pregnant women (13–16 weeks gestation) were recruited and asked to complete a food-frequency
questionnaire (FFQ) and blood draw at enrollment and 36 weeks. Circulating concentrations of DHA
and EPA were quantified and change scores were calculated. Correlations were done to determine
associations between FFQ results and EPA/DHA maternal blood concentrations. Regression analyses
were run to examine significant predictors of the main outcomes. Overall, PUFA-food consump-
tion and RBC’s DHA levels decreased from early to late pregnancy; self-reported PUFA-rich food
consumption positively correlated with DHA and EPA levels. DHA concentration was predicted
by self-reported PUFA-rich oils (sunflower/soy/corn/olive) consumption, but EPA concentration
was predicted by maternal BMI. These findings suggest that EPA and DHA consumption decreased
across pregnancy and the FFQ can be utilized as an effective method for estimating PUFA blood
concentration during pregnancy.

Keywords: dietary assessment; food intake; polyunsaturated fatty acid; DHA; EPA; pregnancy

1. Introduction

In the United States (US), pregnant women usually have low ratios of omega-3 fatty
acids to omega-6 fatty acids, due to a Western diet that prioritizes red meats, chicken, and
corn oil, which exceeds the suggested omega-3s to omega-6s ratio of 1:4 up to 1:15 [1–3]. A
diet high in cold-water fish, algae, and low intake of omega-6 fatty acids can help maintain
the minimum suggested ratio, i.e., 1:4, of polyunsaturated fatty acids (PUFAs). This type
of diet, high in omega-3 fatty acids, such as docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA), is important for the nervous system and health [4,5]. DHA and EPA
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play a critical role in fetal development, especially the fetal nervous system [4]. These
PUFAs influence fetal brain development as well as inflammatory properties throughout
the body [4]. DHA, in particular, is important for developing neuronal connections, neuro-
genesis, and protection from oxidative stress in utero [4]. For this reason, it is important to
be able to accurately measure whole-body PUFA levels in pregnant women.

Previously, food-frequency questionnaires (FFQs) have been validated in Chinese
men and women as well as in Australian women in late pregnancy [6,7]. Similarly, in
Japan, there has been some utility established for assessing self-reported DHA and EPA via
questionnaire, in early and late pregnancy [8]. However, these studies utilized only red
blood cells (RBCs) in their analyses, which can only provide an assessment of long-term
PUFA consumption habits [9,10]; whereas plasma levels provide a short-term assessment
of PUFA levels and may more closely mimic PUFA food intake. However, this assessment
has not been done previously in US women. Furthermore, studies in other countries
varied in timepoints of assessments during pregnancy; and/or utilized a FFQ that was
not inclusive of PUFA-containing foods. Foods such as fish, sunflower/soy/corn/olive
oils, and almond/cashew milk contribute to PUFA consumption [11,12]. DHA and EPA
are important fatty acids that play an integral role in fetal neurological development;
therefore, it is imperative that healthcare providers are aware of maternal PUFA intake.
While venipuncture sampling is a practical method for assessing maternal DHA and
EPA blood concentrations, this process is invasive, costly, and time-consuming. With
fetal brain development beginning in early pregnancy, it is important to have a rapid
method for estimating maternal PUFAs, allowing for early intervention if levels are too
low [13]. FFQs are non-invasive, easy to distribute and understand, and provide a rapid
assessment of maternal food intake, thus, making them a low-cost, clinic- and patient-
friendly alternative to venipuncture blood sampling. While previous research has been
done in other populations, there is no literature validating a FFQ with DHA and EPA
levels in the United States during early and late pregnancy. Therefore, the purpose of the
present study was twofold: (1) to measure DHA and EPA levels in RBC and plasma in early
and late pregnancy, and (2) to determine the association, and possible predictors, between
self-reported consumption of PUFA-containing foods with DHA and EPA concentrations
in maternal RBC and plasma in early and late pregnancy. We hypothesize that: (1) PUFA-
rich foods, DHA, and EPA levels in plasma and RBCs will be similar in early and late
pregnancy, and (2) there will be a positive correlation, and possible predictors, between self-
reported PUFA-rich food consumption and circulating PUFA plasma, but not necessarily
RBC, concentrations.

2. Methods

2.1. Study Design and Participants

The present study was a post hoc secondary analysis of a larger prospective ran-
domized controlled trial designed to examine the influence of maternal exercise during
pregnancy on fetal and infant health outcomes [14]. Participants were enrolled if they were
18–40 years old, able to communicate in English, ≤16 weeks pregnant, had a pre-pregnancy
BMI of 18.5–39.9 kg/m2, and had a singleton pregnancy. All women were required to
receive written clearance from an obstetric provider to participate in the study. Participants
were excluded from the study if they had pre-existing diabetes mellitus, hypertension,
cardiovascular disease, co-morbidities known to affect fetal growth and well-being (e.g.,
systemic lupus erythematosus), or used tobacco, alcohol, and illicit drugs. All protocols
were approved by the East Carolina University Institutional Review Board. Clinical Trial
Registry is #NCT03517293. Written informed consent was obtained from each participant.

Pre-screening eligibility questionnaires and neonatal electronic health records were
used to determine maternal age, gravida, parity, pre-pregnancy weight and height, ed-
ucation level, gestational weight gain (GWG), and gestational age (weeks). Height was mea-
sured using a stadiometer and weight was collected using a standard scale at
16 and 36 weeks gestation. Pregnancy weight was assessed at the same time points
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using a calibrated digital scale. Pre-pregnancy weight was self-reported at enrollment
(≤16 weeks). A standardized equation was used to calculate BMI at each time point [15]:
BMI = ((weight (kg))÷ ([height (m2)])); BMI classification used standard cutoffs: nor-
mal weight: 18.5–24.9 kg/m2; overweight 25–29.99 kg/m2; obese ≥ 30 kg/m2.

2.2. Maternal Food-Frequency Questionnaire

Participants (N = 47) were asked to complete a food-frequency questionnaire (FFQ) at
enrollment (13–16 weeks) and 36 weeks gestation to obtain self-reported PUFA levels. The
FFQ asked women to specifically report foods, such as PUFA-rich foods, consumed during
pregnancy [16]. The women were asked to report the frequency of consumption of foods
based on the scale: 1—rarely or never eat the food, 2—eat the food once every 2 weeks,
3—eat the food 1–3 times/week, 4—eat the food 4–7 times/week, or 5—eat the food
more than once per day. The individual PUFA-rich foods (white-flesh fish, other fish (e.g.,
salmon), almonds) were rated on the 5-point Likert scale [11,12]. Both the polyunsaturated
margarines and sunflower/soy/corn/olive oils were rated on “Yes, you consume” or
“No”; these two dichotomous measures were converted to No = 0 and Yes = 1 for analysis.
All individual PUFA-rich food column numerical values were then summed for a PUFA
summary score for each participant during pregnancy.

2.3. Maternal Plasma and RBC Collection and Analysis

A fasting venous blood sample was collected from women at enrollment
(13–16 weeks) and 36 weeks gestation. All samples were completed following a ≥8 h
fast and collected between 6–9 a.m. Blood was centrifuged and stored using standard
procedures as described previously [14]. Both blood plasma and RBCs were utilized for
analysis as plasma provides a representation of recent concentrations and RBCs provide
longer term (~120 days) concentrations [9,10].

2.4. Maternal DHA and EPA

Chemicals and reagents: Optima grade acetonitrile, water, formic acid, methanol, and
isopropanol were purchased from Fisher Scientific (Hampton, NH, USA).

Preparation of calibration and quality control standards: Working stock solutions
were prepared for calibrators. Samples were screened for quality control (QC). Calibration
curves were generated from 0.01–7.5 mg/mL. A positive cutoff limit was established at
10 mg/mL. Low and high QC samples were prepared by the addition of 10 or 500 ng/mL
and were fortified as a QC solution.

Targeted LC/MS: An Agilent Poroshell (Agilent Technologies, Santa Clara, CA, USA)
120 EC-C8, 3 × 100 mm 2.7 μm column was used for separation of the analytes on an Exion
HPLC. The column temperature was maintained at 32 ◦C. A gradient was used to separate
the compounds using mobile phase A: 95:5 water with 0.1% formic acid:acetonitrile and
mobile phase B: acetonitrile. A linear gradient was performed as follows: 0% B for 2 min,
90% B for 9 min, 90% B for 1 min, 0% B for 1 min, hold at 0% B for 5 min for a total run time
of 18 min. The flow rate was 0.3 mL/min and 5 μL of sample was injected. MS-MS analysis
was conducted using an AB SCIEX 3200 (Danaher Corporation, Toronto, ON, Canada)
triple quadrupole mass spectrometer. The mass spectrometer was in negative ionization
mode and analysis was conducted using multiple reaction monitoring (MRM). The source
parameters were set to a curtain gas 50 psi, heater gas 50 psi, ion spray voltage 5500 V,
and source temperature 500 ◦C. The instrument parameters were optimized using direct
infusion of each analyte using a split tee injection with the LC flow. SCIEX Analyst software
(v.1.6.2—Sciex Applied Biosystems, Framingham, MA, USA) was used for instrument
control. Confirmation analysis was performed using MultiQuant where the calibrators
and quality controls were carried through the same processes as the specimens being
tested. Least squared regression with 1/x weighing was used to evaluate the linearity with
adequate compensation for heteroscedasticity during all experiments.
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2.4.1. Solid Phase Extraction (SPE)

DHA and EPA were extracted from RBCs [17,18]. Plasma samples were prepared
following a similar method. Plasma samples were prepared utilizing a 3.9:1 Optima
grade H2O (Fisher Scientific, Hampton, NH, USA) to plasma solution, were vortexed, and
homogenized. Aliquots of 490 mL of plasma solution were diluted to a 1 mL solution with
500 mL of methanol (MeOH) and 10 mL deuterated DHA (DHA-d5) and EPA (EPA-d5)
internal standard solution. Immediately following solution preparation, both the RBC
and plasma solutions were centrifuged at 13.2 rpm for 20 min. Strata-X reversed-phase
SPE columns (Phenomenex, Torrance, CA, USA) and positive pressures (1 to 25 psi) were
used to extract the supernatants on a Biotage Pressure+ manifold (Biotage, Charlotte, NC,
USA). Columns were conditioned with 1 mL of MeOH and equilibrated with 2 mL of H2O.
Supernatants were loaded onto the conditioned columns and were washed with 1 mL of
10:90 MeOH:H2O. The organic fraction of metabolites was collected by loading 1 mL of
MeOH and 1 mL of 60:20:20 Acetonitrile(ACN):MeOH:IPA in duplicate, then evaporated
using a steady flow of nitrogen gas and heat of 40 ◦C. Samples were reconstituted in
100 mL of 50:50:0.01 H2O:MeOH:formic acid and the solution was transferred into 100 μL
autosampler vials for analysis on an AB SCIEX 3200 triple quadrupole mass spectrometer.
A processed blank was extracted using the same method. All samples were stored and run
in batches.

2.4.2. Calibration Curve

A calibration curve was used to quantify the analytes. Stock solutions were prepared
in ethanol with DHA and EPA standards, each at a concentration of 25 mg/mL. DHA and
EPA standard solutions were prepared by serial dilution of the stock solutions in ACN
to create primary standards at 0.01, 0.05, 0.1, 0.5, 1, 2.5, 5.0, and 7.5 mg/mL. Deuterated
DHA and EPA were used as internal standards prepared at 0.5 mg/mL in ethanol. The
deuterated DHA and EPA solution controlled for extraction recovery, injection of the mass
spectrometer, and ionization variability. The stock solutions were processed and extracted
using the same method of the plasma solution.

2.4.3. Liquid Chromatography/Mass Spectrometry (LC/MS/MS)

Extracted samples were run on an AB SCIEX 3200 triple quadrupole mass spectrom-
eter in negative ionization mode using previously published methods [17–19]. Change
values for DHA and EPA were calculated between timepoints by subtracting 16-week
concentrations from 36-week concentrations.

2.5. Statistical Analyses

Summary statistics were run for maternal descriptors, PUFA-rich foods from the FFQ,
as well as levels from maternal blood. For FFQ, data was converted into the average number
of times consumed per week as such: rarely or never eat the food = 0, eat the food once every
2 weeks = 0.5 times per week, eat the food 1–3 times/week = 2 times per week, eat the food
4–7 times/week = 5.5 times per week, or eat the food more than once per day = 7 times per
week. Both the polyunsaturated margarines and sunflower/soy/corn/olive oils were rated
on for whether they were used with foods (i.e., breads, vegetables) and with cooking. For
both margarine and oil responses: Yes = 7 per week, No consumption = 0 per week; thus,
the potential score for margarine and oils ranged from 0 to 14 considering use with food and
with cooking to both questions. The summation of these columns provided the PUFA sum-
mary score for each participant during pregnancy. Data are reported as mean ± standard
deviation (SD) unless data was not non-normally distributed then median (minimum,
maximum) were reported. Difference values were determined by subtracting the 16-week
value from the 36-week value for maternal lipid levels. Based on difference values (16
to 36-week change scores), all participants were coded as improved (increased score), no
change, or decreased score for all DHA, EPA, and FFQ summary data. Participants that
had a decreased DHA or EPA blood value and decreased FFQ value were coded as non-
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responders, while those with increased DHA or EPA blood values with increased FFQ
values were coded as responders. Thus t-tests were completed to compare non-responders
with responders. Spearman’s rank correlation tests were performed to determine relation-
ships between maternal self-reported consumption of PUFA-rich foods with measured
values from blood. Linear regressions were done to determine if self-reported values were
predictors of maternal blood levels. Significance level was set a priori at 0.05 and SPSS was
used for all analyses (SPSS 25.0 Chicago, IL, USA).

3. Results

Study Population. For this analysis, 156 pregnant women expressed interest; of these
women, 145 were qualified and consented. Throughout the study, 38 participants were
lost-to-follow-up with participant refusal (n = 6), moved, no time or lost interest (n = 29),
discontinued due to drug use (n = 1), discontinued due to bed rest (n = 1), or miscarried
(n = 1). Of the remaining 107 participants, 60 were excluded due to missing data for
plasma, RBCs, and/or incomplete questionnaire data. Thus, a final sample of 47 pregnant
women completed 16-week and 36-week FFQs and venipunctures for this post hoc analysis.
On average, participants were 31 years old, had a mean BMI in a healthy range, with
appropriate GWG, and delivered full-term healthy babies free from congenital issues
(Table 1). The median response from the FFQ was that most women did not consume
white fish, other fish, almond/cashew milk, or use polyunsaturated margarine on a regular
weekly basis at 16 and 36 weeks gestation; at 16 and 36 weeks, participants reported
using oil on foods and for cooking (Table 2). Overall, the PUFA summary decreased from
16 to 36 weeks gestation (Table 2).

Table 1. Maternal descriptors.

Mean ± SD

Age (years) 30.56 ± 2.63
Gravida a 2 (1, 4)
Parity a 0 (0, 2)
Pre-pregnancy BMI (kg/m2) a 23.47 (20.5, 42.5)
16-week BMI (kg/m2) a 24.4 (21.5, 43.9)
36-week BMI (kg/m2) a 28.1 (24.76, 43.3)
Education (years) a 19 (13, 23)
Gestational weight gain (kg) 12.35 ± 6.42
Gestational age (weeks) 39.83 ± 1.05

All values reported as mean ± SD. a Values reported as median (minimum, maximum) and used a Mann–Whitney
U test due to non-normal distribution. BMI: body mass index.

Table 2. Self-reported frequency of food consumption per week at 16 and 36 weeks gestation.

Food Intake Categories 16 Weeks 36 Weeks

White fish (servings/wk) 0 (0, 2) 0 (0, 0.5)
Other fish (servings/wk) 0 (0, 0.5) 0 (0, 0.5)

Milk (almond or cashew) (servings/wk) 0 (0, 8) 0 (0, 8)
Polyunsaturated margarine (servings/wk) 0 (0, 0) 0 (0, 0)

Oil number (servings/wk) 7 (0, 14) 7 (0, 14)
PUFA summary a (servings/wk) 9.25 ± 7.4 7.8 ± 7.11

All values reported as median (minimum, maximum) and used a Mann–Whitney U test due to non-normal
distribution. a Values reported as mean ± SD. PUFA: polyunsaturated fatty acid.

3.1. EPA and DHA Status

Both maternal RBC DHA concentration and plasma DHA concentration decreased
from 16 to 36 weeks. In contrast, maternal RBC EPA concentration increased from 16 to
36 weeks (Table 3). When comparing participants with overall decreased DHA or EPA
blood values and decreased FFQ values (non-responders) to those participants with overall
increased DHA or EPA blood values and increased FFQ values (responders), participants
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that have overall decreased DHA and EPA blood values have significantly increased GWG
(p = 0.02) with no differences in maternal age, gravida, and pre-pregnancy BMI.

Table 3. Maternal blood EPA and DHA concentrations at 16 and 36 weeks gestation and the difference
from early to late pregnancy.

16 Weeks 36 Weeks Difference

RBC DHA (ng/dL) 1279.56 ± 631.08 1187.0 (450.2, 6012.0) a −42.2 (−2006.0, 5501.8) a

Plasma DHA (ng/dL) 448.02 ± 186.03 415.7 ± 193.89 −32.32 ± 276.17
RBC EPA (ng/dL) 715.18 ± 426.76 930.8 (165.1, 4656.0) a 10.95 (−395, 3867) a

All values reported as mean ± SD. a Values reported as median (minimum, maximum) and used a Mann–
Whitney U test due to non-normal distribution. RBC: Red Blood Cell, DHA: docosahexaenoic acid, EPA:
eicosapentaenoic acid.

3.2. Correlation Analysis

There were no correlations between maternal DHA or EPA in blood compared to
self-reported fish consumption. There were moderate positive correlations between self-
reported almond/cashew milk consumption at 36 weeks gestation with 36-week plasma
concentration of DHA (p = 0.01, r = 0.582) as well as with the change value of plasma DHA
(p = 0.041, r = 0.473) from 16 to 36 weeks (Table 4). Similarly, self-reported 36-week DHA-
and EPA-rich oil consumption (sunflower/soy/corn/olive) moderately correlates with
16-week EPA on RBCs (p = 0.04, r = −0.306), 36-week plasma DHA (p = 0.046, r = 0.464), and
the change in plasma DHA (p = 0.02, r = 0.519) from 16 to 36 weeks (Table 4). Lastly, self-
reported 36-week PUFA-rich summary score moderately correlates with 36-week plasma
DHA (p = 0.01, r = 0.566), and the change in plasma DHA (p = 0.01, r = 0.567) from 16 to
36 weeks gestation (Table 4).

Table 4. Correlation between self-reported PUFA-rich food consumption and maternal blood and
plasma DHA or EPA concentrations.

Measure p-Value Pearson Correlation

16-week PUFA-rich foods summary

RBC EPA difference 0.055 0.282

36-week milk (almond or cashew) consumption

36-week plasma DHA 0.009 0.582

Difference plasma DHA 0.041 0.473

36-week PUFA oil consumption

36-week plasma DHA 0.046 0.464

Difference plasma DHA 0.023 0.519

16-week RBC EPA 0.037 −0.306

36-week PUFA-rich foods summary

36-week plasma DHA 0.012 0.566

Difference plasma DHA 0.011 0.567

3.3. Regression Analysis

We found predictive models for plasma and RBC concentrations of EPA and DHA
(Table 5). Controlling for gravida and 16-week self-reported PUFA-rich food summary,
16-week maternal BMI (p = 0.01) predicted 16-week maternal EPA on RBCs (Table 5); this
suggests that changes in 1 unit of BMI correlates with about 2 ng/dL of maternal EPA,
which may not be clinically meaningful. When controlling for gravida and GWG, 36-week
self-reported PUFA oil consumption (p = 0.02) significantly predicted 36-week plasma DHA
(Table 5); this suggests that if women added 2–3 servings/day of PUFA oil, this could
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increase plasma DHA by 10 ng/dL, which could result in clinically meaningful differences.
Other models that approached significance or did not have any significant individual
predictors are not shown.

Table 5. Regression models to predict DHA and EPA levels in maternal blood.

p-Value 95% CI Lower Bound 95% CI Upper Bound Beta Value STD Error

16-week RBC EPA (Model 1) p-value = 0.045 * Adjusted R2 = 0.111

16-week PUFA-rich food summary 0.65 −30.641 19.232 −0.069 12.365

16-week BMI 0.01 * −53.157 −6.463 −0.368 11.577

Difference in RBC EPA (Model 2) p-value = 0.046 * Adjusted R2 = 0.154

Age 0.08 −150.318 9.005 −0.27 39.316

Education 0.08 −358.107 22.805 −0.321 93.997

16-week PUFA-rich food summary 0.23 −25.153 99.696 0.189 30.809

36-week plasma DHA (Model 3) p-value= 0.044 * Adjusted R2 = 0.333

Gestational weight gain 0.09 −0.878 11.674 0.393 2.926

36-week other fish consumption 0.051 −1.07 758.032 0.443 176.964

36-week PUFA oil consumption 0.02 * 2.956 35.063 0.548 7.485

BMI: body mass index; PUFA: polyunsaturated fatty acid. Bolded headers indicate significant models. * p < 0.05.
Non-significant measures in each regression model includes: Model 1: gravida; Model 2: gravida, 16-week BMI;
Model 3: gravida.

4. Discussion

The purpose of the study was: (1) to measure DHA and EPA levels from maternal
blood in early and late pregnancy, and (2) to determine the association, and possible
predictors, between self-reported consumption of PUFA-containing foods with DHA and
EPA concentrations in maternal blood in early and late pregnancy. We hypothesized that:
(1) PUFA-rich foods, DHA, and EPA levels will be similar in early and late pregnancy, and
(2) there will be a positive correlation, and possible predictors, between self-reported PUFA-
rich food consumption and circulating PUFA concentrations which was consistent with our
findings. Our main findings were as follows: (1) DHA levels in maternal blood, and self-
reported PUFA-food average weekly consumption, decreased from 16 to 36 weeks gestation;
(2) self-reported PUFA-rich food average weekly consumption positively correlates with
measured DHA and EPA levels in blood; and (3) DHA, but not EPA, concentration in blood
was predicted by self-reported PUFA oils consumption.

We found both self-reported PUFA-food weekly consumption and measured DHA
levels decreased from early to late pregnancy, which was different than expected. This
suggests that there is decreased maternal consumption of PUFA-rich oils as pregnancy
progresses. Previous literature on this topic reports conflicting results. One study notes
that serum fatty acid concentrations of DHA, EPA, and total omega-3 PUFA’s increase from
the first to second trimester, with a slight, but continued, increase from the second to third
trimester, which was attributed to an increase in lipids transported across the placenta after
20 weeks gestation [20]; however, our study was of US women with MS technology and
the previous findings were in Brazilian women and LC technology, possibly explaining the
difference in findings. Similar to our findings, another study reported decreasing levels of
maternal plasma levels of DHA from 27 weeks gestation until delivery [21]. One further
longitudinal study from Spain found an increase of total omega-6 PUFA’s, a decrease of
EPA, and no significant change of DHA, from the first to the third trimester of maternal
plasma [22]. In the present study, decreasing concentrations of DHA on RBCs and in plasma
were found from early and late pregnancy. The decreasing levels of DHA may be explained
by a decrease in consumption of DHA and EPA-containing oils throughout the pregnancy.
Previous studies have focused on the intake of fish throughout pregnancy [8]; whereas
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the present study suggests a potential recommendation of increasing maternal PUFA-rich
oil intake during pregnancy. Since those with generally decreased DHA or EPA in blood
and on the questionnaire have significantly increased GWG, further research is needed
to determine why these women may have an overall decrement in nutrition quality as
pregnancy progresses.

As we hypothesized, we found self-reported 36-week PUFA-rich average weekly
food consumption positively correlates with DHA and EPA levels at 36 weeks. Similar
to the present study, previous research by Kobayashi et al. found a correlation between
food intake and serum levels of EPA (R = 0.37) and DHA (R = 0.27) during pregnancy [8].
This study utilized a FFQ which had users rate foods such as fish, shellfish, and other
fish products based on consumption and portion size during early (8–14 weeks) and late
(26–35 weeks) gestation in Japan [8]. This differed from the current study in which cor-
relations were analyzed for specific foods, allowing further assessment of which food
items correlate best with the blood sample findings. Furthermore, the FFQ utilized in the
Kobayashi et al. study has limited accuracy in measuring cooking oil as a possible source
of PUFA intake; this is a limitation that our study was able to address [8]. Other research
evaluated the validation of a FFQ measuring PUFA status in non-pregnant adults [7]. This
study found a positive correlation between self-reported dietary DHA intake, specifically
fish, with plasma DHA, but no correlation between plasma EPA [7]. The discrepancy be-
tween these findings and our findings of a positive correlation with both plasma DHA and
EPA could be due to the type of FFQ used. The FFQ utilized in the previously mentioned re-
search emphasized PUFA status from fish consumption, whereas the questionnaire utilized
in the present study emphasized PUFA-rich foods, such as fish, oils, and margarine. These
details provide validation regarding the participant’s diet relative to a sensitive measure of
EPA and DHA intake, thus accounting for the difference in results.

Finally, we found that 36-week DHA concentration was predicted by 36-week self-
reported PUFA oil consumption, but EPA concentrations were predicted by maternal BMI.
These findings suggest that maternal DHA levels could potentially be estimated by FFQ
self-reported PUFA oil levels during pregnancy. This would provide a non-invasive method
of assessing late pregnancy PUFA status, to ensure recommended levels are met, as an
essential part of proper fetal development. Interestingly, maternal EPA concentrations
were predicted with a negative association with maternal BMI. Similar to our findings,
a study by Young et al. reported a negative association between BMI of non-pregnant
women and omega-3 index [22]. The negative association was proposed to be due to altered
metabolic pathways in the absorption and utilization of omega-3 fatty acids in women with
obesity compared to healthy BMI [22]. The similar findings between our study and that
of Young et al. suggests that the utilization of EPA is similar in non-gravid and gravid
women. Further research is needed to accurately define the role of maternal BMI, most
likely adiposity status, in pregnant women and EPA concentrations.

The strengths of our study include the unique comparison of early and late pregnant
women with blood samples and questionnaire data. While our study provides valuable
insights, this research is not without its limitations. First, the small sample and non-
normally distributed variables, may influence linear regression analysis; however, the
uniqueness of the data argue for further investigation with a larger sample to enable the
accuracy and efficiency of linear regression estimates. With more data, the type 2 error in
the study would be reduced, leading to a higher sensitivity and greater generalizability
of the outcomes. Furthermore, as with any self-report method for assessment, there is a
potential for self-reported bias when responding. Women may feel compelled to alter their
answers based on what they think they should be consuming, not what they consumed.
It is important to note that some of the foods contained in the FFQ contained omega-3
and omega-6 fats; therefore, further research needs to explore how women’s self-reported
response relates to blood levels of both types of unsaturated fats. However, given the
correlation between the self-reported data and the direct measurement of blood variables
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and the low-cost, patient- and clinic-friendly use of FFQ relative to the use of venipuncture,
this warrants further investigation.

Future research should expand upon the current study by assessing neonatal outcomes
according to self-reported PUFA status. Furthermore, more research can be done to optimize
the use of the FFQ and address a larger, more diverse pregnant population. The FFQ from
the present study can be implemented in OB/GYN clinics with the goal of providing
patient knowledge on PUFA-containing foods and creating obtainable goals for patients
on the amount of those foods to consume. Further research should focus on overall
nutrition quality in those women who have trends of increased GWG. This may create
more education for patients and create better outcomes for neonates.

5. Conclusions

In conclusion, the present study found that average weekly PUFA consumption and
blood levels seem to decrease throughout pregnancy. Importantly, the Sheffield FFQ seems
to be an effective method for estimating late pregnancy DHA and EPA blood levels. This
research allows for a compelling and non-invasive method for estimating DHA and EPA
concentration in pregnant women, especially the third trimester. Furthermore, by utilizing a
FFQ, women can be aware of their DHA and EPA status, thus, allowing a simpler approach
for patients and clinical professionals to track PUFA intake throughout pregnancy. The
present study provides insight into an easy, cost-effective method for estimating DHA
and EPA status in pregnant women but warrants further nutrition analysis. Overall, the
Sheffield FFQ might provide a noninvasive, low-cost method to estimate DHA and EPA
status, especially in late pregnancy; however, further investigation with a larger sample
is warranted.
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Abstract: Vitamin D is involved in the pathophysiology of anemia. This cross-sectional study was
conducted using the Nationwide Nutrition and Health Survey in Pregnant Women in Taiwan database.
We investigated associations among dietary patterns (DPs), vitamin D, and iron-related biomarkers in
pregnant women. The principal component analysis revealed four DPs. Linear and logistic regression
analyses were performed to investigate the association of DPs with anemia-related biomarkers.
Plant-based, carnivore, and dairy and nondairy alternatives DPs were positively associated with
serum vitamin D levels. After adjusting covariates, the pregnant women consuming plant-based
DPs at the mid-tertile (T2) were associated with reduced risks of low serum folate and vitamin D
levels, and those consuming carnivore DPs at higher tertiles (T2 and/or T3) were correlated with
an increased risk of low serum iron levels but decreased risks of low serum transferrin saturation,
vitamin B12, and vitamin D levels. The pregnant women consuming dairy and nondairy alternatives
DPs at the highest tertile (T3) were associated with reduced risks of low serum folate and vitamin B12

levels. However, the processed food DP was not correlated with anemia-related biomarkers. Thus,
plant-based, carnivore, and dairy and nondairy alternatives DPs were associated with the risk of
low-serum-anemia-related variables.

Keywords: vitamin D; iron; dietary pattern; principal component analysis; gestational anemia

1. Introduction

Anemia during pregnancy or gestational anemia is a major health concern affecting
approximately 38% of the global population (approximately 32 million individuals); this
proportion ranges from 24% in the Western Pacific Region to 49% in Southeast Asia [1,2].
The World Health Organization (WHO) has defined anemia as a hemoglobin (Hb) level of
<6.83 mmol/L (<11 g/dL) and severe anemia as an Hb level of <4.34 mmol/L (<7 g/dL) [3].
For pregnant women, the trimester-wise classification proposed by the Center for Disease
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Control and Prevention (CDC) suggests that gestational anemia can be indicated by an Hb
level of <6.83 mmol/L (<11 g/dL) in the first and third trimesters and that of <6.52 mmol/L
(<10.5 g/dL) in the second trimester [4].

Gestational anemia increases the incidence rates of perinatal mortality, stillbirth, ab-
normal or retarded brain growth, and fetal morbidity [5,6]. Iron deficiency anemia is
the most common type of gestational anemia and indicated by a serum ferritin level of
<0.034 nmol/L (<15 μg/L) [7]. Other common causes of gestational anemia include folate
(megaloblastic anemia) or vitamin B12 (pernicious anemia) deficiency, which contributes to
maternal morbidities [8,9]. Fetal nutrient deficiencies may result from congenital abnormal-
ity, low birth weight, and preterm delivery [10,11]. Iron is a key micronutrient essential
for tissue oxygenation and erythropoiesis. Blood loss, decreased iron intake, and impaired
iron absorption could contribute to iron deficiency [12]. Gestational iron storage and the
absorption of dietary iron are important for the maintenance of iron homeostasis. Ferritin is
a protein form which stores iron and serves as a preliminary predictor of lower hemoglobin
and anemia [13,14]. Hence, in the present study, the major variables related to anemia
were ferritin followed by hemoglobin and serum iron levels. In a study that took place in
the UK and Australia, a serum ferritin test in the first trimester was suggested to verify
whether pregnant women needed to be referred for iron therapy, and serum ferritin levels
were considered to be assessed in the first antenatal visit for women from areas with a high
prevalence of iron-deficiency anemia, along with a full blood count test in early pregnancy
for women at high risk of iron-deficiency anemia [15]. Additionally, a prospective cohort
study of maternal and infant health and nutrition surveillance in Bangladesh determined
maternal plasma ferritin levels at gestational weeks 14 and 30 and found that plasma
ferritin levels in the late gestation of pregnancy were negatively correlated with infant
birth weight [16], indicating the crucial role of ferritin as a form of iron storage in fetal
growth outcome.

Several dietary nutrients affect iron balance, and the antioxidant vitamin C, as an
acidic substance, promotes iron absorption [17]. Most earlier studies have focused on the
role of vitamin C in dietary iron absorption [18,19]. However, few studies have explored the
association between dietary patterns (DPs) and vitamin D levels in women with gestational
anemia. Iron absorption was reportedly enhanced by vitamin D through reducing the
levels of hepcidin and proinflammatory cytokines [20,21]. However, the role of vitamin
D in anemia prevention and iron absorption remains controversial [22]. In animal- and
population-based pregnancy studies, Qiu et al. [23] and Si et al. [24] both reported a
positive association between blood vitamin D levels and iron status. A cross-sectional
study conducted by Mayasari et al. revealed an association between dietary intake and
serum hepcidin levels during pregnancy [25]. Furthermore, an evidence-based study
conducted by Michalski et al. among Vietnamese women of reproductive age reported
a positive association between serum, instead of dietary, vitamin D and Hb levels [26].
Additionally, Wong et al. found that serum vitamin D levels were positively associated
with serum ferritin levels in Chinese pregnant women [27]. However, the aforementioned
studies did not explore any other iron-related biomarkers. Our knowledge regarding DPs,
vitamin D levels, and iron status remains limited. In the present study, DP was used as
a supportive approach to investigate the association between overall dietary factors and
disease outcomes [28]. Thus, we investigated the association of DPs with vitamin D levels
and other iron-related biomarkers in pregnant women.

2. Materials and Methods

2.1. Study Design and Population Demographics

This population-based cross-sectional study was conducted using a database asso-
ciated with the Nationwide Nutrition and Health Survey in Pregnant Women in Taiwan
(2017–2019; Pregnant NAHSIT 2017–2019). Relevant data were collected from a total of
11 recognized hospitals in Taiwan. The inclusion criteria were as follows: being aged
>15 years; receiving a maternal handbook; using an obstetric inspection service more than
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once; being able to communicate in Mandarin, Taiwanese, and other languages; and being
willing to participate in our study and provide consent. The exclusion criteria included
having multiparity (>3) and being nonresponsive.

The data of 1502 pregnant women were used in the present study. After the partici-
pants signed the consent form, the researchers assigned the date for collecting data during
their prenatal visits. The collected data were classified into the following four categories:
sociodemographic, anthropometric, biochemical, and dietary (including supplements, such
as milk powder, multivitamin/multimineral, iron, vitamin B complex, folate, vitamin D,
and calcium, and dietary assessment) data. Sociodemographic and anthropometric data
were obtained using a self-reported questionnaire, whereas dietary data were collected
by well-trained registered dieticians during face-to-face interviews with the women. The
data collection from all the questionnaires took 60–90 min. Biochemical analyses were
performed using blood samples collected during prenatal visits. This study was approved
by the Joint Institutional Review Board of Taipei Medical University, Taiwan (approval
number: TMU-JIRB N201707039) and conducted in accordance with the ethical principles
of the Declaration of Helsinki.

2.2. Dietary Assessment

Dietary assessment was performed using a 24 h dietary recall method and a validated
semiquantitative food frequency questionnaire (FFQ) modified from the NAHSIT FFQ [25].
Food pictures and measurement cups or spoons were used when 24 h dietary recall was
conducted by registered dieticians. The FFQ is the most commonly used, reliable, and
cost-effective tool for nutrition surveys and has high reproducibility [29]. A total of 59 food
items were identified using the FFQ. For the present study, a total of 32 food groups
were developed based on the categories and nutrient contents of the aforementioned food
items [25]. Food items having similar nutrient characteristics were categorized under the
same group (Supplementary Table S1).

The daily, weekly, or monthly frequencies of food intake were recorded in the FFQ.
The total monthly frequency of a particular food group was calculated. According to the
24 h dietary recall data, nutrient intake was calculated using Cofit Pro (Cofit Healthcare,
Taipei, Taiwan), an online software available on the Taiwan Food Nutrient Database.

DPs can be determined using two approaches: a priori (a hypothesis-derived prospec-
tive study) and a posteriori (a data-driven, frequency-based retrospective study) meth-
ods [30]. Principal component analysis (PCA) was performed in the present study to
determine the DPs of the women, because PCA (an a posteriori method) offered the highest
interpretability with minimal information loss and reduced dataset dimensionality [31].

2.3. Anthropometric and Biochemical Data Collection

Pre-pregnancy body mass index (BMI) was calculated using body weight (kg) divided
by height (m2). Both body weight and height before pregnancy were self-reported and
collected in the questionnaire. Blood was drawn from the median cubital and cephalic
veins. Serum hemoglobin (Hb) levels were measured using a hematology analyzer (Sysmex
Corp., Kobe, Japan). Serum iron levels (μmol/L) were determined spectrophotometrically
using a Beckman Coulter Unicel DxC 800 (Beckman Coulter, Brea, CA, USA) after iron was
released by acetic acid from transferrin and reduced to ferrous iron by hydroxylamine and
thioglycolate [25]. Serum ferritin levels were assessed by an enzyme-linked immunosorbent
assay using the Beckman Coulter Unicel DxC 800 (Beckman Coulter, Brea, CA, USA) [25].
The total iron-binding capacity (TIBC, μmol/L) was evaluated by the colorimetric im-
munoassay method using the Beckman Coulter Unicel DxC 800 (Beckman Coulter, Brea,
CA, USA) [32]. Transferrin saturation (%) was calculated by the percentage of serum iron
levels divided by the TIBC value [33]. The serum levels of folate [34] and vitamin B12 [35]
were measured using SimulTRAC-SNB radioimmunoassay kits (MP Biomedicals, Santa
Ana, CA, USA) with 125I or 57Co as the tracer, respectively. Serum 25(OH) vitamin D levels
were determined by an electrochemiluminescence immunoassay using an Elecsys vitamin
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D total reagent kit with ruthenium-labeled vitamin-D-binding protein (Roche Diagnostics
Ltd., Taipei, Taiwan) [36].

2.4. Anthropometric and Biochemical Parameters in Gestational Anemia

The Ministry of Health and Welfare, Taiwan, has recommended the following BMI-based
classification of adults: underweight (<18.5 kg/m2), normal weight (18.5 to <24 kg/m2),
overweight (24 to <27 kg/m2), and obesity (>27 kg/m2) [37]. Gestational anemia was
defined according to the criteria outlined by the WHO and CDC. The normal cutoff values
of serum iron and TIBC in women without anemia are 10.7 μmol/L (60 μg/dL) [38] and
42.96–80.55 μmol/L (240–450 μg/dL) [39]. The WHO recommends the following cutoff
values for gestational anemia: serum ferritin level <0.034 nmol/L (<15 μg/L) [40] and
transferrin saturation <16% [41]. The reference levels of serum folate for all age populations
are 13.6–45.3 nmol/L (6–20 ng/mL) [42]. The Endocrine Society has defined vitamin D
insufficiency as a vitamin D level of <75 nmol/L (<30 ng/mL) [43].

2.5. Statistical Analysis

Statistical analysis was performed using SPSS (version 22.0, IBM Corp., Armonk, NY,
USA) and SAS (version 9.4, SAS Institute Inc., Chicago, IL, USA). A one-way analysis
of variance was used for continuous variables expressed as mean ± standard deviation,
whereas the chi-square test was used for categorical variables expressed as number and per-
centage. Tukey’s post hoc multiple comparisons were performed to determine significant
within-group differences among continuous variables. We identified DPs by PCA using
SAS. A total of four DPs were identified through orthogonal varimax rotation with a mean
eigenvalue of 1.0 and a factor loading of >0.30 [44]. Factor loadings of <0.30 were omitted
for simplification. A high factor loading indicates a strong association between food groups
and disease. For each DP, DP scores were calculated by total food intake (frequency/month)
times factor loading. We used the following three models to verify the association between
DPs and blood biomarker levels: model 1 (crude model), model 2 (adjusted for age, region
of residence, parity, and trimester), and model 3 (adjusting factors in model 2 plus daily
dietary intake). A simple linear regression analysis was conducted using the independent
(DP) and dependent (biochemical biomarkers) variables to identify the trend (positive or
negative) of association. Data are presented in terms of the regression of coefficient (β) and
95% confidence intervals (CIs). For further confirmation, each DP was categorized into
tertiles. Tertiles 1 (T1), 2 (T2), and 3 (T3) represent the lowest, mid, and highest DP scores,
respectively. Furthermore, a binomial logistic regression analysis was performed to identify
the disease trend across the tertiles of each DP and biochemical biomarkers, and the odds
ratios (ORs) of T2 and T3 were compared with the reference group (T1). Data are presented
in terms of odds ratios and 95% CIs. The OR value of >1 or <1 with statistical significance
indicates increased or decreased disease risk, whereas OR = 1 represents nonsignificant
effects [45]. Statistical significance was set at p ≤ 0.05.

3. Results

3.1. Sociodemographic and Anthropometric Characteristics of the Women

Pregnant women in T3 of serum vitamin D were older (32.9 ± 4.9 vs. 32.0 ± 4.7 years)
than those in T1 of serum vitamin D (Table 1). Most pregnant women in T3 of serum
vitamin D lived in the southern part of Taiwan (32%), were primiparous (49.3%), and were
in the third trimester of pregnancy (53%). The women across the vitamin D tertiles did not
differ significantly in terms of education level, family monthly income, duration of sun
exposure, or BMI.
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Table 1. Sociodemographic and anthropometric characteristics of the women across the tertiles of
serum vitamin D (n = 1502) 1.

Variables Total (n)

Tertiles of Serum Vitamin D 2

T1
(n = 505)

T2
(n = 486)

T3
(n = 511)

p-Value 3

Sociodemographic Data

Age (years) 1502 32.0 ± 4.7 a 32.7 ± 4.7 ab 32.9 ± 4.9 b 0.008

Region of residence 1499 0.000
Northern 231 (45.8) 153 (31.5) 117 (23.0)
Central 130 (25.8) 124 (25.5) 117 (23.0)

Southern 51 (10.1) 77 (15.8) 163 (32.0)
Eastern and other 92 (18.3) 132 (27.2) 112 (22.0)

Parity 1497 0.002
1 306 (60.7) 267 (55.2) 251 (49.3)
2 164 (32.5) 170 (35.1) 193 (37.9)
≥3 34 (6.8) 47 (9.7) 65 (12.8)

Trimester 1502 0.000
First, weeks 0–12 172 (34.1) 125 (25.7) 78 (15.3)

Second, weeks 13–26 164 (32.5) 159 (32.7) 162 (31.7)
Third, weeks 27–40 169 (33.4) 202 (41.6) 271 (53.0)

Education 1493 0.165
≤Junior high school 68 (13.5) 72 (15.0) 97 (19.1)
College or university 355 (70.3) 330 (68.8) 340 (66.9)

Graduate school 82 (16.2) 78 (16.2) 71 (14.0)

Monthly income (NTD) 1474 0.117
<30,000 63 (12.6) 69 (14.8) 80 (15.8)

30,000–59,999 209 (41.7) 187 (40.1) 238 (46.9)
60,000–99,999 162 (32.3) 150 (32.2) 131 (25.8)
≥100,000 67 (13.4) 60 (12.9) 58 (11.5)

Sun exposure (min/d)

1498 0.676
<10 158 (31.3) 147 (30.4) 155 (30.5)

10 to <20 155 (30.7) 150 (31.0) 144 (28.2)
20 to <60 172 (34.0) 158 (32.6) 179 (35.2)

≥60 20 (4.0) 29 (6.0) 31 (6.1)

Anthropometric Data

Pre-pregnant BMI (kg/m2) 1479 22.4 ± 3.9 22.9 ± 4.2 22.8 ± 4.0 0.082
<18.5 52 (10.5) 45 (9.4) 44 (8.7) 0.739

18.5 to <24.0 312 (62.9) 285 (59.6) 309 (61.2)
24.0 to <27.0 71 (14.3) 76 (15.9) 84 (16.6)

≥27 61 (12.3) 72 (15.1) 68 (13.5)
1 Continuous data are presented as the mean ± standard deviation, whereas categorical data are presented as
the number and percentage in the parentheses. Different superscript letters for continuous variables indicate
significantly different (p ≤ 0.05) using Turkey’s post hoc test. 2 Tertiles of serum vitamin D levels: T1: 20
to >53 nmol/L, T2: 54 to >71 nmol/L, and T3: 72 to 154 nmol/L. 3 The p-value was determined using one-
way analysis of variance test for continuous variables and chi-square test for categorical variables. BMI, body
mass index.

3.2. Biochemical Characteristics of the Women

Pregnant women in T3 of serum vitamin D had higher levels of serum Hb (7.4 ± 1.3 mmol/L),
iron (13.9 ± 7.8 μmol/L), TIBC (85.6 ± 17.1 μmol/L), folate (32.3 ± 17.0 nmol/L), and
vitamin B12 (249.0 ± 169.8 pmol/L), but lower serum ferritin levels (0.05 ± 0.05 nmol/L)
than those in T1 of serum vitamin D did (Table 2). Categorical classification revealed that
the levels of serum Hb and folate were >6.76 mmol/L and ≥13.5 nmol/L, respectively, in
most women in T3 of serum vitamin D. The number of individuals with anemia defined
as Hb <6.83 mmol/L (<11 g/dL) in trimesters 1 and 3 or Hb <6.52 mmol/L (10.5 g/dL)
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in trimester 2 was 322 (21.4%), and we did not further analyze the data based on the
pregnant women with or without anemia due to there being much fewer women with
anemia compared with those without anemia.

Table 2. Biochemical characteristics of the women across the tertiles of serum vitamin D (n = 1502) 1.

Serum Variables
Tertiles of Serum Vitamin D 2

T1 (n = 505) T2 (n = 486) T3 (n = 511) p-Value 3

Hemoglobin (mmol/L) 7.2 ± 1.1 a 7.3 ± 1.2 ab 7.4 ± 1.3 b 0.038
<4.34 4 (0.8) 5 (1.0) 1 (0.2) 0.051

4.34–6.14 38 (7.5) 43 (8.9) 42 (8.2)
6.15–6.76 80 (15.8) 50 (10.3) 59 (11.5)
6.77–8.69 364 (72.1) 369 (75.9) 376 (73.6)

>8.69 19 (3.8) 19 (3.9) 33 (6.5)
Iron (μmol/L) 12.0 ± 6.8 a 12.8 ± 6.6 a 13.9 ± 7.8 b 0.000

Ferritin (nmol/L) 0.06± 0.15 a 0.05 ± 0.06 ab 0.05 ± 0.05 b 0.028
TIBC (μmol/L) 81.5 ± 19.9 a 83.2 ± 17.2 ab 85.6 ± 17.1 b 0.001

Transferrin saturation (%) 16.2 ± 9.4 16.6 ± 10.1 16.7 ± 10.2 0.779
Folate (nmol/L) 25.5 ± 15.6 a 29.2 ± 16.6 b 32.3 ± 17.0 c 0.000

<6.8 13 (2.6) 10 (2.0) 10 (2.0) 0.000
6.8–13.4 101 (20.0) 65 (13.4) 54 (10.6)
13.5–45.3 342 (67.7) 346 (71.2) 349 (68.3)

>45.3 49 (9.7) 65 (13.4) 98 (19.2)
Vitamin B12 (pmol/L) 215.1 ± 154.9 a 232.1 ± 108.9 ab 249.0 ± 169.8 b 0.001
Vitamin D (nmol/L) 42.4 ± 8.0 a 62.3 ± 5.2 b 89.1 ± 15.1 c 0.000

1 Continuous data are presented as the mean ± standard deviation, whereas categorical data are presented as
the number and percentage in the parentheses. Different superscript letters for continuous variables indicate
significant difference (p ≤ 0.05) using Turkey’s post hoc test. 2 Tertiles of serum vitamin D levels: T1: 20 to
>53 nmol/L, T2: 54 to >71 nmol/L, and T3: 72 to 154 nmol/L. 3 The p-value was determined using one-way
analysis of variance test for continuous variables and chi-square test for categorical variables. TIBC, total iron-
binding capacity.

3.3. Dietary Intake of the Women

Daily dietary intakes of energy, macronutrients, iron, folate, vitamin B12, and vitamin
D were determined using 24 h dietary recall data. Pregnant women in T3 of serum vitamin
D had higher intakes of protein (g), fat (g and % of energy), iron, folate, and vitamin D,
but lower intakes of carbohydrates (% of energy) than those in T1 of serum vitamin D did
(Supplementary Table S2). No significant differences were found in pregnant women across
the tertiles of serum vitamin D in terms of energy or vitamin B12 intake.

Pregnant women in T3 of serum vitamin D had higher monthly intake frequencies for
supplements of multivitamin/multimineral, folate, and calcium than those in T1 of serum
vitamin D did (Supplementary Table S2). Other dietary supplements such as milk powder
(17.6%), iron (11.2%), vitamin B complex (18.0%), and vitamin D (11.1%) were not assessed
for the monthly intake frequency because a lower proportion (<20%) of the women took
these supplements.

3.4. Dietary Patterns

The PCA revealed a total of four DPs (Figure 1). All four DPs explained total variance
of 9.35% (4.37%, 1.93%, 1.61%, and 1.44%). DPs were categorized and ranked on the
basis of a threshold factor loading value (>0.30). Each DP was named according to their
corresponding factor loading values and dietary component structures. The first pattern
comprising a total of ten food groups was named the plant-based DP (DP-1) because the
highest factor loadings were exhibited by bamboo shoots and melons; mushroom and
related products; carrots, roots, and tubers; dark-colored vegetables; and legumes and
various beans. Other food groups in DP-1 included marine plants and kelp; nuts and
nut products; animal organ meat and blood; general soy products and gluten pasta; and
aquatic fish, shell, shellfish, and seafood. The second pattern was named the carnivore
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DP (DP-2), which comprised the following six food groups from the highest to the lowest
factor loadings: livestock lean meat; poultry meat; livestock lean meat; processed meat and
meat products; herbs and spices; and salt. The third pattern was named the processed food
DP (DP-3), which comprised the following six food groups: cake, pastry, and dumplings;
salty buns and sweet buns; glutinous rice desserts and rhizome starch; pickled vegetables;
deep water fish; and seafood products. Finally, the fourth pattern was named the dairy and
non-dairy alternatives DP (DP-4), which comprised the following six food groups: milk
and milk products; nondairy products, such as soy and rice milk; eggs; breakfast cereals
and bread and related products; noodles and related products; and 100% pure juice and
commercially available vegetable juice.

Figure 1. Factor loading of four dietary patterns identified by principal component analysis. The
factor loadings of <0.30 were eliminated for simplification.

3.5. Association of DPs with Serum-Anemia-Related Biochemical Variables

Table 3 presents the association between plant-based DP (DP-1) and anemia-related
biochemical variables. Serum ferritin levels in the crude model (model 1) were negatively
(β: −0.06, 95% CI: −0.29, −0.01, p ≤ 0.05) associated with DP-1, but after covariate ad-
justment, there was no significant association between serum ferritin levels and DP-1. In
contrast, serum TIBC in model 1 (β: 0.09, 95% CI: 0.02, 0.10, p ≤ 0.001) and serum vitamin
D levels in all three models (model 1: β: 0.08, 95% CI: 0.02, 0.08, p ≤ 0.01; model 2: β: 0.06,
95% CI: 0.00, 0.06, p ≤ 0.05; model 3: β: 0.04, 95% CI: −0.00, 0.05, p ≤ 0.05) were positively
associated with DP-1.

As shown in Table 4, in all the three models, carnivore DP (DP-2) was correlated with
the reduction in serum iron levels by 0.07–0.08 μmol/L (model 1: β: −0.08, 95% CI: −0.49,
−0.10, p ≤ 0.01; model 2: β: −0.07, 95% CI: −0.47, −0.07, p ≤ 0.01; model 3: β: −0.08,
95% CI: −0.50, −0.11, p ≤ 0.01). In addition, DP-2 was associated with the decrease in
serum ferritin levels by 0.06 nmol/L (95% CI: −0.46, −0.04, p ≤ 0.05) but the increase in
serum TIBC levels by 0.08 μmol/L (95% CI: 0.02, 0.10, p ≤ 0.01) in model 1. Changes in
serum ferritin and TIBC levels were not significant after covariate adjustment. In all three
models, serum vitamin D levels were positively associated with DP-2, and the increase in
serum vitamin D ranged from 0.04 to 0.08 nmol/L (model 1: β: 0.08, 95% CI: 0.02, 0.10,
p ≤ 0.01; model 2: β: 0.06, 95% CI: 0.00, 0.08, p ≤ 0.05; model 3: β: 0.04, 95% CI: −0.00, 0.07,
p ≤ 0.05).
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Table 3. The association of plant-based dietary pattern with anemia-related biochemical variables in
serum evaluated by the generalized linear regression analysis 1.

Variables
Model 1 Model 2 Model 3

β (95% CI) β (95% CI) β (95% CI)

Hemoglobin (mmol/L) −0.04 (−1.76, 1.50) 0.01 (−1.42, 1.85) 0.00 (−1.52, 1.13)
Iron (μmol/L) −0.04 (−0.46, 0.08) −0.03 (−0.45, 1.01) −0.03 (−0.46, 0.09)

Ferritin (nmol/L) −0.06 (−0.29, −0.01) * −0.02 (−0.20, 0.07) −0.02 (−0.19, 0.09)
TIBC (μmol/L) 0.09 (0.02, 0.10) *** 0.02 (−0.01, 0.03) 0.02 (−0.01, 0.03)

Transferrin saturation (%) 0.00 (−0.01, 0.01) 0.00 (−0.01, 0.01) −0.00 (−0.01, 0.01)
Folate (nmol/L) 0.01 (−0.02, 0.03) 0.02 (−0.01, 0.03) 0.02 (−0.01, 0.03)

Vitamin B12 (pmol/L) −0.04 (−0.36, 0.04) −0.02 (−0.28, 0.11) −0.02 (−0.27, 0.13)
Vitamin D (nmol/L) 0.08 (0.02, 0.08) ** 0.06 (0.00, 0.06) * 0.04 (−0.00, 0.05) *

1 The values of β and data in the parentheses indicate regression coefficient and 95% confidence interval (95%
CI), respectively, after covariate adjustment in different models: model 1, crude model; model 2, adjusted for age,
region of residence, parity, and trimester; and model 3, adjusted for age, region of residence, parity, trimester,
and daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and % of energy), fat (g
and % of energy), iron (mg), folate (μg), and vitamin D (μg). * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. TIBC, total
iron-binding capacity.

Table 4. The association of carnivore dietary pattern with anemia-related biochemical variables in
serum evaluated by the generalized linear regression analysis 1.

Variables
Model 1 Model 2 Model 3

β (95% CI) β (95% CI) β (95% CI)

Hemoglobin (mmol/L) −0.03 (−1.82, 0.43) −0.02 (−1.56, 0.74) −0.02 (−1.60, 0.69)
Iron (μmol/L) −0.08 (−0.49, −0.10) ** −0.07 (−0.47, −0.07) ** −0.08 (−0.50, −0.11) **

Ferritin (nmol/L) −0.06 (−0.46, −0.04) * −0.03 (−0.34, 0.06) −0.03 (−0.32, 0.08)
TIBC (μmol/L) 0.08 (0.02, 0.10) ** 0.02 (−0.01, 0.04) 0.02 (−0.01, 0.04)

Transferrin saturation (%) 0.01 (−0.02, 0.01) −0.01 (−0.02, 0.01) −0.02 (−0.02, 0.01)
Folate (nmol/L) −0.02 (−0.05, 0.02) −0.01 (−0.00, 0.00) −0.00 (−0.03, 0.03)

Vitamin B12 (pmol/L) 0.00 (−0.29, 0.29) 0.02 (−0.18, 0.39) 0.01 (−0.21, 0.36)
Vitamin D (nmol/L) 0.08 (0.02, 0.10) ** 0.06 (0.00, 0.08) * 0.04 (−0.00, 0.07) *

1 The values of β and data in the parentheses indicate regression coefficient and 95% confidence interval (95%
CI), respectively, after covariate adjustment in different models: model 1, crude model; model 2, adjusted for age,
region of residence, parity, and trimester; and model 3, adjusted for age, region of residence, parity, trimester, and
daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and % of energy), fat (g and %
of energy), iron (mg), folate (μg), and vitamin D (μg). * p ≤ 0.05 and ** p ≤ 0.01. TIBC, total iron-binding capacity.

The processed food DP (DP-3) did not exhibit any strong association with anemia-
related biochemical biomarkers except vitamin B12 (Supplementary Table S3). Serum
vitamin B12 levels were negatively associated with DP-3 in models 1 and 2 (model 1:
β: −0.04, 95% CI: −1.44, 0.09, p ≤ 0.05; model 2: β: −0.05, 95% CI: −1.48, 0.02, p ≤ 0.05).

Table 5 presents the association between the dairy and nondairy alternatives DP (DP-4)
and anemia-related biochemical variables. DP-4 was positively associated with serum TIBC
in model 1 (β: 0.08, 95% CI: 0.02, 0.10, p ≤ 0.01). Furthermore, the serum vitamin D level
was only positively associated with DP-4 in models 1 and 2 (model 1: β: 0.05, 95% CI: 0.02,
0.09, p ≤ 0.05; model 2: β: 0.04, 95% CI: −0.00, 0.08, p ≤ 0.05).

3.6. Association of DPs with the Risk of Low-Anemia-Related Biomarkers

As shown in Table 6, the binomial logistic regression analysis revealed that the preg-
nant women with the highest consumption levels (T3) of plant-based DPs (DP-1) were
associated with a reduced risk of low ferritin levels (OR: 0.73, 95% CI: 0.57, 0.94, p ≤ 0.05) in
model 1 compared with those with lower consumption levels (T1) of DP-1. However, there
were no significant correlations between DP-1 and the risk of low serum ferritin levels after
covariate adjustment. Additionally, the pregnant women with higher consumption levels
(T2 and/or T3) of DP-1 were likely to have reduced risks of low folate and vitamin D levels
compared with those with lower consumption levels (T1) of DP-1 in all the models.
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Table 5. The association of dairy and nondairy alternatives dietary pattern with anemia-related
biochemical variables in serum evaluated by the generalized linear regression analysis 1.

Variables
Model 1 Model 2 Model 3

β (95% CI) β (95% CI) β (95% CI)

Hemoglobin (mmol/L) −0.03 (−1.75, 0.33) −0.03 (−0.30, 0.06) −0.03 (−1.70, 0.41)
Iron (μmol/L) −0.04 (−0.29, 0.05) −0.03 (−0.30, 0.06) −0.04 (−0.32, 0.04)

Ferritin (nmol/L) −0.04 (−0.41, 0.03) −0.02 (−0.30, 0.12) −0.04 (−0.31, 2.00)
TIBC (μmol/L) 0.08 (0.02, 0.10) ** 0.02 (−0.01, 0.05) 0.02 (−0.01, 0.05)

Transferrin saturation (%) 0.01 (−0.02, 0.02) 0.01 (−0.02, 0.02) 0.01 (−0.02, 0.02)
Folate (nmol/L) 0.03 (−0.02, 0.05) 0.04 (−0.01, 0.06) 0.04 (−0.01, 0.06)

Vitamin B12 (pmol/L) −0.01 (−0.38, 0.24) 0.01 (−0.25, 0.35) 0.01 (−0.27, 0.34)
Vitamin D (nmol/L) 0.05 (0.02, 0.09) * 0.04 (−0.00, 0.08) * 0.03 (−0.01, 0.07)

1 The values of β and data in the parentheses indicate regression coefficient and 95% confidence interval (95%
CI), respectively, after covariate adjustment in different models: model 1, crude model; model 2, adjusted for age,
region of residence, parity, and trimester; and model 3, adjusted for age, region of residence, parity, trimester, and
daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and % of energy), fat (g and %
of energy), iron (mg), folate (μg), and vitamin D (μg). * p ≤ 0.05 and ** p ≤ 0.01. TIBC, total iron-binding capacity.

Table 6. Odds ratios (ORs) of low-anemia-related biochemical variables in serum across the tertiles of
plant-based dietary pattern assessed by binomial logistic regression analysis 1.

Variables 2

Plant-Based Dietary Pattern 3

Model 1
OR (95% Confidence Interval)

Model 2
OR (95% Confidence Interval)

Model 3
OR (95% Confidence Interval)

T2 T3 T2 T3 T2 T3

Hemoglobin (mmol/L) 1.40 (0.44, 4.45) 1.00 (0.35, 2.87) 1.53 (0.47, 4.96) 0.94 (0.32, 2.77) 1.12 (0.32, 3.87) 0.65 (0.20, 2.04)
Iron (μmol/L) 0.98 (0.76, 1.25) 1.17 (0.91, 1.50) 0.98 (0.75, 1.27) 1.14 (0.88, 1.49) 0.96 (0.73, 1.25) 1.14 (0.87, 1.49)

Ferritin (nmol/L) 0.98 (0.76, 1.25) 0.73 (0.57, 0.94) * 0.92 (0.69, 1.22) 1.17 (0.87, 1.57) 0.89 (0.67, 1.20) 1.16 (0.86, 1.56)
TIBC (μmol/L) 1.00 (0.02, 1.28) 1.33 (0.04, 1.52) 1.07 (0.14, 1.48) 0.95 (0.12, 1.34) 1.06 (0.14, 1.48) 0.97 (0.12, 1.37)

Transferrin saturation (%) 1.06 (0.82, 1.36) 0.84 (0.65, 1.07) 1.04 (0.81, 1.34) 0.83 (0.65, 1.07) 1.03 (0.80, 1.33) 0.83 (0.64, 1.07)
Folate (nmol/L) 0.61 (0.44, 0.85) ** 0.66 (0.48, 0.92) * 0.61 (0.42, 0.88) ** 0.68 (0.47,0.98) * 0.60 (0.41, 0.87) ** 0.69 (0.47, 1.00)

Vitamin B12 (pmol/L) 0.86 (0.64, 1.16) 1.01 (0.76, 1.35) 0.86 (0.64, 1.18) 0.95 (0.70, 1.29) 0.88 (0.67, 1.24) 1.04 (0.77, 1.42)
Vitamin D (nmol/L) 0.69 (0.52,0.92) * 0.75 (0.57, 0.99) * 0.68 (0.51, 0.91) * 0.81 (0.60, 1.08) 0.69 (0.52, 0.93) * 0.84 (0.62, 1.13)

1 Three different models were performed in binomial logistic regression analysis: model 1, crude model; model 2,
adjusted for age, region of residence, parity, and trimester; and model 3, adjusted for age, region of residence,
parity, trimester, and daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and
% of energy), fat (g and % of energy), iron (mg), folate (μg), and vitamin D (μg). 2 Variables were divided
into two levels on the basis of cutoff values in serum: hemoglobin, 6.52 mmol/L (10.5 g/dL); iron, 10.7 μmol/L
(60 μg/dL); ferritin, 0.034 nmol/L (15 ng/mL); TIBC, 42.96 μmol/L (240 μg/dL); transferrin saturation, 16%; folate,
13.6 nmol/L (6 ng/mL); vitamin B12, 149.8 pmol/L (203 pg/mL); and vitamin D, 75 nmol/L (30 ng/mL). 3 Dietary
pattern scores were divided into tertiles: T1 (reference), 0.56–38.85; T2, >38.87–65.61; and T3 >65.85–436.82.
* p ≤ 0.05 and ** p ≤ 0.01. TIBC, total iron-binding capacity.

As found in Table 7, the pregnant women with higher consumption levels (T3 and/or
T2) of the carnivore DP (DP-2) were likely to have an increased risk of low iron levels in
all the models. The pregnant women with higher consumption levels (T2) of DP-2 were
associated with a decreased risk of low transferrin saturation (OR: 0.70, 95% CI: 0.54, 0.91,
p ≤ 0.01) in model 2. T2 and T3 of DP-2 were correlated with reduced risks of low serum
vitamin B12 and vitamin D levels in the adjusted models.

The processed food DP (DP-3) did not exhibit any prominent associations with anemia-
related biochemical biomarkers except serum vitamin D levels (Supplementary Table S4).
The pregnant women with higher consumption levels (T2) of DP-3 were likely to have a
reduced risk of low vitamin D levels in model 1 (OR: 0.71, 95% CI: 0.53, 0.95, p ≤ 0.05) and
model 2 (OR: 0.68, 95% CI: 0.51, 0.92, p ≤ 0.05).

Table 8 demonstrates the associations between the dairy and nondairy alternatives
DP (DP-4) and anemia-related biochemical variables. In Model 1, the pregnant women
with the highest consumption levels (T3) of DP-4 were correlated with reduced risks of
low serum TIBC (OR: 0.71, 95% CI: 0.54, 0.93, p ≤ 0.05), low vitamin B12 (OR: 0.73, 95%
CI: 0.54, 0.97, p ≤ 0.05), and low vitamin D levels (OR: 0.72, 95% CI: 0.54, 0.96, p ≤ 0.05).
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After covariate adjustment, the pregnant women with the highest consumption levels (T3)
of DP-4 were associated with decreased risks of low serum folate (models 2 and 3), low
vitamin B12 (models 2 and 3), and low vitamin D (model 2).

Table 7. Odds ratios (ORs) of low-anemia-related biochemical variables in serum across the tertiles of
carnivore dietary pattern assessed by binomial logistic regression analysis 1.

Variables 2

Carnivore Dietary Pattern 3

Model 1
OR (95% Confidence Interval)

Model 2
OR (95% Confidence Interval)

Model 3
OR (95% Confidence Interval)

T2 T3 T2 T3 T2 T3

Hemoglobin (mmol/L) 0.55 (0.18, 1.66) 1.00 (0.29, 3.48) 0.51 (0.17, 1.58) 1.03 (0.29, 3.68) 0.47 (0.14, 1.56) 0.93 (0.24, 3.54)
Iron (μmol/L) 1.36 (1.06,1.76) * 1.33 (1.03, 1.72) * 1.24 (0.95, 1.63) 1.33 (1.02, 1.74) * 1.30 (0.99, 1.72) 1.33 (1.02, 1.75) *

Ferritin (nmol/L) 1.29 (1.00, 1.66) 1.30 (1.00, 1.68) 1.24 (0.92, 1.66) 1.15 (0.86, 1.54) 1.24 (0.92, 1.67) 1.16 (0.86, 1.56)
TIBC (μmol/L) 0.83 (0.63, 1.08) 0.78 (0.59, 1.01) 0.92 (0.65, 1.28) 1.00 (0.14, 1.11) 1.00 (0.13, 1.27) 1.04 (0.14, 1.11)

Transferrin saturation (%) 0.86 (0.66, 1.10) 0.93 (0.72, 1.20) 0.84 (0.65, 1.08) 0.92 (0.71, 1.19) 0.70 (0.54, 0.91) ** 0.93 (0.72, 1.21)
Folate (nmol/L) 1.18 (0.84, 1.68) 1.30 (0.92, 1.84) 1.15 (0.79, 1.69) 1.25 (0.85, 1.83) 1.15 (0.78, 1.70) 1.26 (0.86, 1.86)

Vitamin B12 (pmol/L) 0.85 (0.63, 1.14) 0.89 (0.67, 1.19) 0.56 (0.37, 0.84) ** 0.54 (0.35, 0.82) ** 0.68 (0.52, 0.90) ** 0.25(0.17, 0.37) ***
Vitamin D (nmol/L) 0.69 (0.52, 0.92) * 0.55 (0.41, 0.74) *** 0.70 (0.52, 0.94) * 0.58 (0.43, 0.78) *** 0.70 (0.52, 0.95) ** 0.59 (0.44, 0.80) **

1 Three different models were performed in binomial logistic regression analysis: model 1, crude model; model 2,
adjusted for age, region of residence, parity, and trimester; and model 3, adjusted for age, region of residence,
parity, trimester, and daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and
% of energy), fat (g and % of energy), iron (mg), folate (μg), and vitamin D (μg). 2 Variables were divided
into two levels on the basis of cutoff values in serum: hemoglobin, 6.52 mmol/L (10.5 g/dL); iron, 10.7 μmol/L
(60 μg/dL), ferritin, 0.034 nmol/L (15 ng/mL); TIBC, 42.96 μmol/L (240 μg/dL); transferrin saturation, 16%; folate,
13.6 nmol/L (6 ng/mL); vitamin B12, 149.8 pmol/L (203 pg/mL); and vitamin D, 75 nmol/L (30 ng/mL). 3 Dietary
pattern scores were divided into tertiles: T1 (reference), 0.56–38.85; T2, >38.87–65.61; and T3 >65.85–436.82.
* p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. TIBC, total iron-binding capacity.

Table 8. Odds ratios (ORs) of low-anemia-related biochemical variables in serum across the tertiles of
dairy and nondairy alternatives dietary pattern assessed by binomial logistic regression analysis 1.

Variables 2

Dairy and Nondairy Alternatives Dietary Pattern 3

Model 1
OR (95% Confidence Interval)

Model 2
OR (95% Confidence Interval)

Model 3
OR (95% Confidence Interval)

T2 T3 T2 T3 T2 T3

Hemoglobin (mmol/L) 0.63 (0.24, 1.65) 0.69 (0.35, 1.67) 0.73 (0.27, 1.95) 1.12 (0.72, 1.83) 0.61 (0.21, 1.78) 0.98 (0.41, 1.89)
Iron (μmol/L) 0.83 (0.65, 1.07) 0.90 (0.70, 1.16) 0.81 (0.62, 1.06) 0.84 (0.64, 1.10) 0.83 (0.63, 1.08) 0.85 (0.65, 1.12)

Ferritin (nmol/L) 0.91 (0.71, 1.17) 1.11 (0.86, 1.42) 0.91 (0.71, 1.17) 1.11 (0.86, 1.42) 0.85 (0.64, 1.15) 0.87 (0.64, 1.17)
TIBC (μmol/L) 1.03 (0.14, 1.26) 0.71 (0.54, 0.93) * 1.10 (0.15, 1.30) 0.94 (0.12, 1.24) 1.00 (0.16, 1.31) 0.95 (0.12, 1.25)

Transferrin saturation (%) 1.04 (0.81, 1.33) 0.96 (0.75, 1.23) 1.02 (0.79, 1.31) 0.95 (0.74, 1.22) 1.02 (0.79, 1.31) 0.96 (0.74, 1.24)
Folate (nmol/L) 0.72 (0.52, 1.01) 0.75 (0.53, 1.04) 0.80 (0.55, 1.15) 0.67 (0.47, 0.97) * 0.80 (0.55, 1.16) 0.67 (0.46, 0.98) *

Vitamin B12 (pmol/L) 0.80 (0.60, 1.07) 0.73 (0.54, 0.97) * 0.79 (0.59, 1.07) 0.63 (0.46, 0.85) ** 0.81 (0.60, 1.10) 0.66 (0.48, 0.90) *
Vitamin D (nmol/L) 0.79 (0.60, 1.05) 0.72 (0.54, 0.96) * 0.79 (0.59, 1.06) 0.72 (0.54, 0.97) * 0.80 (0.60, 1.08) 0.75 (0.55, 1.02)

1 Three different models were performed in binomial logistic regression analysis: model 1, crude model; model 2,
adjusted for age, region of residence, parity, and trimester; and model 3, adjusted for age, region of residence,
parity, trimester, and daily dietary intake, such as energy (kcal), carbohydrate (% of energy), protein (g and % of
energy), fat (g and % of energy), iron (mg), folate (μg), and vitamin D (μg). 2 Variables were divided into two
levels on the basis of cutoff values in serum: hemoglobin, 6.52 mmol/L (10.5 g/dL); iron, 10.7 μmol/L (60 μg/dL),
ferritin, 0.034 nmol/L (15 ng/mL); TIBC, 42.96 μmol/L (240 μg/dL); transferrin saturation, 16%; folate, 13.6
nmol/L (6 ng/mL); vitamin B12, 149.8 pmol/L (203 pg/mL); and vitamin D, 75 nmol/L (30 ng/mL). 3 Dietary
pattern scores were divided into tertiles: T1 (reference), 0.56–38.85; T2, >38.87–65.61; and T3 >65.85–436.82.
* p ≤ 0.05 and ** p ≤ 0.01. TIBC, total iron-binding capacity.

4. Discussion

4.1. Association of Serum Vitamin D with Other Serum-Anemia-Related Biomarkers

We showed that all anemia-related biochemical variables were significantly different
across the tertiles of serum vitamin D levels in the pregnant women, except for transferrin
saturation. Hence, pregnant women with higher serum vitamin D levels had higher serum
Hb, iron, TIBC, folate, and vitamin B12 levels, which indicates better iron status. Similarly, Si
et al. [24] found that plasma 25(OH) vitamin D levels were positively correlated with plasma
Hb levels in each trimester of Chinese pregnant women. Additionally, Chinese pregnant
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women with vitamin D deficiencies (<50 nmol/L) in trimesters 1 and 2 were associated
with an elevated risk of anemia compared with those without vitamin D deficiencies [24]. A
cross-sectional study conducted in Vietnamese non-pregnant young women revealed that
serum vitamin D levels, not dietary vitamin D intake, were positively associated with Hb
levels, but not significantly correlated with anemia [26]. We also found that the pregnant
women with higher serum vitamin D levels had lower serum ferritin levels, but the average
ferritin levels were still within the normal range. A previous study demonstrated that
serum 25(OH) vitamin D levels were not correlated with serum ferritin levels in Indonesian
pregnant women in the first trimester; however, the pregnant women with insufficient
(<75 nmol/L) or deficient (<50 nmol/L) 25(OH) vitamin D levels in the first trimester had a
higher risk of developing anemia in the third trimester [46].

4.2. Association of DPs with Serum-Anemia-Related Biomarkers

Our findings from the linear regression analysis revealed that both the plant-based
(DP-1) and carnivore (DP-2) DPs were negatively associated with serum ferritin levels in
the crude mode, but positively correlated with serum vitamin D levels in all the models. In
contrast, the processed food DP (DP-3) was negatively associated with serum vitamin B12
levels. The dairy and nondairy alternatives DP (DP-4) was positively correlated with serum
TIBC and vitamin D levels. Consistently, our findings from the binomial regression analysis
showed that both DP-1 and DP-2 were associated with a reduced risk of low serum vitamin
D levels. DP-4 was correlated with decreased risks of low serum TIBC, folate, vitamin B12,
and vitamin D levels.

Plant-based foods (non-heme iron source) are rich in fiber, phytate, oxalate, and/or
polyphenols which could chelate with iron as an inhibitor of iron bioavailability, and
they have less iron absorption compared with heme iron food sources [47–49]; thus, the
plant-based DP (DP-1) could be correlated with a reduction in serum ferritin levels. Our
study demonstrated that DP-1 was correlated with reduced odds of low serum folate and
vitamin D levels in pregnant women. Similarly, a previous study reported that pregnant
women consuming an ovo-lacto vegetarian or a low-meat diet were likely to have a lower
risk of folate deficiency compared with those consuming a Western diet [50]. Additionally,
pregnant women consuming a vegetarian diet had significantly higher serum 1,25-(OH)2
vitamin D levels compared with those consuming a nonvegetarian diet [51]. However,
adults consuming a vegetarian diet or a plant-based diet were correlated with lower iron
stores (lower serum ferritin levels) and a higher prevalence of anemia, probably due to
the poor absorption of non-heme iron compared with those consuming a nonvegetarian
diet [52,53].

Notably, the carnivore DP (DP-2) was associated with an increased risk of low serum
iron levels in our study. However, a systematic review reported that the adults consuming a
high intake of a carnivore/animal-based diet were positively correlated with iron status [54].
The possible reason for the association between DP-2 and low serum iron levels could be
attributed to herbs and spices (such as chili paper, garlic, Thai leafy vegetables, shallot,
tamarind, and turmeric) in DP-2, which are enriched in polyphenolic compounds and
can hinder iron absorption by forming insoluble iron complexes [55]. We also found that
DP-2 was correlated with reduced risks of low transferrin saturation, vitamin B12, and
vitamin D levels. Norwegian women (36–39 years old) consuming a reindeer meat DP
were likely to have slightly higher transferrin saturation (mean: 28%) compared with those
consuming a fish (mean: 26%), average (mean: 27%), fruit/vegetables (mean: 24%), or
Western/marine DP (mean: 26%) [56]. Dutch pregnant women who consumed higher
vitamin B12 intake from animal foods such as meat, fish, or dairy food which were rich in
vitamin B12 were correlated with higher plasma vitamin B12 levels [57]. A previous study
showed that Caucasian pregnant women in Ireland consumed dietary vitamin D primarily
from meat, eggs, and breakfast cereals [58]. Meat was the predominant food group in DP-2,
and the pregnant women with higher intakes of DP-2 presumably had better serum vitamin
D statuses.
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The processed food DP (DP-3) was negatively associated with serum vitamin B12
levels. The excessive thermal treatment of foods during food processing may be attributed
to reduced vitamin B12 content in foods [59]. Additionally, high intakes of ultra-processed
foods were correlated with decreased intakes of certain vitamins such as vitamin A, B12, C,
D, E, and niacin in adults [60].

After covariate adjustment, T3 of the dairy and nondairy alternatives DP (DP-4) was
associated with reduced odds of low serum folate, vitamin B12, and vitamin D levels.
Consistent with our findings, Cifelli et al. [61] demonstrated that dairy and individual
dairy foods were correlated with increased serum folate and vitamin B12 levels in a US
population. Dairy food also provided rich sources of vitamins B12 [62] and D [63], which
could significantly contribute to serum vitamin B12 and vitamin D levels.

Overall, we identified that plant-based, carnivore, and dairy and nondairy alternatives
DPs were positively correlated with serum vitamin D levels and a reduced risk of low
serum vitamin D. Serum vitamin D status could be affected not only by dietary patterns
but also by exposure to sunlight or the use of sun protection [64]. Our previous study
showed that among 1502 pregnant women in Taiwan, 69.6% women had sun exposure
≥10 min/d in the previous month, and 61.7% women had blood drawn in sunny months
between June and November [65]. Additionally, dietary vitamin D intake had a greater
impact on serum vitamin D levels in the women who lived in the northern part of Taiwan,
whereas serum vitamin D levels were more greatly influenced by sunlight-related factors in
those who lived in the southern or other parts of Taiwan [65]. These vitamin-D-associated
DPs may reduce the risk of anemia in pregnant women, because these DPs were also
negatively correlated with other anemia-related biochemical variables such as serum folate
and vitamin B12. A possible mechanism for the effect of vitamin D on anemia was its
modulation in iron metabolism via the down-regulation of hepcidin [66,67]. Higher serum
vitamin D levels could be beneficial for better iron statuses through reducing hepcidin
at the transcriptional level and suppressing the expression of proinflammatory cytokines
involved in iron imbalance [67]. Active vitamin D could down-regulate the production of
endogenous hormone hepcidin, thereby improving iron release, iron recycling, and iron
absorption [67], and further maintain iron status during pregnancy. A recent cross-sectional
study reported that serum hepcidin levels were negatively associated with the consumption
frequency of plant-based foods such as legumes, breakfast cereals, light-colored vegetables,
and gourds and root vegetables in Taiwanese pregnant women [25]. In the present study,
we did not analyze serum hepcidin, and further studies are necessary to identify whether
vitamin-D-rich DP is correlated with serum hepcidin levels.

4.3. Strengths and Limitations

To the best of our knowledge, the present study pioneered the PCA-mediated iden-
tification method for the association of DPs with serum levels of vitamin D and iron
biomarkers in Taiwanese pregnant women. PCA is commonly used in pragmatic analyses
performed using correlation matrices of intake units to identify common DPs [68]. We used
data from the Pregnant NAHSIT 2017–2019 and included pregnant women from different
areas of Taiwan (northern, central, southern, and eastern). In addition, sociodemographic
data (education and income levels) were also collected to complement our findings.

The present study has some limitations. First, because of the unavailability of data
regarding serum vitamin C, hepcidin, and parathyroid hormone levels which could affect
iron status, we could not assess the association of DPs with these biomarkers. Second, the
use of the FFQ and self-reported data for body weight and height might have introduced
biases, such as errors in overestimation or underestimation. To overcome or minimize
the biases of the FFQ, we additionally obtained 24 h dietary recall data and used food
pictures and measurement cups or spoons during data collection [69]. Third, we did not
consider certain pathological conditions of pregnant women, such as morning sickness
during the first trimester of pregnancy. Fourth, the data regarding dietary supplements
and seasonality were limited. Finally, because of the cross-sectional study design, we could
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not establish any causal relationship among DPs, serum vitamin D levels, and iron status.
Nevertheless, a correlation relationship was identified between DPs and serum levels of
anemia-related biomarkers. Future cohort studies and randomized control trials are needed
to overcome the aforementioned limitations.

5. Conclusions

This study is a novel attempt to identify the associations among DPs, serum vitamin
D levels, and iron status in pregnant women. Plant-based (DP-1), carnivore (DP-2), and
dairy and nondairy alternatives DPs (DP-4) are positively correlated with serum vitamin D
levels. The medium intake of a plant-based DP (DP-1) is associated with higher levels of
serum folate and vitamin D. The medium and high consumption of carnivore DP (DP-2)
is correlated with higher levels of serum vitamin B12 and vitamin D. The high intake of
dairy and nondairy alternatives DP (DP-4) is associated with higher levels of serum folate
and vitamin B12. However, we found no strong association between DPs and serum levels
of Hb and iron status, except the negative correlation between the carnivore DP (DP-2)
and serum iron levels. Thus, the medium intake of a vitamin D-rich diet such as a plant-
based, carnivore, or dairy and nondairy alternatives DP is suggested to be beneficial for
preventing anemia in pregnant women due to better statuses of serum folate, vitamin B12,
and vitamin D.
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Abstract: Gestational weight gain (GWG) may be affected by the timing of dietary intake. Previous
studies have reported contradictory findings, possibly due to inconsistent characterizations of meal
timing. We conducted a birth cohort study in Tianjin to determine the effect of daily energy and
macronutrient distribution in mid and late pregnancy on GWG. Dietary intake information in the
second and third trimesters used three 24-h dietary recalls, and meal timing was defined in relation to
sleep/wake timing. The adequacy of GWG was assessed using recommendations from the Institute of
Medicine guidelines. Pregnant women who had a relatively high average energy and macronutrient
distribution in the late afternoon–early evening time window exhibited a greater GWG rate and a
greater total GWG than that in morning time window during the third trimester (β = 0.707; β = 0.316).
Carbohydrate intake in the morning of the second and third trimesters (β = 0.005; β = 0.008) was
positively associated with GWG rates. Morning carbohydrate intake in the second trimester was also
positively associated with total GWG (β = 0.004). Fat intake in the morning of the third trimester
(β = 0.051; β = 0.020) was positively associated with the GWG rates and total GWG. Excessive GWG
of Chinese pregnant women was related closely to eating behavior focused on the late afternoon–early
evening and carbohydrate and fat intake in the morning during the second and third trimesters.

Keywords: energy; macronutrients; circadian distribution; gestational weight gain

1. Introduction

Optimal Gestational weight gain (GWG) is essential to ensure the health of both the
mother and the baby. However, GWG above or below the recommended guidelines of
the Institute of Medicine is related to adverse perinatal outcomes, including gestational
hypertension, gestational diabetes, cesarean delivery, premature birth, macrosomia, and
infant mortality, as well as long-term negative outcomes in the offspring, including child-
hood obesity and adiposity [1,2]. Abnormal GWG is currently a serious obstetric issue.
For example, in the United States, weight gained is higher than the Institute of Medicine-
recommended range in 48% of women giving birth to full-term singleton infants, with 21%
gaining insufficient weight [3]. In China, inadequate and excessive weight gain account
for 27.2% and 36.6%, respectively [4]. On average, maternal weight increases as pregnancy
progresses. The fastest weight gain occurs in the second trimester, and the weight gain
rate in the third trimester slightly decreases [5]. In the second and third trimesters, weight
gained includes maternal fat accumulation, extravascular fluid, placenta, uterus, and fetus
growth [6]. Therefore, it is necessary to simultaneously pay attention to the GWG during
the second and third trimesters and explore the associated factors.
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Emerging evidence suggests that the timing of food intake may affect weight gain.
For instance, skipping breakfast, eating lunch late, and eating a large dinner have been
associated with various indices of obesity [7]. Nevertheless, this subject has not been
sufficiently studied in Chinese pregnant women, and one main methodological limitation
is defining meal timing; conventional meal categories (i.e., breakfast, lunch, and dinner)
and clock timing (external timing) to characterize meal timing may fail to accurately
relate metabolic alterations in the context of the internal circadian rhythm [8]. Dim light
melatonin onset is the recommended method for assessing the biological timing (internal
circadian timing), which demands participants to stay in dim light conditions for a whole
evening or more and undergo repeated blood or saliva collections to measure melatonin
concentrations [9]. However, this method is unpractical for most epidemiological or clinical
studies. A more practical approach to estimating the circadian time of food intake is to
consider the timing of food intake relative to the sleep/wake cycle [10]. Moreover, changing
an individual’s meal timing in a real-world setting may be difficult, but changing the daily
distribution of energy or macronutrients may be achievable. Therefore, in the present study,
we investigated dietary intake and sleep/wake timing in the second and third trimesters to
define mealtimes relative to sleep/wake timing. We examined the associations between
individual daily energy and macronutrient distribution, macronutrient intake in different
time windows, and GWG.

2. Materials and Methods

2.1. Study Design

Tianjin Maternal and Child Health Education and Service Cohort was a prospective
cohort conducted at the Women and Children’s Medical Care Center in Hebei and Heping
districts of Tianjin, China, beginning in January 2018. The inclusion criteria for the cohort
were: (1) age ≥ 18 years; (2) singleton pregnancy; (3) in the first trimester (8–13 weeks)
at enrollment; and (4) no plan to move from Tianjin during the subsequent 4 years. The
participants in this study were a subsample of this ongoing cohort. The exclusion criteria
were (1) having no Chinese speaking or reading abilities; (2) an individual history of
diabetes, hypertension, liver failure, renal failure, congestive heart failure, abnormal thyroid
function, psychosis, or cancer; and (3) a positive test result for women of COVID-19, syphilis,
human immunodeficiency virus, rubella, toxoplasmosis, varicella, or cytomegalovirus [11].
Accordingly, the present analysis included 149 pregnant women who had complete data
on at least two of the three visits for the study and had not been locked down during
pregnancy. Six of these women were excluded because their daily average energy intake
was <500 kcal/d or >3500 kcal/d (first-trimester visit and second-trimester visit: n = 5; first-
trimester visit, second-trimester visit, and third-trimester visit: n = 1). Finally, 143 pregnant
women were included (first-trimester visit and second-trimester visit: n = 34; first-trimester
visit and third-trimester visit: n = 16; first-trimester visit, second-trimester visit, and third-
trimester visit: n = 92) and 234 complete pieces of data for the participants were collected
between 2018 January to 2021 December.

2.2. Demographic Data and Covariates

In the first trimester, through face-to-face interviews, a self-administered question-
naire was used to collect the general demographic data of pregnant women, including
age, educational level, employment status, and economic circumstances [12]. The height
and weight within 1 month before pregnancy were self-reported. The pre-pregnancy
body mass index (BMI) (weight (kg)/height(m)2) was calculated using pre-pregnancy
weight and height [11]. Physical activity was measured once per trimester: first trimester,
8–14 gestational weeks; second trimester, 16–27 gestational weeks; and third trimester,
28–37 gestational weeks. Physical activity evaluation was conducted by asking the par-
ticipants whether they had performed any physical exertion and the duration of daily
physical activity (0 = “0 h/d;” 1 = “≤0.5 h/d;” 2 = “>0.5 h/d and ≤1.0 h/d;” 3 = “>1.0 h/d
and ≤2.0 h/d;” and 4 = “>2.0 h/d”). Metabolic equivalents of the task were analyzed as
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reference thresholds of absolute intensities of the physical activities [13]. The pregnancy
history, clinical history, gestational weight in each trimester, pre-delivery weight, and
delivery condition were obtained from the women’s medical documentation in the Women
and Children’s Medical Care Center.

2.3. Estimation of GWG

The evaluation indicators of GWG include total GWG across full pregnancy and the
GWG rate in the second or third trimester.

First, the total GWG and the GWG rates were calculated as follows:
The total GWG = pre-delivery weight (kg) − pre-pregnancy weight (kg);

The GWG rate =
Weight at the last obstetrician visit(kg)− Weight at the first obstetrician visit(kg)

Gestational age at the last obstetrician visit(w)− Gestational age at the first obstetrician visit(w)

Second, to evaluate the adequacy of GWG according to the Institute of Medicine
recommendation [14], the value of GWG in participants with different pre-pregnancy
BMIs was reassigned by the recommended value. When GWG was within the range
of recommended value (adequate): Values = 1; when GWG was below or above the
recommended value:

Values = (
GWG

the recommended lower limit
+

GWG
the recommended upper limit

)/2

Values > 1 represent excessive, values < 1 represent insufficient [15].

2.4. Three 24-h Dietary Recalls

Through a five-stage multiple-pass interviewing technique, three 24-h dietary recalls
were conducted by trained researchers to assess the dietary intake in the second and third
trimesters [16]. To further reduce recall bias and improve accuracy, the trained researchers
explained the recording requirements of dietary recalls to pregnant women a few days
before the survey. They suggested taking notes or photos of the food they consume [17].
Three 24-h dietary recalls were performed over consecutive days, including one on the
weekend. The evaluation of dietary intake composition did not consider nutrient sup-
plementation. The number of eating episodes was ascertained by the number of caloric
events ≥50 kcal, with time intervals between food consumption ≥15 min. Addition-
ally, meal clock timing for each eating episode was recorded. The intake of energy and
macronutrients was calculated using the average of the three 24-h dietary recalls by the
software Yingyangjisuanqi v2.7.6.10, with the Chinese database as a reference. Energy
intakes <500 kcal/d or >3500 kcal/d were excluded from the analysis. Daily energy and
macronutrient (carbohydrate, protein, and fat consumption) distribution was calculated as
a percentage of total energy and macronutrient intake and divided into four time windows,
as mentioned previously.

2.5. Sleep/Wake Time and Daily Time Windows

At each visit, pregnant women were required to report their usual wake time, bedtime,
and sleep onset latency on weekdays. Daily food intake for the participants did not occur
during the habitual sleep period on weekdays; therefore, the analysis of time windows
was concentrated on the waking period. We divided the waking period into four time
windows based on the relationship between the internal circadian time and the sleep/wake
cycle [8,18]. The “morning” time window was defined as within 2 h after getting up. The
“late morning–early afternoon” time window was defined as from 2 h after getting up to
the middle of the waking period. The “late afternoon–early evening” time window was
defined as from the middle of the waking period until 2 h before bedtime, and the “night”
time window was defined as within 2 h before bedtime.
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3. Statistical Analysis

Pregnant women were classified into mutually exclusive dietary patterns by latent
profile analysis. Latent profile analysis could identify unobserved heterogeneity in multiple
continuous response variables. The Akaike information criterion (AIC), Bayesian infor-
mation criterion (BIC), and sample-size-adjusted BIC (aBIC) were used to determine the
best-fitting latent profile model. Additionally, the Vuong, Lo, Mendell, and Rubin likeli-
hood ratio test was used to determine whether adding an additional profile contributed to
a significantly better-fitting model [19].

For continuous variables, the Shapiro–Wilk test was used to assess the distribution
of variables. Data with parametric distribution are described as mean and standard de-
viation and were compared using the one-way analysis of variance or t-test. Data with
nonparametric distribution are described as median and interquartile range and were
compared using the Kruskal–Wallis or Mann–Whitney U tests. For categorical variables,
data are described as numbers (percentages) and were compared using the chi-squared test
or Fisher’s exact test. Multiple comparisons were conducted using the Bonferroni post hoc
test when necessary.

The Sample Wilcoxon Signed Rank Test was used to evaluate the adequacy of GWG
in pregnant women with different dietary patterns. Spearman’s correlation was used to
explore correlations among macronutrient intake in different time windows and the GWG.
Multiple Linear Regression Models (method = backward) were used to determine the
effects of dietary patterns (independent variables) and macronutrient intake in different
time windows (independent variables) on the adequacy of weight gain (dependent vari-
able). Models were adjusted for age, educational level, employment status, household
income, pregestational BMI, parity, the condition of gestational diabetes mellitus, gender of
offspring, physical activity, daily sleep duration, time node of the time window, number of
eating episodes, total energy intake, and gestational week of delivery. p < 0.05 was consid-
ered statistically significant. Statistical analyses were performed using SPSS version 24 and
Mplus version 6.0.

4. Results

4.1. Dietary Patterns Based on Energy and Macronutrient Distribution

The model fit information for latent profile analysis model estimation based on one
to five latent profiles is shown in Table S1. The Vuong, Lo, Mendell, and Rubin likelihood
ratio test did not indicate that the data in the four-class model fit were significantly better
than that in the three-class model (p = 0.227). However, as the number of latent profiles was
raised, the values of AIC, BIC, and aBIC were reduced, and the entropy remained above
0.80. Based on the results of model fit tests, our research objective, and the goal of simplicity,
the four-class model was identified as the best description of latent dietary profiles.

The four latent dietary profiles were characterized by average energy and macronutri-
ent distribution in different time windows. Complete data of dietary recalls and sleep/wake
time, 6.8% (n = 16, N = 234) were classified as having pattern 1, “high night distribution”.
This group had a relatively high average energy and macronutrient distribution in the night
time window. A total of 40.6% (n = 95, N = 234) were classified as having pattern 2, “high
late afternoon–early evening distribution”. This group had relatively high average energy
and macronutrient distribution in the late afternoon–early evening time window. Further,
31.2% (n = 73, N = 234) were classified as having pattern 3, “high late morning–early after-
noon distribution,” who had relatively high average energy and macronutrient distribution
in the late morning–early afternoon time window, and 21.4% (n = 50, N = 234) were clas-
sified as having pattern 4, “high morning distribution,” who had relatively high average
energy and macronutrient distribution in the morning time window (shown in Figure 1).
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Figure 1. Average energy and macronutrient distribution of time windows in different dietary
patterns. Latent profile analysis. E, energy; C, carbohydrate; P, protein; F, fat.

4.2. Participant Characteristics

The sociodemographic and anthropometric characteristics and the dietary pattern
composition did not appear to differ meaningfully across subsequent analyses (shown
in Table 1).

Table 1. The characteristics of participants.

Variables

The Second Trimester
(n = 126)

The Third
Trimester
(n = 108)

The Second and Third Trimester
(n = 92)

F/χ2 p

Mean ± SD/Median (IQR)
or n (%)

Mean ± SD/Median (IQR)
or n (%)

Mean ± SD/Median(IQR)
Or n (%)

Age (y) 30.85 ± 3.46 30.65 ± 3.63 30.88 ± 3.58 0.135 0.874
Level of education 0.328 0.988

High school or below 12 (9.52) 11 (10.19) 9 (9.78)
College or university 101 (80.16) 88 (81.48) 75 (81.52)

Master or higher 13 (10.32) 9 (8.33) 8 (8.70)
Household income

(thousand/y) 0.482 1.000

≤85 39 (30.95) 36 (33.33) 30 (32.61)
≤180 60 (47.62) 48 (44.45) 43 (46.74)
>180 27 (21.43) 24 (22.22) 19 (20.65)

Unemployed 4.770 0.093
yes 15 (11.90) 14 (12.96) 4 (4.35)
no 111 (88.10) 94 (87.04) 88 (95.65)

Pregestational BMI
(kg/m2) 21.50 (4.94) 21.50 (4.95) 21.45 (5.14) 0.979

Parity
1 103 (81.75) 87 (80.56) 73 (79.35) 0.705 0.978
2 22 (17.46) 20 (18.52) 18 (19.56)
3 1 (0.79) 1 (0.92) 1 (1.09)

Gestational
weeks 39.00 (2.00) 39.00 (2.00) 39.00 (2.00) 0.908

Gender of offspring 0.074 0.964
male 58 (46.03) 51 (47.22) 44 (47.83)

female 68 (53.97) 57 (52.78) 48 (52.17)
Gestational diabetes

mellitus The second trimester The third trimester 0.459 0.928

Yes 21 (16.67) 18 (16.67) 15 (16.30) 18 (19.57)
No 105 (83.33) 90 (83.33) 77 (83.70) 74 (80.43)

Dietary Pattern The second trimester The third trimester 5.684 0.771
1 10 (7.94) 6 (5.56) 10 (10.87) 3 (3.26)
2 51 (40.48) 44 (40.74) 35 (38.04) 40 (43.48)
3 39 (30.95) 34 (31.48) 31 (33.70) 32 (34.78)
4 26 (20.63) 24 (22.22) 16 (17.39) 17 (18.48)

BMI, Body mass index; SD, Standard deviation.

Age, household income, eating episodes, and time node of the “early evening/night” time
window of the pregnant women differed meaningfully by dietary profile in the second trimester.
Age and time node of the “early evening/night” time window of the pregnant women also
differed meaningfully by dietary profile in the third trimester (shown in Table 2).
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Daily energy and macronutrient intake did not differ significantly by dietary profile
in the second and third trimesters. The energy and macronutrient intake in different time
windows differed significantly by dietary profile in the second and third trimesters (shown
in Tables 3 and 4).

Table 3. The differences in energy and macronutrient intake during the second trimester between
each dietary pattern.

Nutrient

Dietary Pattern in the Second Trimester
P

Value1 (n = 10) 2 (n = 51) 3 (n = 39) 4 (n = 26)
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Energy and macronutrients intake in “morning” time window

Energy (kcal) 278.50 (509.74) 379.33 (221.33) d 326.67 (218.67) d 728.67 (369.17) b,c <0.001

Carbohydrate (g) 44.38 (80.55) 53.53 (37.24) d 45.90 (38.25) d 98.16 (77.74) b,c <0.001

Protein (g) 12.52 (22.40) 16.80 (10.64) d 12.37 (8.09) d 26.52 (13.88) b,c <0.001

Fat (g) 7.34 (15.64) d 10.10 (7.04) d 7.53 (9.26) d 18.05 (11.28) a,b,c <0.001

Energy and macronutrients intake in “late morning–early afternoon” time window

Energy (kcal) 505.00 (593.42) 407.00 (218.67) c 674.00 (441.69) b,d 456.00 (227.42) c <0.001

Carbohydrate (g) 61.93 (99.33) 51.90 (35.80) c 96.93 (65.04) b,d 56.94 (34.00) c <0.001

Protein (g) 30.50 (18.18) 17.60 (11.93) c 28.27 (19.96) b,d 19.47 (13.46) c <0.001

Fat (g) 15.85 (20.92) 10.57 (9.30) c 19.53 (16.67) b,d 12.72 (18.78) c <0.001

Energy and macronutrients intake in “late afternoon–early evening” time window

Energy (kcal) 252.00 (395.38) b 603.67 (290.89) a,c,d 472.97 (385.00) b 385.84 (175.19) b <0.001

Carbohydrate (g) 17.22 (58.32) b 78.97 (74.77) a,c,d 69.53 (45.17) b 50.07 (32.06) b <0.001

Protein (g) 9.52 (16.88) b,c 26.57 (14.40) a,d 19.23 (16.30) a 19.13 (9.07) b <0.001

Fat (g) 6.59(18.49) b 16.17 (15.10) a,c,d 9.90 (9.89) b 8.96 (9.54) b <0.001

Energy and macronutrients intake in “night” time window

Energy (kcal) 453.67 (535.25) b,c,d 21.00 (106.67) a 0.00 (36.00) a 78.50 (167.75) a <0.001

Carbohydrate (g) 72.99 (87.08) b,c,d 2.43 (15.87) a 0.00 (4.90) a 7.98 (15.32) a <0.001

Protein (g) 23.17 (30.44) b,c,d 0.23 (2.77) a 0.00 (0.93) a 2.77 (6.72) a <0.001

Fat (g) 21.59 (25.21) b,c,d 0.10 (2.57) a 0.00 (0.77) a 0.82 (6.4) a <0.001

a Values were significantly different from pattern 1 (α level for statistical significance identified with Bonferroni
correction). b Values were significantly different from pattern 2 (α level for statistical significance identified with
Bonferroni correction). c Values were significantly different from pattern 3 (α level for statistical significance
identified with Bonferroni correction). d Values were significantly different from pattern 4 (α level for statistical
significance identified with Bonferroni correction). Significant tests shown in bold. IQR, interquartile range.

In the second trimester, there were 14.3% (n =18) of pregnant women with insufficient
GWG rates, 33.3% (n = 42) with adequate GWG rates, and 52.4% (n = 66) with excessive
GWG rates. In the third trimester, there were 22.2% (n = 24) of pregnant women with
insufficient GWG rates, 24.1% (n = 26) with adequate GWG rates, and 53.7% (n = 58) with
excessive GWG rates. There were 23.9% (n = 22) of pregnant women with insufficient
total GWG, 45.7% (n = 42) with adequate total GWG, and 30.4% (n = 28) with excessive
total GWG.

4.3. The Adequacy of GWG in Pregnant Women with Different Dietary Patterns

Pregnant women with a high late afternoon–early evening distribution in the second
(Median (IQR) = 1.31 (0.70), Z = 3.391, p = 0.001) and third trimesters (Median (IQR) = 1.34 (0.72),
Z = 3.065, p = 0.002), pregnant women with high late morning–early afternoon distribution
(Median(IQR) = 1.00(0.68), Z = 3.296, p = 0.001) in the second trimester, and pregnant
women with high morning distribution in the second (Median(IQR) = 1.35 (0.81), Z = 2.838,
p = 0.005) and third trimesters (Median (IQR) = 1.68 (1.14), Z = 2.374, p = 0.018) appeared
to have excessive GWG rates. Pregnant women with a high late morning–early afternoon
distribution in the second trimester (Median (IQR) = 1.00 (0.31), Z = 2.374, p = 0.018)
appeared to have excessive total GWG (shown in Figure 2).
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Figure 2. The effect of dietary patterns on GWG One Sample Wilcoxon Signed Rank Tests; Multiple
Linear Regression Models (method = backward): (A) the effect of dietary patterns in the second and
third trimesters on the adequacy of GWG rate; (B) the effect of dietary patterns in the second and
third trimesters on the adequacy of total GWG * Values were significantly different from 1.

Table 4. The differences in energy and macronutrient intake during the third trimester between each
dietary pattern.

Nutrient

Dietary Pattern in the Third Trimester
p

Value1 (n = 6) 2 (n = 44) 3 (n = 34) 4 (n = 24)
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Energy and macronutrients intake in “morning” time window

Energy (kcal) 440.67 (403.91) 389.84 (224.42) d 333.50 (222.00) d 633.67 (278.08) b,c <0.001

Carbohydrate (g) 61.77 (81.58) 56.92 (28.73) d 48.18 (35.47) d 86.48 (56.23) b,c <0.001

Protein (g) 21.85 (13.00) 17.65 (6.94) d 15.28 (12.29) d 25.40 (11.23) b,c <0.001

Fat (g) 8.72 (9.29) d 10.70 (7.13) d 9.15 (8.81) d 19.12 (9.95) a,b,c <0.001

Energy and macronutrients intake in“late morning–early afternoon” time window

Energy (kcal) 550.67 (460.50) 454.00 (229.25) c 799.50 (282.25) b,d 436.84 (266.17) c <0.001

Carbohydrate (g) 59.73 (92.64) 63.68 (35.83) c 107.85 (43.50) b,d 71.12 (50.54) c <0.001

Protein (g) 23.17 (7.71) 19.93 (12.59) c 39.20 (22.83) b,d 15.33 (15.85) c <0.001

Fat (g) 15.23 (19.43) 10.28 (14.11) c 20.22 (13.62) b,d 9.62 (10.77) c <0.001

Energy and macronutrients intake in“late afternoon–early evening” time window

Energy (kcal) 156.83 (364.83) b 714.00 (344.42) a,c,d 464.50 (287.59) b 373.67 (213.67) b <0.001

Carbohydrate (g) 17.40 (64.83) b 91.91 (63.27) a,c,d 56.59 (39.93) b 56.02 (40.25) b <0.001

Protein (g) 7.27 (13.52) b,c 29.29 (12.01) a,d 23.28 (14.47) a 20.02 (9.77) b <0.001

Fat (g) 3.05 (10.92) b 16.95 (15.23) a,c,d 10.58 (11.83) b 8.55 (7.81) b <0.001

Energy and macronutrients intake in “night” time window

Energy (kcal) 491.00 (294.33) b,c,d 22.84 (127.33) a 16.67 (104.75) a 20.33 (97.83) a <0.001

Carbohydrate (g) 57.93 (40.38) b,c,d 3.60 (17.28) a 2.85 (10.84) a 4.20 (10.26) a <0.001
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Table 4. Cont.

Nutrient

Dietary Pattern in the Third Trimester
p

Value1 (n = 6) 2 (n = 44) 3 (n = 34) 4 (n = 24)
Median (IQR) Median (IQR) Median (IQR) Median (IQR)

Energy and macronutrients intake in “morning” time window

Protein (g) 23.97 (17.53) b,c,d 0.37 (3.55) a 0.33 (3.92) a 0.28 (3.88) a <0.001

Fat (g) 24.58 (11.18) b,c,d 0.07 (3.36) a 0.08 (2.88) a 0.05 (4.20) a <0.001

a Values were significantly different from pattern 1 (α level for statistical significance identified with Bonferroni
correction). b Values were significantly different from pattern 2 (α level for statistical significance identified with
Bonferroni correction). c Values were significantly different from pattern 3 (α level for statistical significance
identified with Bonferroni correction). d Values were significantly different from pattern 4 (α level for statistical
significance identified with Bonferroni correction). Significant tests shown in bold. IQR, interquartile range.

4.4. Correlations between Macronutrient Intake in Different Time Windows and the GWG

Fat consumption in the late afternoon–early evening of the second trimester was signif-
icantly positively correlated to the GWG rate of the second trimester (Spearman γ = 0.192,
p = 0.031), fat consumption in the morning of the third trimester was significantly positively
correlated to total GWG (Spearman γ = 0.220, p = 0.022) (shown in Figure 3).

Figure 3. Correlations between macronutrient intake in different time windows and the GWG.
Spearman’s correlation.

4.5. Effect of Dietary Patterns and Macronutrient Intake in Different Time Windows on GWG

In the second trimester, carbohydrate (β (95% CI): 0.004 (0.000, 0.008); p = 0.043), fat
(β (95% CI): 0.023 (0.010, 0.036); p = 0.001), and protein intake (β (95% CI): 0.015 (0.005,
0.026); p = 0.005) in the late afternoon–early evening time window, protein intake in the
late morning–early afternoon time window (β (95% CI): 0.016 (0.006, 0.027); p = 0.003),
and carbohydrate intake in the morning time window (β (95% CI): 0.005 (0.001, 0.010);
p = 0.018) were positively associated with the GWG rates. Carbohydrate intake in the
morning time window (β (95% CI): 0.004 (0.001, 0.007); p = 0.005) was positively associated
with total GWG, and protein intake in the morning time window (β (95% CI): −0.014
(−0.026, −0.002); p = 0.022) were negatively associated with total GWG.

In the third trimester, fat intake in the late morning–early afternoon time window (β
(95% CI): −0.023 (−0.044, −0.001); p = 0.041) and protein intake in the late afternoon–early
evening (β (95% CI): −0.034 (−0.059, −0.010); p = 0.007) and morning time window (β (95%
CI): −0.042(−0.073, −0.012); p = 0.007) were negatively associated with the GWG rates.
Carbohydrate (β (95% CI): 0.008 (0.000, 0.016); p = 0.037) and fat (β (95% CI): 0.051 (0.017,
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0.085); p = 0.004) intake in the morning time window was positively associated with the
GWG rates. Pregnant women who had a relatively high average energy and macronutrient
distribution in late afternoon–early evening time window exhibited a greater GWG rate
than in morning time window (β (95% CI): 0.707(0.038, 1.377); p = 0.039) (shown in Figure 2).
Protein intake in the late afternoon–early evening time window (β (95% CI): −0.013 (−0.024,
−0.001); p = 0.028), carbohydrate intake in the late morning–early afternoon time window
(β (95% CI): 0.004 (0.001, 0.007); p = 0.014), and fat intake in the morning time window
(β (95% CI): 0.023 (0.011, 0.035); p < 0.001) were significantly associated with total GWG.
Pregnant women who had a relatively high average energy and macronutrient distribution
in late afternoon–early evening time window exhibited a greater total GWG than that in
morning time window (β (95% CI): 0.316(0.024, 0.607); p = 0.034) (shown in Figure 2).

5. Discussion

To the best of our knowledge, the present study is the first to be conducted on Chinese
pregnant women to investigate the effects of daily energy and macronutrient distribution
on GWG during the second and third trimesters.

Our study findings showed that the proportion of pregnant women with an inade-
quate, adequate, or excessive trimester-specific mean rate of GWG (14.3%, 33.3%, 52.4%
in the second trimester; 22.2%, 24.1%, 53.7% in the third trimester) and total GWG (23.9%,
45.7%, 30.4%) was approximately similar to some studies [4,20–22]. However, it differed
from a large retrospective cohort study conducted with Chinese singleton pregnant women
with gestational diabetes mellitus [23]. This large population-based study was conducted
with Chinese singleton pregnant women who delivered between January 2011 and Decem-
ber 2017 in Beijing [24]. However, this could be due to the differences between populations,
such as physical conditions and regional dietetic culture.

Though neither daily energy intake nor physical activity differed significantly across
all dietary patterns in the present study, we found that pregnant women with the high
late afternoon–early evening distribution in the second and third trimesters appeared to
have excessive GWG rates; macronutrient (carbohydrate, fat, and protein) intake in the
late afternoon–early evening time window of the second trimester was associated with
greater GWG rates. Moreover, pregnant women who had a relatively high average energy
and macronutrient distribution in late afternoon–early evening time window exhibited a
greater GWG rate and a greater total GWG than in the morning time window during the
third trimester. These findings are consistent with other studies conducted in pregnant
women [15,25] and non-pregnant adults [8,26,27], which supported that higher intake in the
evening was associated with a higher risk of weight gain. A potential mechanism may be
associated with circadian changes in total energy expenditure, including resting metabolic
rate and the thermic effect of food [28]. Randomized crossover trials reported that the
endogenous circadian rhythm in the total energy expenditure of healthy adults peaked in
the biological morning or early afternoon and was lower in the biological evening [29,30].
If the total energy expenditure was reduced, coupled with high energy-dense food intake,
it might cause a positive energy balance in pregnant women as a contributing factor for
excessive weight gained.

Additionally, we found that pregnant women with high late morning–early afternoon
distribution in the second trimester with high morning distribution in the second and
third trimesters experienced excessive GWG rates or excessive total GWG. Protein intake
in the late morning–early afternoon time window of the second trimester, carbohydrate
intake in the morning time window of the second trimester, carbohydrate intake in the
late morning–early afternoon time window of the third trimester, and carbohydrate and
fat intake in the morning time window of the third trimester was associated with greater
GWG rates or greater total GWG. This finding is inconsistent with other studies conducted
on pregnant women [15,25] and non-pregnant adults [8,26,27,31], which supported that
higher morning or lunch intake was associated with a lower risk of weight gain. One
possible reason is the difference between Chinese and Western food cultures. Taking
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breakfast as an example, nearly 90% of Chinese ingested cereals and tubers products (rich
in carbohydrates), approximately 50% ingested vegetables, fruits, meat, fish, eggs, and milk,
and only approximately 30% ingested beans and nuts [32]. In our study, participants with
high morning distribution or high late morning–early afternoon distribution did not have
a better diet quality for fruit components, milk, and nuts [33,34]. There is no significant
difference in micronutrient intake across four dietary patterns (shown in Table S2). Much
deep-fried food (rich in carbohydrates and fat) belongs to traditional Chinese breakfasts,
such as dough sticks [35]. A previous study showed 4–8 weeks of overfeeding healthy
adults with a high-fat breakfast resulted in 2–4 kg of weight gain [36], and a high-fat
breakfast did not change satiety a few hours after breakfast [37]. Additionally, an increase
of 1 g of carbohydrates was related to an increment of 17 g in weight during pregnancy.
In comparison, 1 g of sugar was associated with an increase of 26 g of weight during
pregnancy [38].

Interestingly, we found protein intake in the morning time window of the second
trimester, protein intake in the late afternoon–early evening and morning time window
of the third trimester, and fat intake in the late morning–early afternoon time window of
the third trimester were negatively associated with the GWG rates or total GWG. This
could be because foods high in protein are typically less energy dense. In healthy women,
high-protein intake has a greater effect on satiety and appetite control and less subsequent
food intake [39]. Though there is no significant difference in micronutrient intake across
four dietary patterns, participants in our study were accustomed to eating food rich in
monounsaturated and polyunsaturated fatty acids as snacks in the late morning–early
afternoon time window. For instance, in nuts and yogurt, monounsaturated and polyunsat-
urated fatty acids have been found to contribute to weight loss and obesity prevention [40].
The total GWG was related more closely to eating behavior during the third trimester. This
could be due to nonmonotonic fetal growth. However, the biparietal diameter and head
circumference show an accelerated increase in the second trimester, while the abdominal
circumference and estimated fetal weight velocity peak in the third trimester [41]. Another
possible cause was the dietary counseling [42] after BMI monitoring in the second trimester;
some pregnant women (65.2%, not shown in the result) in our study changed their dietary
patterns after the second trimester.

This study has many strengths. First, we concurrently collected data about sleep
timing and meal timing, which enabled us to establish an index indicating the circadian
time of food intake. Second, we used a prospective design to assess multiple time points of
sleep timing and dietary recalls, which reduced the potential effect of seasonal fluctuations
in sleep timing and meal timing. Third, we considered the relationship between relative
and absolute energy and macronutrient intake and GWG, since this is achievable in weight
management during pregnancy. This study also has several limitations. The study was
conducted on relatively healthy women in early pregnancy; therefore, the results of this
study cannot be generalized to all pregnant women, especially those with high-risk preg-
nancies. A small sample size of pregnant women with higher night distribution hinders the
observation of the association between the night distribution of energy and macronutrients
and GWG. Moreover, a more detailed classification of nutrient consumption was not con-
sidered, such as saturated fatty acids, monounsaturated fatty acids, and polyunsaturated
fatty acids. Future studies with more comprehensive investigations of sleep status and diet
conditions in a larger population of pregnant women are needed.

6. Conclusions

Excessive GWG of Chinese pregnant women was related closely to eating behavior
focused on the late afternoon–early evening time window and carbohydrate and fat intake
in the morning during the second and third trimesters. Our findings emphasize that it is
necessary to pay attention to Chinese pregnant women with high energy and macronutrient
distribution in the late afternoon–early evening and adjust the macronutrient intake based
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on internal circadian timing for GWG management. Additionally, clinicians should provide
more well-directed nutritional advice for pregnant women in different trimesters.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu15092106/s1, Table S1: Model fit information for latent profile
analysis by number of estimated profiles; Table S2: The differences in micronutrient intake during the
second and third trimester between each dietary pattern.
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Abstract: The relationship between diet-related inflammation during pregnancy and congenital heart
defects (CHD) is unclear. This study attempted to investigate the association between the dietary
inflammation index (DII) during pregnancy, reflecting the overall inflammatory potential of the
maternal diet, and CHD in Northwest China. A case-control study with 474 cases and 948 controls
was performed in Xi’an City, China. Eligible women awaiting delivery were recruited, and their
dietary and other information during pregnancy was collected. Logistic regression models were
applied to estimate the risk of CHD in association with DII. The maternal DII ranged from −1.36
to 5.73 in cases, and 0.43 to 5.63 in controls. Pregnant women with per 1 higher DII score were at
31% higher risk of fetal CHD (OR = 1.31, 95%CI = 1.14–1.51), and the adjusted OR (95%CI) comparing
the pro-inflammatory diet group with the anti-inflammatory diet group was 2.04 (1.42–2.92). The
inverse association of maternal DII score with CHD risk was consistent across various subgroups
of maternal characteristics. Maternal DII in pregnancy had good predictive value for CHD in
offspring, with the areas under the receiver operating characteristic curve higher than 0.7. These
findings suggested that avoiding a pro-inflammatory diet in pregnancy should be emphasized in the
prevention of CHD.

Keywords: dietary inflammatory index; congenital heart defects; pregnancy; Chinese

1. Introduction

Congenital heart defects (CHD) are the most common congenital disorders globally,
with the birth prevalence being 9.41‰ worldwide [1] and 9.00‰ in China [2]. It is estimated
that millions of neonates are diagnosed with CHD every year worldwide [1], including
0.15 million in China [2]. CHD is the leading cause of infant morbidity and mortality from
birth defects, and responsible for more than 0.26 million deaths globally [3], imposing great
burdens on the family and society. The etiology for CHD is largely unknown, but previous
research has shown that both genetic and environmental factors may contribute to CHD [4].
The major modifiable risk factors for CHD are generally accepted as maternal smoking,
alcohol intake, dietary habits, and environmental exposures [4].

Previous studies have reported that maternal intakes of some nutrients, including folic
acid, iron, selenium, zinc, and niacin, are associated with fetal CHD [5–8]. Maternal obesity,
diabetes mellitus, and infection during pregnancy are reported to be associated with fetal
cardiovascular development [9,10]. These maternal risk factors for CHD are associated with
localized and systemic inflammatory cytokine milieu in the placenta and plasma [11]. One
study has shown that whole blood cultures derived from mothers with CHD fetuses had
higher levels of pro-inflammatory cytokines when activated with mitogen [11], emphasizing
the importance of maternal inflammatory conditions in fetal cardiovascular development.
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Pregnant women are usually in a low-grade systemic inflammation state due to physi-
ological responses [12]. Diet plays a central role in the regulation of systemic inflammation
through pro-inflammatory or anti-inflammatory components of foods and nutrients [13],
and is also an important modifiable factor for the prevention of CHD [7,8,14–16]. Thus, it is
important to investigate the association between pro-inflammatory diet in pregnancy and
CHD to provide optimal recommendations for pregnant women to prevent fetal CHD. The
Dietary Inflammatory Index (DII) is a literature-derived score for evaluating the overall
inflammatory potential of a person’s diet [13]. The DII was determined by peer-reviewed
articles about the effect of diet on inflammatory biomarkers [13]. A higher DII score indi-
cates that the diet is pro-inflammatory, while a lower DII score indicates that the diet is
anti-inflammatory. The DII has been proven to be of value for the associations with health
status in the general population [13], and has also been increasingly used as a predictor of
pregnancy outcomes among pregnant women [17,18]. However, to our knowledge there
has been no study assessing the association between DII during pregnancy and CHD risk.
Previous studies have evaluated some maternal predictors in pregnancy for CHD [14,19,20],
giving references for the early prediction of CHD. However, the predictive value of DII for
CHD has not been assessed.

The present case-control study in Northwest China attempted to investigate the re-
lationship between DII in pregnancy and CHD and assess the prediction value for DII
on CHD.

2. Materials and Methods

2.1. Study Design and Participants

Between August 2014 and August 2016, we undertook a case-control study in six
comprehensive hospitals in Xi’an City, Northwest China. These six hospitals have incor-
porated fetal echocardiography at 20th–24th gestational weeks into the routine prenatal
ultrasound program to screen for CHD. The detailed study design has been reported pre-
viously [8,15,16]. Briefly, among pregnant women awaiting delivery in hospitals, those
having fetuses with isolated CHD and no genetic malformation were included in the case
group, and those having normal fetuses without any birth defects were included in the con-
trol group. Pregnant women with multiple pregnancies or diabetes were excluded because
of potentially distinct etiologies. Qualified specialists in each hospital strictly enforced the
standard criteria to diagnose birth outcomes. We also undertook a follow-up by telephone
within one year after birth to confirm the diagnoses. We randomly selected controls in each
hospital each month, and the ratio of the number of controls to cases included in the same
hospital in the same month was 2:1. To detect a significant (p < 0.05) OR of 1.50 between
high and low DII score groups with a statistical power of 80%, 305 cases and 610 controls
would be required. A total of 474 cases and 948 controls with completed questionnaires
were finally included in the analysis, meeting the sample size requirements.

The study was approved by the Xi’an Jiaotong University Health Science Center
(No. 2012008). All participants provided informed consent before the survey.

2.2. Dietary Assessment and DII Score

We collected maternal diet information throughout pregnancy by face-to-face inter-
views while awaiting delivery using a semi-quantitative food frequency questionnaire
(FFQ). The FFQ consists of 111 food items on the basis of a validated FFQ for pregnant
women in Northwest China [21]. Women reported consumption frequency according to
eight predefined categories and also recalled the portion sizes with the assistance of food
portion images [22,23]. Maternal dietary habits tend to be stable throughout pregnancy [24];
thus, maternal diets throughout pregnancy are comparable with those in the 3rd–8th
gestational week, the critical period of fetal cardiovascular development [7,8,15,16]. We
applied the Chinese Food Composition Tables to derive maternal nutrient intakes during
pregnancy [25,26].
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We calculated the DII score using the methods described by Shivappa et al. [13].
We included 30 food parameters to calculate the DII score: 8 pro-inflammatory food
parameters (energy, carbohydrate, total fat, protein, cholesterol, saturated fatty acid, vitamin
B12, and iron) and 22 anti-inflammatory parameters (fiber, monounsaturated fatty acid,
polyunsaturated fatty acid, n-3 fatty acid, thiamin, riboflavin, vitamin B6, folic acid, niacin,
β-carotene, vitamin A, vitamin C, vitamin E, zinc, selenium, magnesium, caffeine, alcohol,
garlic, onion, green/black tea, and pepper) that were available in the current study. We
obtained the z-score by subtracting the “standard global mean” from the consumption
amount recalled by each pregnant woman and dividing this value by the standard deviation.
To minimize the “right skewness”, this z-score was converted to a centered proportion. We
then multiplied this proportion by the respective food parameter effect score according to
the study by Shivappa et al. [13]. We finally summed all of the food-parameter-specific DII
scores to create the overall DII score for each pregnant woman. In addition, we constructed
a Mediterranean Diet Score (MDS) and a Global Diet Quality Score (GDQS) using the FFQ
data according to the methods previously reported [14,27,28].

2.3. Covariates

Using a structured questionnaire, trained investigators collected the following co-
variates: (1) sociodemographic characteristics: maternal age, residence, education, work,
and parity; (2) maternal health-related factors in early pregnancy: passive smoking, ane-
mia, medication use, and iron/folate supplements use. Maternal age was grouped as
two categories (<30 years/≥30 years). Residence included rural and urban areas. Mater-
nal education was divided into two categories (junior high school or below/senior high
school or above). Women with no paid employment outside their homes were classified
as without employment, otherwise they were classified as in employment. Parity was
categorized as two groups (0/≥1). The other covariates were treated as dichotomized
factors (no/yes). Women with hemoglobin concentration <110 g/L in pregnancy were
diagnosed with anemia.

2.4. Statistical Analysis

In univariate comparisons, the χ2 test was adopted for categorical variable, and
for continuous variables the Kruskal–Wallis test or Mann–Whitney U test was applied
because of the non-normal distributions observed by the Shapiro–Wilk test. Considering the
clustering in the design through hospitals, mixed logistic regression models were applied
to evaluate ORs (95%CIs) for total CHD and CHD subtypes in association with maternal
DII during pregnancy. The DII score was divided into three groups according to the
25th percentile and 75th percentile of the control distribution. The anti-inflammatory diet
group was defined if the DII score was lower than the 25th percentile, the pro-inflammatory
diet group was defined if the DII score was higher than the 75th percentile, and the
intermediate group was defined if the DII score was in the range of the 25th percentile
and 75th percentile. Potential confounders were controlled in the models if they were
important priori confounders [4,8,29] and changed the estimates by more than 10% [30].
P for trend was calculated by including group specific median value in the model.
Subgroup analyses were conducted according to maternal characteristics (maternal
age, residence, education, occupation, parity, and maternal passive smoking, anemia,
medication use, and iron/folate supplement use in early pregnancy). The interaction
between maternal DII and each subgroup factors was tested by the likelihood ratio test
comparing regression models with and without an interaction term. Sensitivity analyses
were also conducted by dividing participants as three groups according to the tertiles of
DII score in the control.
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The receiver operating characteristic (ROC) curves were established to estimate the
optimal cut-off values of DII during pregnancy for total CHD and CHD subtypes with the
maximum Youden index. The areas under the ROC curves (AUCs) showed the accuracy
of DII as a predictor for CHD. The AUC values indicated the predictive power as follows:
>0.9, very good; >0.8, good; and >0.7, useful [31].

All analyses were conducted using the Stata software (version 15.0; StataCorp,
College Station, TX, USA). Two-sided statistical significance was set at 0.05.

3. Results

3.1. Characteristics of the Study Participants

The distribution of DII scores in pregnancy among cases and controls is shown in
Figure 1. The maternal DII ranged from −1.36 to 5.73 in cases, and 0.43 to 5.63 in controls.
Pregnant women in the cases had a higher DII score than the controls (p < 0.001), with
the medians (25th percentile, 75th percentile) being 4.83 (4.34, 5.23) and 4.63 (4.04, 5.08),
respectively. The baseline characteristics of the three groups of maternal DII scores are
displayed in Table 1. Among the cases, no difference in maternal characteristics existed
among the three DII groups. Among the controls, participants in the intermediate group
were more likely to be multipara, and mothers with higher DII score were more likely to
take iron/folate supplements in early pregnancy. Maternal residence, education, occu-
pation, parity, and maternal passive smoking, anemia, medication use, and iron/folate
supplements use in early pregnancy were significantly different between cases and controls
(all p < 0.05) (Table S1).

Figure 1. The distribution of DII scores during pregnancy among cases and controls. A significant
difference in maternal DII was found between cases and controls by Mann–Whitney U test (p < 0.001).
DII, Dietary Inflammatory Index.
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Table 1. Characteristics of the study participants according to three groups of maternal DII scores
during pregnancy.

Cases (N = 474) Controls (N = 948)

Anti-
Inflammatory
Diet Group 1

(N = 83)

Intermediate
Group 1

(N = 218)

Pro-Inflammatory
Diet Group 1

(N = 173)
p 2

Anti-
Inflammatory
Diet Group 1

(N = 237)

Intermediate
Group 1

(N = 477)

Pro-Inflammatory
Diet Group 1

(N = 234)
p 2

DII
Range −1.36 to 4.04 4.04 to 5.06 5.08 to 5.73 0.43 to 4.04 4.05 to 5.08 5.08 to 5.63

Median (25th
percentile, 75th

percentile)
3.55 (2.88, 3.82) 4.66 (4.42,

4.86) 5.30 (5.20, 5.42) <0.001 3.16 (2.35,
3.77)

4.63 (4.41,
4.84) 5.30 (5.21, 5.42) <0.001

Sociodemographic characteristics, n (%)
Maternal age ≥30

years 24 (28.9) 79 (36.2) 56 (32.4) 0.446 77 (32.5) 170 (35.6) 77 (32.9) 0.631

Rural residence 32 (38.6) 81 (37.2) 48 (27.7) 0.093 58 (24.5) 143 (30.0) 68 (29.1) 0.296
Maternal education,
senior high school or

above
50 (60.2) 136 (62.4) 93 (53.8) 0.218 195 (82.3) 377 (79.0) 193 (82.5) 0.427

Maternal occupation,
in employment 42 (50.6) 112 (51.4) 86 (49.7) 0.948 185 (78.1) 388 (81.3) 174 (74.4) 0.096

Nulliparity 53 (63.9) 127 (58.3) 94 (54.3) 0.347 197 (83.1) 367 (76.9) 197 (84.2) 0.033
Maternal health-related factors in early pregnancy, n (%)
Passive smoking 22 (26.5) 79 (36.2) 58 (33.5) 0.279 17 (7.2) 49 (10.3) 22 (9.4) 0.404

Anemia 8 (9.6) 39 (17.9) 33 (19.1) 0.146 27 (11.4) 48 (10.1) 28 (12.0) 0.713
Medication use 34 (41.0) 88 (40.4) 75 (43.4) 0.832 86 (36.3) 138 (28.9) 64 (27.4) 0.067

Iron/folate
supplements use 59 (71.1) 171 (78.4) 133 (76.9) 0.401 204 (86.1) 423 (88.7) 219 (93.6) 0.027

DII, Dietary Inflammatory Index. 1 The anti-inflammatory diet group indicates the DII score lower than the
25th percentile of the control distribution, the pro-inflammatory diet group indicates the DII score higher than the
75th percentile of the control distribution, and the intermediate group indicates the DII score in the range of the
25th percentile and 75th percentile of the control distribution. 2 p values are from χ2 test for categorical variables
and from Kruskal–Wallis test for continuous variables.

3.2. Dietary Intakes and Dietary Quality Scores during Pregnancy among the DII Groups

Pregnant women with higher DII score in pregnancy showed lower intakes of main
food groups, including grains and tubers, vegetables, fruits, dairy, legumes, meats, fish,
eggs, and nuts, both in cases and controls (all p < 0.001) (Table 2). Pregnant women with
higher DII scores also showed lower MDS and GDQS scores in the case and control groups
(all p < 0.001) (Table 2). Compared with the controls, case mothers had higher intakes of
grains and tubers but lower intakes of other main food groups (all p < 0.001), and also
had lower MDS and GDQS scores (both p < 0.001) (Table S2). Participants with higher
DII score during pregnancy reported lower intakes of energy, carbohydrate, total fat, pro-
tein, cholesterol, fiber, saturated fatty acid, monounsaturated fatty acid, polyunsaturated
fatty acid, n-3 fatty acid, vitamins (thiamin (vitamin B1), riboflavin (vitamin B2), niacin
(vitamin B3), vitamin B6, folic acid (vitamin B9), vitamin B12, β-carotene, vitamin A,
vitamin C, and vitamin E), minerals (iron, zinc, selenium, and magnesium), garlic, onion,
and pepper both in cases and controls (Table S3). Participants in the cases consumed lower
intakes than the controls of all dietary components included in the DII calculation except
carbohydrate, caffeine, alcohol, green/black tea, and pepper (Table S4).

Table 2. Food groups intake and dietary quality scores during pregnancy according to three groups
of maternal DII scores during pregnancy.

Cases (N = 474) Controls (N = 948)

Anti-Inflammatory

Diet Group 1

(N = 83)

Intermediate Group 1

(N = 218)

Pro-Inflammatory

Diet Group 1

(N = 173)

p 2
Anti-Inflammatory

Diet Group1

(N = 237)

Intermediate Group 1

(N = 477)

Pro-Inflammatory

Diet Group 1

(N = 234)

p 2

Food groups intake, median (25th percentile, 75th percentile), g/d
Grains

and
tubers

352.0 (259.3, 463.6) 244.2 (204.1, 313.8) 186.1 (142.3, 241.3) <0.001 335.8 (252.1, 440.5) 204.5 (159.9, 280.4) 133.2 (100.4, 163.0) <0.001

Vegetables 823.8 (590.4, 1084.3) 365.3 (263.0, 448.0) 178.0 (119.5, 214.7) <0.001 784.3 (548.6, 1340.6) 373.8 (260.8, 460.0) 178.5 (111.6, 214.7) <0.001
Fruits 563.8 (347.9, 875.0) 327.4 (216.6, 483.5) 162.7 (107.5, 258.3) <0.001 668.8 (405.6, 915.0) 343.6 (242.6, 490.7) 179.8 (132.9, 254.8) <0.001
Dairy 128.6 (28.6, 214.3) 85.7 (14.1, 200.0) 14.3 (0, 85.7) <0.001 172.3 (128.6, 278.6) 172.0 (85.7, 242.9) 100.0 (42.9, 200.0) <0.001

Legumes 110.7 (60.7, 189.1) 49.9 (24.0, 94.4) 21.4 (8.8, 35.4) <0.001 192.9 (106.1, 235.7) 78.6 (44.5, 128.6) 36.7 (25.0, 47.9) <0.001
Meats 78.1 (35.2, 128.6) 38.0 (16.3, 78.6) 20.0 (10.0, 41.0) <0.001 96.2 (49.1, 156.9) 57.1 (33.3, 92.1) 28.1 (22.1, 41.9) <0.001
Fish 14.3 (4.0, 31.6) 6.7 (1.3, 17.1) 3.3 (0, 8.0) <0.001 41.8 (18.3, 85.7) 17.3 (10.1, 33.7) 11.1 (6.7, 16.9) <0.001
Eggs 25.7 (8.6, 50.0) 21.4 (4.3, 50.0) 21.4 (3.3, 39.3) <0.001 39.3 (21.4, 50.0) 32.9 (21.4, 50.0) 22.4 (8.5, 50.0) <0.001
Nuts 18.9 (8.1, 45.0) 12.6 (4.6, 34.0) 3.0 (1.3, 6.4) <0.001 38.6 (14.1, 71.1) 12.9 (5.5, 33.8) 4.8 (3.3, 8.5) <0.001
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Table 2. Cont.

Cases (N = 474) Controls (N = 948)

Anti-Inflammatory

Diet Group 1

(N = 83)

Intermediate Group 1

(N = 218)

Pro-Inflammatory

Diet Group 1

(N = 173)

p 2
Anti-Inflammatory

Diet Group1

(N = 237)

Intermediate Group 1

(N = 477)

Pro-Inflammatory

Diet Group 1

(N = 234)

p 2

Dietary quality scores, median (25th percentile, 75th percentile)
MDS 6.0 (5.0, 7.0) 4.0 (3.0, 5.0) 2.0 (1.0, 3.0) <0.001 7.0 (6.0, 7.0) 5.0 (4.0, 6.0) 2.0 (2.0, 3.0) <0.001

GDQS 32.8 (29.5, 35.0) 29.3 (26.5, 31.8) 22.5 (20.5, 25.0) <0.001 34.8 (32.8, 36.9) 31.5 (29.3, 33.5) 25.0 (23.0, 27.0) <0.001

DII, Dietary Inflammatory Index; MDS, Mediterranean Diet Score; GDQS, Global Diet Quality Score.
1 The anti-inflammatory diet group indicates the DII score lower than the 25th percentile of the control distribution,
the pro-inflammatory diet group indicates the DII score higher than the 75th percentile of the control distribution,
and the intermediate group indicates the DII score in the range of the 25th percentile and 75th percentile of the
control distribution. 2 p values are from Kruskal–Wallis test for continuous variables.

3.3. Association between Maternal DII during Pregnancy and CHD

The associations of maternal DII in pregnancy with the risks of total CHD, ventricular
septal defects (VSD), and atrial septal defects (ASD) are displayed in Table 3. Compared
with those in the anti-inflammatory diet group, mothers in the pro-inflammatory diet group
had a higher risk of delivering fetuses with total CHD (OR = 2.04, 95%CI = 1.42–2.92), VSD
(OR = 2.00, 95%CI = 1.25–3.19), and ASD (OR = 1.92, 95%CI = 1.22–3.03), with the tests for trend
statistically significant (all p < 0.05). The risks of total CHD, VSD, and ASD were increased by
31% (OR = 1.31, 95%CI = 1.14–1.51), 29% (OR = 1.29, 95%CI = 1.07–1.55), and 25% (OR = 1.25,
95%CI = 1.04–1.50) for per 1 higher score of maternal DII in pregnancy, respectively.

Table 3. Associations between DII score during pregnancy and congenital heart defects.

Anti-Inflammatory Diet
Group 1 Intermediate Group 1 Pro-Inflammatory Diet

Group 1 p for Trend Per 1 Higher Score

Total congenital heart
defects

Ncases/Ncontrols 83/237 218/477 173/234 474/948 474/948
Unadjusted OR (95%CI) 1 1.30 (0.97, 1.76) 2.11 (1.54, 2.90) <0.001 1.32 (1.16, 1.50)
Adjusted OR (95%CI) 2 1 1.25 (0.89, 1.74) 2.04 (1.42, 2.92) <0.001 1.31 (1.14, 1.51)

Ventricular septal
defects

Ncases/Ncontrols 39/237 100/477 83/234 222/948 222/948
Unadjusted OR (95%CI) 1 1.26 (0.84, 1.90) 2.10 (1.37, 3.21) 0.001 1.30 (1.09, 1.55)
Adjusted OR (95%CI) 2 1 1.17 (0.75, 1.81) 2.00 (1.25, 3.19) 0.007 1.29 (1.07, 1.55)

Atrial septal defects
Ncases/Ncontrols 42/237 100/477 76/234 218/948 218/948

Unadjusted OR (95%CI) 1 1.18 (0.80, 1.75) 1.83 (1.21, 2.78) 0.009 1.24 (1.05, 1.47)
Adjusted OR (95%CI) 2 1 1.13 (0.74, 1.73) 1.92 (1.22, 3.03) 0.011 1.25 (1.04, 1.50)

DII, Dietary Inflammatory Index. 1 The anti-inflammatory diet group indicates the DII score lower than the
25th percentile of the control distribution, the pro-inflammatory diet group indicates the DII score higher than the
75th percentile of the control distribution, and the intermediate group indicates the DII score in the range of the
25th percentile and 75th percentile of the control distribution. 2 Adjusted for total energy intake, sociodemographic
characteristics (maternal age, residence, education, occupation, and parity), and maternal health-related factors in
early pregnancy (passive smoking, anemia, medication use, and iron/folate supplements use).

Subgroup analyses showed that the risks of total CHD, VSD, and ASD in association
with maternal DII during pregnancy did not alter by maternal characteristics including
maternal age, residence, education, occupation, parity, and maternal passive smoking,
anemia, medication use, and iron/folate supplement use in early pregnancy (Figures S1–S3).
When dividing participants as three groups according to the tertiles of DII score in the
control, compared with the lowest tertile group, the highest tertile group showed higher
risks of total CHD (OR = 1.66, 95%CI = 1.22–2.28), VSD (OR = 1.55, 95%CI = 1.03–2.33),
and ASD (OR = 1.48, 95%CI = 1.08–2.02), with the tests for trend significant (all p < 0.05)
(Table S5).

3.4. The Prediction Value for Maternal DII during Pregnancy on CHD

The ROC for maternal DII in pregnancy in the prediction of total CHD, VSD, and ASD
is shown in Figure 2. The ROC indicated that maternal DII in pregnancy were useful in
predicting total CHD, VSD, and ASD, with the AUC to be 0.79 (0.76, 0.81), 0.78 (0.74, 0.82),
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and 0.77 (0.73, 0.80), respectively. The optimal DII cut-off values were 5.41 for total CHD
(sensitivity: 67.3%, specificity: 77.3%), 5.31 for VSD (sensitivity: 66.7%, specificity: 79.0%),
and 5.53 for ASD (sensitivity: 75.2%, specificity: 67.9%), respectively.

Figure 2. The ROC for Dietary Inflammatory Index in pregnancy in the prediction of (A) total
congenital heart defects, (B) ventricular septal defects, and (C) atrial septal defects. ASD, atrial septal
defects; CHD, congenital heart defects; ROC, receiver operating characteristic curves; VSD, ventricular
septal defects. The dotted line refers to the reference line that results from random selection.

4. Discussion

In the current case-control study, we found that higher maternal DII scores, indicating
a more pro-inflammatory diet, were associated with higher risks of total CHD and its
subtypes in fetuses. These inverse associations of DII score in pregnancy with CHD were
consistent across various subgroups of maternal characteristics. We also observed that
maternal DII in pregnancy had good predictive value for total CHD and its subtypes. To
our knowledge, this is the first study to report data on maternal DII in pregnancy and CHD.

Although there has been no study exploring the relationship between maternal DII in
pregnancy and CHD, previous research has shown that maternal pro-inflammatory diet in
pregnancy is associated with adverse birth outcomes, such as premature birth, low birth
weight, and small for gestational age [17,32,33], which are closely related with birth defects.
Moreover, several previous studies have reported CHD risk in association with dietary
patterns and dietary quality indices during pregnancy [15,34,35], which share some similar
dietary components as the DII. For example, the one-carbon-rich dietary pattern during
pregnancy, which was high in fish and seafood, was observed to be associated with a lower
risk of CHD [35], and the Mediterranean diet during pregnancy, which was high in whole
grains, fruits, vegetables, legumes, nuts, and fish, and, high in olive oil but low in saturated
lipids, low to moderate in dairy, and limited in red meat, was reported to reduce CHD
risk [14,34]. These similar dietary components may explain why those dietary patterns and
scores all showed potential health benefits for fetal cardiovascular development. Compared
with other dietary scoring systems such as MDS and GDQS that were also reported to
show good predictive value for CHD [14], the maternal DII score reflects the inflammation
potential of one diet as a whole and has been shown in high relation with maternal cytokine
levels such as TNF-α, IL-1β, IL-8, IL-6, IL-10, MCP-1, and C-reactive protein [36,37]. The
DII is based on an extensive literature search on the effect of diet on inflammation and is
independent on specific means or recommendations of food/nutrient intake [13], which is
different from the MDS and GDQS. Considering the importance of maternal inflammatory
conditions on fetal cardiovascular development, the DII provides an easy and noninvasive
way to assess the dietary inflammatory potential as a predictor for CHD. Findings from
the present study imply that it is important to incorporate the suggestion of avoiding
a pro-inflammatory diet in routine pregnancy management practices to prevent fetal CHD.

Several mechanisms may explain the higher risk of fetal CHD associated with higher
maternal DII during pregnancy. First, the deleterious effect of a pro-inflammatory diet in
pregnancy on fetal CHD may come from the increased pro-inflammatory cytokines. One
recent study reported that placental inflammatory monocytes of maternal origin could
change the cardiac tissue structure by migrating the embryonic heart [38]. Second, the
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higher systemic inflammation due to higher DII may cause a stress response, further
influencing the normal development of the fetal cardiovascular system [39]. Third, it is
possible that dietary inflammatory potential during pregnancy participates in the regulation
of gut microbiota [40], which was reported to influence fetal CHD [41]. Fourth, the observed
relationship between DII and CHD may be partly due to the low dietary quality of a pro-
inflammatory diet. Previous research has reported that a higher maternal MDS, indicating
a higher dietary quality, was associated with a lower DII score [32] and lower risk of
CHD [14,34]. In fact, the present study also showed lower MDS and GDQS scores in the
pro-inflammatory diet group and in the case group.

Our study provides valuable evidence on the risk of CHD in association with maternal
DII score during pregnancy. However, some limitations merit discussion. First, we cannot
exclude recall bias because data in pregnancy was recalled by participants awaiting delivery,
although previous research indicated that mothers could recall information in pregnancy
well after years [42,43]. Second, we cannot exclude exposure misclassification because we
gathered dietary data in the entire pregnancy rather than in the 3rd–8th gestational week,
the critical period of fetal cardiovascular development. However, previous research has
shown maternal dietary habits are usually stable throughout pregnancy [24]. Third, we
cannot exclude selection bias because we did not include CHD fetuses who had died before
delivery at term. Fourth, we cannot separately assess the relationships between DII and
other CHD subtypes because of the limited sample size. Finally, we cannot rule out the
possibility of residual confounders, and cannot uncover a real causal relationship because
of the case-control design.

5. Conclusions

The present study suggested that a higher DII score during pregnancy, indicating
a more pro-inflammatory diet, was associated with higher CHD risk. Furthermore, the
maternal DII score in pregnancy had good predictive value for fetal CHD. Our results
implied that avoiding a pro-inflammatory diet could be an interesting target for prevention
strategies to reduce the incidence of CHD in Northwest China. Routine pregnancy manage-
ment should emphasize the importance of reducing dietary inflammation to prevent fetal
CHD. Further studies are warranted to investigate the validity of the DII as a predicator
for CHD in other populations, and further understand the mechanisms associating dietary
inflammation in pregnancy with fetal CHD.
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with Serum IL-6, IL-10, and CRP Concentration during Pregnancy. Nutrients 2020, 12, 2789. [CrossRef]

38. Ward, E.J.; Bert, S.; Fanti, S.; Malone, K.M.; Maughan, R.T.; Gkantsinikoudi, C.; Prin, F.; Volpato, L.K.; Piovezan, A.P.; Graham,
G.J.; et al. Placental Inflammation Leads to Abnormal Embryonic Heart Development. Circulation 2023, 147, 956–972. [CrossRef]

39. Fisher, S.A.; Burggren, W.W. Role of hypoxia in the evolution and development of the cardiovascular system. Antioxid. Redox
Signal. 2007, 9, 1339–1352. [CrossRef]

40. Zheng, J.; Hoffman, K.L.; Chen, J.S.; Shivappa, N.; Sood, A.; Browman, G.J.; Dirba, D.D.; Hanash, S.; Wei, P.; Hebert, J.R.; et al.
Dietary inflammatory potential in relation to the gut microbiome: Results from a cross-sectional study. Br. J. Nutr. 2020, 124,
931–942. [CrossRef]

41. Wang, T.; Chen, L.; Huang, P.; Yang, T.; Zhang, S.; Zhao, L.; Chen, L.; Ye, Z.; Luo, L.; Qin, J. Association of maternal gut microbiota
and plasma metabolism with congenital heart disease in offspring: A multi-omic analysis. Sci Rep 2021, 11, 5339. [CrossRef]

42. Bosco, J.L.; Tseng, M.; Spector, L.G.; Olshan, A.F.; Bunin, G.R. Reproducibility of reported nutrient intake and supplement use
during a past pregnancy: A report from the Children’s Oncology Group. Paediatr. Perinat. Epidemiol. 2010, 24, 93–101. [CrossRef]

43. Bunin, G.R.; Gyllstrom, M.E.; Brown, J.E.; Kahn, E.B.; Kushi, L.H. Recall of diet during a past pregnancy. Am. J. Epidemiol. 2001,
154, 1136–1142. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

152



Citation: Casas, I.; Nakaki, A.; Pascal,

R.; Castro-Barquero, S.; Youssef, L.;

Genero, M.; Benitez, L.; Larroya, M.;

Boutet, M.L.; Casu, G.; et al. Effects of

a Mediterranean Diet Intervention on

Maternal Stress, Well-Being, and Sleep

Quality throughout Gestation—The

IMPACT-BCN Trial. Nutrients 2023,

15, 2362. https://doi.org/10.3390/

nu15102362

Academic Editor: Herbert Ryan

Marini

Received: 19 April 2023

Revised: 10 May 2023

Accepted: 17 May 2023

Published: 18 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Effects of a Mediterranean Diet Intervention on Maternal Stress,
Well-Being, and Sleep Quality throughout Gestation—The
IMPACT-BCN Trial

Irene Casas 1,†, Ayako Nakaki 1,2,†, Rosalia Pascal 1,3,4,†, Sara Castro-Barquero 1,5,6,*, Lina Youssef 1,2,7,

Mariona Genero 1, Leticia Benitez 1,2, Marta Larroya 1,2, Maria Laura Boutet 1, Giulia Casu 1, Alex Gomez-Gomez 8,

Oscar J. Pozo 8, Ivette Morilla 9, Anabel Martínez-Àran 9, Eduard Vieta 9, María Dolores Gómez-Roig 1,3,4,

Rosa Casas 5,6, Ramon Estruch 5,6, Eduard Gratacos 1,2,10, Fàtima Crispi 1,2,10,‡ and Francesca Crovetto 1,3,4,‡

1 BCNatal|Fetal Medicine Research Center (Hospital Clínic and Hospital Sant Joan de Déu), University
of Barcelona, 08028 Barcelona, Spain

2 Institut de Recerca August Pi Sunyer (IDIBAPS), 08036 Barcelona, Spain
3 Primary Care Interventions to Prevent Maternal and Child Chronic Diseases of Perinatal and Development

Origin, RD21/0012/0001, Instituto de Salud Carlos III, 28040 Barcelona, Spain
4 Institut de Recerca Sant Joan de Deu (IRSJD), 08950 Barcelona, Spain
5 Department of Internal Medicine Hospital Clinic, IDIBAPS, University of Barcelona, 08036 Barcelona, Spain
6 Centro de Investigación Biomédica en Red de Fisiopatología de la Obesidad y Nutrición (CIBEROBN),

28029 Madrid, Spain
7 Josep Carreras Leukaemia Research Institute, Hospital Clínic, University of Barcelona Campus,

08036 Barcelona, Spain
8 Integrative Pharmacology & Systems Neuroscience Group, IMIM (Hospital del Mar Medical Research

Institute), 08003 Barcelona, Spain
9 Department of Psychiatry and Psychology, Hospital Clinic, Neuroscience Institute, IDIBAPS, University

of Barcelona, CIBERSAM, 08035 Barcelona, Spain
10 Centre for Biomedical Research on Rare Diseases (CIBER-ER), 28029 Madrid, Spain
* Correspondence: sara.castro@ub.edu
† These authors contributed equally to this work.
‡ These authors also contributed equally to this work.

Abstract: Stress and anxiety are frequent occurrences among pregnant women. We aimed to evaluate
the effects of a Mediterranean diet intervention during pregnancy on maternal stress, well-being,
and sleep quality throughout gestation. In a randomized clinical trial, 1221 high-risk pregnant
women were randomly allocated into three groups at 19–23 weeks’ gestation: a Mediterranean diet
intervention, a Mindfulness-Based Stress Reduction program, or usual care. All women who provided
self-reported life-style questionnaires to measure their anxiety (State Trait Anxiety Inventory (STAI),
Perceived Stress Scale (PSS)), well-being (WHO Five Well Being Index (WHO-5)), and sleep quality
(Pittsburgh sleep quality index (PSQI)) at enrollment and at the end of the intervention (34–36 weeks)
were included. In a random subgroup of 106 women, the levels of cortisol and related metabolites
were also measured. At the end of the intervention (34–36 weeks), participants in the Mediterranean
diet group had significantly lower perceived stress and anxiety scores (PSS mean (SE) 15.9 (0.4)
vs. 17.0 (0.4), p = 0.035; STAI-anxiety mean (SE) 13.6 (0.4) vs. 15.8 (0.5), p = 0.004) and better sleep
quality (PSQI mean 7.0 ± 0.2 SE vs. 7.9 ± 0.2 SE, p = 0.001) compared to usual care. As compared
to usual care, women in the Mediterranean diet group also had a more significant increase in their
24 h urinary cortisone/cortisol ratio during gestation (mean 1.7 ± SE 0.1 vs. 1.3 ± SE 0.1, p < 0.001).
A Mediterranean diet intervention during pregnancy is associated with a significant reduction in
maternal anxiety and stress, and improvements in sleep quality throughout gestation.

Keywords: Mediterranean diet; pregnancy; anxiety; well-being; sleep quality
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1. Introduction

The Mediterranean diet (MedDiet) has several positive effects on individual health:
randomized trials demonstrated its contribution to improved cardiovascular profiles and
reduced major cardiovascular events in individuals at risk of [1] diabetes, inflammatory-
based disorders, cancer, and cognitive decline [2–4]. Additionally, there has been increasing
interest of the effects of a MedDiet on mental health, stress, and quality of life in general [5].
The role of the diet, particularly the MedDiet, in the development of mental disorders,
has become a recent research focus over the past decade [6]. Several studies evaluated
the effect of a MedDiet intervention on the reduction in depressive symptoms and the
improvement in quality of life in individuals with major depressive disorders [7,8]. In
a secondary analysis of the PREvención con DIeta MEDiterránea (PREDIMED) study, a
reduced risk in depression was observed in participants with type 2 diabetes allocated to
the group receiving a MedDiet supplemented by nuts (hazard ratio 0.59 (95% confidence
interval (CI) 0.36 to 0.98)) [9]. A recent review based on 37 studies confirmed the association
between (poly)phenols consumption and the risk of depression, and a reduction in the
severity of depressive symptoms [10]. Some authors hypothesized that a high-quality diet,
rich in fiber, antioxidant dietary components and omega-3-polyunsaturated fatty acids,
may be linked to a reduced risk of depression, anxiety, and stress [11], which could provide
new potential methods for the treatment and prevention of mental disorders in general.
Moreover, it has been described that a dysregulated redox signaling is a key factor in
the pathophysiology of mental disorders, especially in depression, and increased reactive
oxygen and nitrogen species were observed in these patients [12,13].

Stress and anxiety are frequent occurrences among pregnant women. Peripartum
anxiety disorders are more prevalent than previously thought, as 1 in 5 women can suffer
from them [14]. Mental disorders can appear before pregnancy, with a changing course
during pregnancy and postpartum. These findings highlight the need for screenings for
stress-related disorders and education by different health professionals from the early
stages of pregnancy. Several studies have shown the effectiveness of non-pharmacological
treatments in the improvement in stress and other mental disorders during pregnancy,
such as mindfulness meditation, biofeedback, or exercise such as yoga [15]. However, there
is paucity of data regarding the dietary approach to these conditions during pregnancy.
Interestingly, a recent observational study revealed an association between the MedDiet
and anxiety [16]. Moreover, the production of reactive oxygen and nitrogen species produc-
tion, as well as individual antioxidant capacity, is influenced by several dietary factors. A
dietary intervention promoting plant-based foods that are rich in antioxidants, such fruits,
vegetables, extra-virgin olive oil, and whole-grain cereals, may modulate the individual
antioxidant capacity, explaining the improvements in mental wellbeing [12]. Thus, random-
ized clinical trials are needed to establish the potential effects of dietary patterns on mental
health, avoiding the confusion attributed to the co-occurrence of other lifestyle-related and
sociodemographic factors.

During pregnancy, evidence has been provided regarding the potential beneficial
effects that structured dietary interventions based on a MedDiet can have, not only on
pregnant women [9,13,14], but also their offspring and the pregnancy itself. In a recent
randomized clinical trial, pregnant individuals at high risk for small-for-gestational-age
newborns (SGA) who followed a structured MedDiet intervention significantly reduced
the incidence of newborns being born small (with birth weight below the 10th percentile)
and other perinatal complications [17]. However, the influence of MedDiet on maternal
wellbeing during pregnancy remains to be determined.

The present study aimed to evaluate the influence of a structured intervention during
pregnancy based on a MedDiet on maternal stress and anxiety, mindful state, quality of life
and sleep.
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2. Materials and Methods

2.1. Study Design, Population and Ethics

Improving Mothers for a better PrenAtal Care Trial BarCeloNa (IMPACT BCN) was a
parallel, unblinded randomized clinical trial conducted at BCNatal (Hospital Clínic and
Hospital Sant Joan de Déu), a large referral center for maternal–fetal and neonatal medicine
in Barcelona, Spain. Details of the trial are provided in the protocol of the study [18],
approved by the Institutional Review Board (HCB-2016-0830) before any participant enrol-
ment. All individuals who agreed to participate provided written informed consent before
randomization. Participants were screened for eligibility during routine second trimester
ultrasound scans (19–23.6 weeks of gestation) for being at high risk of developing an SGA
newborn [19], and were randomly assigned 1:1:1, based on a computerized random number
generator, to one of the three study groups: a MedDiet supplemented with extra-virgin
olive oil and walnuts; a stress reduction intervention based on the Mindfulness-Based Stress
Reduction (MBSR) program; or usual care without any intervention (control group). For
this specific study, only women belonging to the group of MedDiet and usual care who pro-
vided lifestyle questionnaires were included. The trial was registered in ClinicalTrials.gov
Identifier: NCT03166332.

2.2. Interventions and Measurements
2.2.1. Mediterranean Diet Program

The dietary intervention, adapted from the PREDIMED trial [20], aimed to change the
general dietary pattern instead of focusing on changes in single foods or macronutrients.
Participants were encouraged to increase their intake of whole-grain cereals (≥5 servings/d);
vegetables and dairy products (≥3 servings/d); fresh fruit (≥2 servings/d); and legumes,
nuts, fish, and white meat (≥3 servings/week), as well as increasing their olive oil use for
cooking and dressings. To achieve a personalized goal, personal and individual recommen-
dations were introduced to the participant’s diet according to height, weight, culture, and
dietary preferences. Dieticians conducted 30 min face-to-face interviews at enrollment and
monthly until the end of intervention (34–36 weeks’ gestation). Two weeks following each
face-to-face visit, participants underwent telephone interviews. In addition, all participants
received extra-virgin olive oil (2 L every month) and 15 g of walnuts per day (450 g every
month) at no cost. Additional details of the intervention are provided elsewhere [18]. No
intervention or advice regarding mental health, well-being, anxiety, stress, or sleep quality
were provided to the participants allocated to the Mediterranean diet group.

2.2.2. Usual Care (Control Group)

Women randomized into this group received usual pregnancy care as per institutional
protocols (no intervention), and lifestyle questionnaires were collected at enrollment and
at the end of intervention (34–36 week’s gestation). No intervention or advice regarding
mental health, well-being, anxiety, stress, or sleep quality were provided to the participants
allocated to the control group.

2.3. Outcomes

In this trial sub-analysis, the main aim was to investigate the influence of a Mediter-
ranean diet intervention program during pregnancy on maternal stress, anxiety, well-being,
mindful state, and sleep quality. Additionally, in a randomly selected subgroup of par-
ticipants, the levels of cortisol, cortisone and other intermediate related metabolites were
measured at the beginning and at the end of the intervention in 24 h urine samples.

2.4. Data Collection

The data of participants included in the study were anonymized and entered in
an electronic case report form. Investigators collected maternal sociodemographic and
clinical data.
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All individuals included in the trial had a baseline visit (19–23 weeks of gestation) and
a final visit (34–36 weeks of gestation) with a trained dietitian to assess their diet using a
validated 151-item food-frequency questionnaire [21], 7-day dietary registry and the 17-item
MedDiet adapted to pregnancy adherence score (score range: 0–17). All participants also
provided self-report lifestyle questionnaires to measure their anxiety and stress (State-trait
Anxiety Inventory (STAI) Anxiety and Personality [22], range 0–80); Perceived Stress Scale
(PSS) [23], range 0–40; well-being (WHO Five Well Being Index (WHO-5) [24], range 0–100);
mindful state (WHO Five Facet Mindfulness Questionnaire (FFMQ) [25], range 8–40 for
the observation, description, awareness, and nonjudgmental facets, respectively, and range
7–35 for nonreactivity facet); sleep quality (Pittsburgh Sleep Quality Index (PSQI) [26],
range 0–21). The questionnaires were carried out at enrollment (baseline punctuation) and
at 34–36 weeks of gestation (final punctuation). Abnormal scores were considered the 75th
percentile of the baseline scores of each questionnaire in the usual care group, except for
the WHO-5 questionnaire, which presents a previously reported cut-off point that defines
optimum mental well-being as a score greater than 52 [27].

2.5. Sample Collection

In a subgroup of randomly selected participants from each study group (excluding
those receiving corticosteroid treatment), the 24 h urinary cortisone and cortisol metabolites
were measured at the baseline and final assessment and analyzed by a validated method
based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) [28]. The activity
of 11β-Hydroxysteroid Dehydrogenase Type 2 was estimated by the cortisone/cortisol ratio.

2.6. Statistical Analysis

Clinical data are presented as mean (standard deviation (SD) or standard error (SE)),
median (interquartile range (IQR)) or number (percentage), as appropriate. The methods
of statistical analyses used for the comparison of clinical and perinatal characteristics
included Student’s t-test, ANOVA or ANCOVA with baseline adjustments for continuous
variables and X2 test for categorical variables. Differences were considered significant when
p-value < 0.05. Statistical analyses were performed using the Statistical Package for the
Social Sciences statistical software package version 27 (SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Study Population and Pregnancy Outcomes

Within these patients, after excluding those that did not provide lifestyle question-
naires to measure their anxiety and stress, mindful state and sleep quality, a population of
680 individuals was considered (n = 331 for Mediterranean diet, n = 349 for usual care), as
reported in Figure 1.

Figure 1. Flowchart of participants from the IMPACT BCN trial involved in the current study.
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Baseline characteristics of the study population are shown in Table 1 with no differ-
ences between study groups. Pregnancy and perinatal outcomes are shown in Supplemen-
tary Table S1, with no significant differences between groups apart from the prevalence of
SGA newborns, as reported in the main outcome of the trial [17].

Table 1. Baseline characteristics of women included in the study according to intervention groups
(n = 680).

Characteristics
Usual Care Mediterranean Diet p Value

n = 349 n = 331

Age at recruitment (years) 37.1 (33.3–40.5) 37.3 (34.7–40.4) 0.28
Ethnicity

White 281 (80.5%) 269 (81.3%) 0.80
Latin 50 (14.3%) 44 (13.3%) 0.70

Afro-American 6 (1.7%) 5 (1.5%) 0.83
Asian 6 (1.7%) 7 (2.1%) 0.70
Others 6 (1.7%) 6 (1.8%) 0.93

Socio-economic status a

Low 20 (5.7%) 15 (4.5%) 0.48
Medium 106 (30.4%) 86 (26.0%) 0.20
High 223 (63.9%) 230 (69.5%) 0.12

BMI before pregnancy (Kg/m2) 23.7 (4.8) 24.0 (4.7) 0.60
BMI > 30 kg/m2 before pregnancy 39 (11.2%) 38 (11.5%) 0.90

Medical history before pregnancy
Autoimmune disease 48 (13.8%) 39 (11.8%) 0.44
Thyroid disorders 20 (5.7%) 29 (8.8%) 0.13
Chronic hypertension 15 (4.3%) 8 (2.4%) 0.18
Diabetes Mellitus 12 (3.4%) 16 (4.8%) 0.36
Psychiatric disorders 11 (3.2%) 8 (2.4%) 0.56
Chronic kidney disease 5 (1.4%) 6 (1.8%) 0.70

Obstetric history
Nulliparous 143 (41.0%) 145 (43.8%) 0.46
Previous placental disease 68 (19.5%) 66 (19.9%) 0.88
Previous preterm birth 9 (2.6%) 10 (3.0%) 0.73

Use of assisted reproductive technologies 92 (26.4%) 85 (25.7%) 0.84
Cigarette smoking during pregnancy 28 (8.0%) 22 (6.6%) 0.49
Alcohol intake during pregnancy 8 (2.3%) 4 (1.2%) 0.27
Drug consumption during pregnancy 1 (0.3%) 2 (0.6%) 0.77
Sports practice during pregnancy 78 (22.3%) 71 (21.5%) 0.94
Yoga or Pilates during pregnancy 73 (20.9%) 63 (19.0%) 0.54

BMI: Body mass index. Data are expressed as median (IQR) or mean (SD) or n (%). a socioeconomical status:
low (never work or unemployed >2 years), medium (secondary studies and work), high (university studies
and work).

3.2. Effects of Mediterranean Diet on Stress, Anxiety, Well-Being, Sleep Quality and Mindful State
3.2.1. Life-Style Questionnaires

Table 2 displays baseline and final life-style questionnaire scores on stress, anxiety,
well-being, sleep quality, and mindful state between study groups, and Table 3 reports the
percentage of high/poor scores at the final assessment. Perceived stress, anxiety and poor
sleep quality increased throughout gestation in all study groups (Figure 2). At the end of the
intervention, participants in the Mediterranean diet group showed significantly lower levels
of perceived stress as compared to patients undergoing usual care, as shown in Figure 2A
(mean difference −0.85 (−1.63 to −0.06), p = 0.035). Similarly, the Mediterranean diet group
presented significantly lower final anxiety scores compared to the non-intervention group
(mean 13.6 ± 0.4 SE vs. 15.8 ± 0.5, p < 0.004) (Figure 2B), with a lower frequency of high
anxiety scores (n = 58, 17.9% vs. n = 87, 25.4%, p = 0.020), as reported in Table 3. Aligned
with the previous findings, women’s sleep quality improved following the Mediterranean
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diet intervention compared to controls (PSQI mean 7.0 ± 0.2 SE vs. 7.9 ± 0.2 SE, p = 0.001)
(see Table 2 and Figure 2C).

Table 2. Changes in maternal anxiety, well-being, sleep quality, and mindful state evaluated at
baseline and final evaluation according to intervention groups.

Within-Group Mean Changes p § Between-Group Changes

Usual Care MedDiet MedDiet vs. Usual Care

n = 349 n = 331
Difference
(95% CI)

Perceived stress scale score Baseline † 16.3 ± 7.8 15.9 ± 7.6
Final ‡ 17.0 ± 0.4 * 15.9 ± 0.4 0.035 −0.85 (−1.63 to −0.06)

State-trait Anxiety Inventory
(anxiety) Baseline † 14.1 ± 8.8 12.9 ± 8.3

Final ‡ 15.8 ± 0.5 ** 13.6 ± 0.4 * 0.004 −1.35 (−2.28 to −0.43)
State-trait Anxiety Inventory
(personality) Baseline † 15.8. ± 9.0 14.2 ± 7.9

Final ‡ 15.8 ± 0.5 14.0 ± 0.5 0.100 −0.68 (−1.48 to 0.13)
WHO Five Well-being index Baseline † 62.7 ± 17.3 67.5 ± 15.2

Final ‡ 62.9 ± 0.9 66.6 ± 0.8 0.587 0.51 (−1.32 to 2.33)
Pittsburgh Sleep Quality Index Baseline † 6.7 ± 2.4 6.4 ± 2.1

Final ‡ 7.9 ± 0.2 ** 7.0 ± 0.2 ** 0.001 −0.73 (−1.15 to −0.31)
FFMQ 1: Observation Baseline † 23.3 ± 5.9 24.2 ± 5.6

Final ‡ 24.0 ± 0.3 24.6 ± 0.3 0.729 0.12 (−0.57 to 0.81)
FFMQ 2: Description Baseline † 32.1 ± 5.5 32.7 ± 4.8

Final ‡ 31.7 ± 0.3 32.4 ± 0.3 0.273 0.35 (−0.27 to 1.37)
FFMQ 3: Awareness Baseline † 31.3 ± 6.0 31.3 ± 6.3

Final ‡ 30.6 ± 0.4 * 30.0 ± 0.4 ** 0.280 −0.51 (−1.43 to 0.41)
FFMQ 4: Non-judgmental Baseline † 29.9 ± 5.6 30.1 ± 5.2

Final ‡ 30.0 ± 0.3 30.0 ± 0.3 0.994 0.00 (−0.64 to 0.64)
FFMQ 5: Non-reactivity Baseline † 22.5 ± 4.8 22.6 ± 4.8

Final ‡ 22.9 ± 0.2 22.5 ± 0.3 0.091 −0.55 (−1.05 to 0.08)

MedDiet: Mediterranean diet; FFMQ Five Facet. Mindfulness questionnaire. † Baseline values are observed
means ± SD. ‡ Final values are baseline-adjusted (least-squares) means ± SE and comparison among groups
obtained with ANCOVA analysis. * p < 0.05 and ** p < 0.001 final from baseline comparison. § ANCOVA analysis.

Table 3. Frequency of women high maternal stress, poor well-being and sleep quality questionnaires
score at final evaluation according to intervention groups.

Final Scores
Usual Care Mediterranean Diet

p Value
n = 349 n = 331

Perceived Stress Scale score > p75 85 (24.4%) 80 (24.2%) 0.96
State-trait Anxiety Inventory (anxiety) score > p75 a 82 (23.9%) 75 (23.1%) 0.82

State-trait Anxiety Inventory (personality) score > p75 a 87 (25.4%) 58 (17.9%) 0.02
WHO Five Well-Being Index score < 52 b 95 (27.5%) 65 (19.8%) 0.02

Pittsburgh Sleep Quality Index score > p75 c 62 (21.8%) 44 (16.8%) 0.14

Data are expressed as n (%). High maternal stress/anxiety defined as Perceived Stress Scale and State-strait
Anxiety Inventory scores above 75th percentile. Poor well-being defined as Five Well-Being Index score below
52. Poor sleep quality defined as Pittsburgh Sleep Quality score above 75th percentile. a Data available for
667 pregnancies. b Data available for 674 pregnancies. c Data available for 546 pregnancies.

Regarding the well-being questionnaire, 19.8% (n = 65) of women from the Mediter-
ranean diet group presented with poor well-being as compared to 27.5% (n = 95) in the
control group (p = 0.02), revealing better well-being (see Table 3 and Figure 3). No sig-
nificant differences between groups were observed with the mindful state questionnaire
(Table 2). Changes in key foods and nutrient intake during intervention are shown in
Supplementary Tables S2 and S3.

158



Nutrients 2023, 15, 2362

 

Figure 2. Changes in maternal stress (A), anxiety (B) and sleep quality (C) at baseline (20 weeks of
gestation) and final (33 weeks) evaluation according to intervention groups.

Figure 3. Percentage of high- vs. low-stress participants, and poor vs. good well-being (WHO-5)
according to intervention groups. High stress is shown in dark grey color and defined as a State-trait
Anxiety Inventory (STAI) personality score above 75th percentile in Usual care (A) and Mediterranean
diet group (B). Poor well-being is shown in in dark grey color and defined as a Five Well-Being Index
WHO score below 52.

3.2.2. Cortisol Assessment

The baseline 24 h urinary cortisone/cortisol ratio in 106 participants was similar be-
tween groups and increased during gestation. This increase was more pronounced in the
Mediterranean diet group compared to usual care (mean 1.7± SE 0.1 vs. mean 1.3 ± SE 0.1,
p < 0.001) (Table 4). At final assessment, Mediterranean diet participants showed higher lev-
els of total cortisone concentration (mean 134.7± SE 8.3 vs. mean 111.5 ± SE 7.7, p = 0.012)
and percentage (mean 2.9± SE 0.1 vs. mean 2.4 ± SE 0.1, p = 0.002), and lower levels of the
5β-tetrahydrocortisone/Cortisone (mean 16.8 ± SE 1.2 vs. mean 21.4 ± SE 1.4, p = 0.032)
compared to the control group.
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Table 4. Differences in urinary 24 h cortisol, cortisone and other related metabolites at baseline and
final evaluation according to intervention group (n = 106).

Within-Group Mean Changes p § Between-Group Changes

Usual Care MedDiet MedDiet vs. Usual Care

n = 52 n = 54
Difference
(95% CI)

Total Cortisone/Total Cortisol Baseline † 1.0 ± 0.6 1.2 ± 0.8
Final ‡ 1.3 ± 0.1 ** 1.7 ± 0.1 ** 0.015 0.26 (0.05 to 0.47)

Total cortisol Baseline † 89.9 ± 42.6 81.6 ± 36.1
Final ‡ 89.8 ± 4.8 84.9 ± 5.3 0.619 2.66 (−7.83 to 13.16)

Total cortisol % Baseline † 2.0 ± 0.8 2.0 ± 0.8
Final ‡ 2.1 ± 0.1 2.0 ± 0.1 0.536 −0.08 (−0.33 to 0.17)

5β-tetrahydrocortisol Baseline † 823.1 ± 419.3 734.4 ± 304.2
Final ‡ 777.8 ± 54.6 766.3 ± 55.3 0.279 64.9 (−52.60 to 182.42)

5β-THF/Cortisol Baseline † 10.0 ± 5.2 10.9 ± 5.0
Final ‡ 9.1 ± 0.6 9.6 ± 0.7 0.774 0.19 (−1.13 to 1.52)

Total cortisone Baseline † 85.6 ± 52.5 87.0 ± 50.1
Final ‡ 111.5 ± 7.7 * 134.7 ± 8.3 ** 0.012 24.3 (5.45 to 43.3)

Total cortisone % Baseline † 1.9 ± 1.0 1.9 ± 0.7
Final ‡ 2.4 ± 0.1 ** 2.9 ± 0.1 ** 0.002 0.47 (0.18 to 0.78)

5β-tetrahydrocortisone % Baseline † 2185.2 ± 1189.3 1961.1 ± 973.2
Final ‡ 2209.3 ± 171.2 2196.5 ± 184.4 0.627 111.0 (−336.96 to 558.99)

5β-THE/Cortisone Baseline † 29.8 ± 15.5 26.3 ± 14.8
Final ‡ 21.4 ± 1.4 ** 16.8 ± 1.2 ** 0.032 −3.39 (−6.49 to −0.30)

5β-THF/Cortisol: 5β-tetrahydrocortisol/Cortisol; 5β-THE/Cortisone: 5β-tetrahydrocortisone/Cortisone. † Base-
line values are observed means ± SD. ‡ Final values are baseline-adjusted (least-squares) means ± SE and
comparison among groups obtained with ANCOVA analysis. * p < 0.05 and ** p < 0.001 final from baseline
comparison. § ANCOVA analysis.

4. Discussion

In this randomized clinical trial that involved pregnant women at high risk for an
SGA newborn, an intervention based on MedDiet significantly reduced maternal anxiety
and stress and improved well-being and sleep quality. These effects were revealed by
self-reported stress questionnaires and biomarkers, as reflected by the increased estimated
activity of a cortisol-deactivating enzyme.

Interest in mental health and care has grown exponentially in recent years and associa-
tions between healthy dietary patterns and mental health parameters have been reported.
Jacka et al. conducted a randomized controlled trial to investigate the efficacy of a dietary
intervention based on the MedDiet for the treatment of symptoms related to major depres-
sive episodes in subjects with Major Depressive Disorder, independently of other factors
such as physical activity, smoking habit, or weight loss [29]. The MedDiet group showed
significantly greater improvements in symptoms of depression compared to the control
group. In addition, other studies have evidenced that a lower incidence of depression inci-
dence was significantly correlated with increasing adherence to MedDiet [7]. Additionally,
in the PREDIMED study, a preventive effect for depression was found for the MedDiet in
participants with type 2 diabetes [9]. Specifically, participants with type 2 diabetes allocated
to the MedDiet supplemented with nuts group showed a 40% lower risk of depression
compared to the control arm.

However, the evidence about the effects of dietary interventions on mental health
during pregnancy is limited. Our study reveals that following the MedDiet during preg-
nancy is associated with a reduction in maternal anxiety/stress, together with an increase
in the cortisol-deactivating enzyme. These findings are in line with previous data. In a
recent study, Papandreou et al. conducted a randomized clinical trial with 40 pregnant
women incorporating MedDiet recommendations into the Clinical Decision Support Sys-
tems, showing an improvement in nutritional status and reduction in health-related anxiety
and depression [30]. Similarly, a longitudinal study with 152 pregnant women showed that
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higher adherence to the MedDiet was inversely associated with anxiety and directly associ-
ated with well-being [16]. Moreover, these associations were significant for some key foods
of the MedDiet, specifically whole-grain cereals, fruits and vegetables, extra-virgin olive oil
and nuts [16], food sources of dietary antioxidants whose consumption was encouraged
during the intervention in our study. Aligned with our findings, other healthy dietary
patterns promoting healthy foods not based on the MedDiet were associated with lower
depression during pregnancy [31–33]. Nevertheless, in observational and cohort studies
with pregnant women, some specific foods have been identified as protective against men-
tal disorders (including depression and anxiety), including whole-grain cereals, fruits, and
beans. In contrast, other foods are associated with higher risk, including ultra-processed
foods such as pastries, red and processed meat, margarine, and artificial juices [16,34].
Additionally, it has been postulated that levels of depression tend to increase throughout
pregnancy, highlighting the importance of structured dietary interventions to improve
overall diet quality during pregnancy [33,35].

In addition to its beneficial effects on anxiety and stress, our study first demonstrates
an improvement in maternal well-being and sleep quality with MedDiet. The association
between higher MedDiet adherence and subjective well-being has been found in obser-
vational studies [36]. In the case of sleep quality, a longitudinal study with 150 pregnant
women assessed the association between MedDiet adherence and the Pittsburgh Sleep
Quality Index, showing an association between higher MedDiet adherence and better sleep
quality at 16- and 34-week’s gestation, results aligned with our findings [37]. It should also
be considered the burden that women go through during pregnancy may affect their mental
health; research often does not recognize the multiple competing demands on women,
specifically during pregnancy. However, to our knowledge, the present study is the first
randomized clinical trial with a structured intervention based on a MedDiet adapted to
pregnancy to evaluate well-being and sleep quality.

Several biological mechanisms have been postulated regarding the relationship be-
tween diet and mental health. First, it should be noted that the MedDiet is an easy-to-follow
dietary pattern and is not only a healthy diet but also promotes a healthy lifestyle, including
cultural and lifestyle elements such as conviviality, seasonality, traditional recipes, physical
activity, and culinary activities [38]. These behavioral changes related to lifestyle may also
have a therapeutic benefit [29]. Second, the role of diet in mental health may be mediated by
inflammatory and oxidative stress pathways [12,13], the modulation of gut microbiota [39]
and brain plasticity [40]. A low production of brain-derived neurotrophic factor, a peptide
implicated in synaptic plasticity and neuronal survival, has been observed in patients
with depression [41]. Moreover, reduced brain-derived neurotrophic factor levels were
observed in pregnant women with low sleep quality, as measured by the Pittsburgh Sleep
Quality Index, compared to pregnant women with good sleep quality [42]. Interestingly, in
a sub-group of the PREDIMED study, significantly higher plasma levels of brain-derived
neurotrophic factor were observed in participants allocated to the MedDiet supplemented
with nuts group compared to the control arm, whose secretion may be also modulated by
diet [43]. The fatty acid profile of the MedDiet, rich in polyunsaturated fatty acids, may
also promote mental health, as low polyunsaturated fatty acid intake (mainly omega-3
fatty acids) has been associated with several mental outcomes, including depression [44,45].
Thus, several dietary components, including nutrients and bioactive compounds, are re-
quired for healthy brain function and mental health, including the synergic effect between
components. Therefore, dietary interventions promoting a healthy dietary pattern rather
than a single nutrient may have greater benefits for mental health [46].

Important implications regarding the mental health of the mother may be expected,
including a potential benefit during the postpartum period. Maternal mental health al-
terations, principally anxiety, are associated with several adverse outcomes for both the
mother and the offspring, including postnatal depression, pre-term birth and the poor
cognitive and behavioral development of the infants [47–50]. Additionally, the estimated
prevalence of anxiety disorders across the perinatal period is around 21% [51]. Our results
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highlight the need for anxiety and stress screenings during pregnancy, nutritional educa-
tion, and referrals for evaluation and treatment if necessary. Further research is needed
to characterize the impact of the MedDiet on mental health during pregnancy, including
the underlying mechanisms, specifically oxidative stress, and the potential benefits for the
offspring’s mental health. If confirmed, the MedDiet could become an early intervention
strategy for the prevention of mental disorders [52].

The major strengths of the present study include a very well-characterized population
of pregnant women who followed a structured intervention in a randomized clinical trial.
Moreover, the use of different validated questionnaires with clinical applicability to assess
mental stress, well-being and sleep quality provided rigor and validity to the results of
the study, as well as the ability to analyze various stress-related biomarkers in a subgroup
of patients with the aim of measuring stress in an empirical way. The use of validated
questionnaires and biomarkers may mitigate the potential misclassification of self-reported
data, along with the inherent risk of inaccuracies in the measurements.

The study has some limitations. Firstly, the trial was not designed for this purpose,
although maternal stress, well-being and sleep quality were prespecified in the study
protocol and assessed from the beginning of the study. Secondly, we were not able to
assess long-term dietary intake, including measuring diet before pregnancy or the dietary
changes from the beginning of the pregnancy. Most women were of white ethnicity and
middle to high socio-economical level; hence, the results should not be extrapolated to
other populations with different characteristics. These findings should be considered
preliminary and require replication, including reseatch involving other study populations
and an evaluation of the underlying mechanisms of action.

5. Conclusions

In conclusion, a MedDiet intervention significantly reduces maternal anxiety and
stress, as well as improving well-being and sleep quality during gestation. Considering
the increasing importance of the role of mental health during pregnancy, these findings
might imply the promotion of a pregnancy-adapted MedDiet among pregnant women as a
powerful public health strategy.
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Abstract: Background: Pregnancy is a vulnerable time where the lives of mother and baby are affected
by diet, especially high-risk pregnancies in women with inflammatory bowel disease (IBD). Limited
research has examined diet during pregnancy with IBD. Aims: Describe and compare the diet quality
of pregnant women with and without IBD, and examine associations between dietary intake and
guidelines during pregnancy. Methods: Three 24 h recalls were utilized to assess the diets of pregnant
women with IBD (n = 88) and without IBD (n = 82) during 27–29 weeks of gestation. A customized
frequency questionnaire was also administered to measure pre- and probiotic foods. Results: Zinc
intake (p = 0.02), animal protein (g) (p = 0.03), and ounce equivalents of whole grains (p = 0.03) were
significantly higher in the healthy control (HC) group than the IBD group. Nutrients of concern with
no significant differences between groups included iron (3% IBD and 2% HC met the goals), saturated
fat (only 1% of both groups met the goals), choline (23% IBD and 21% HC met the goals), magnesium
(38% IBD and 35% HC met the goals), calcium (48% IBD and 60% HC met the goals), and water intake
(49% IBD and 48% HC met the goals). Conclusions: Most pregnant women in this cohort fell short of
the dietary nutrients recommended in pregnancy, especially concerning for women with IBD.

Keywords: diet; pregnancy; IBD; inflammatory bowel disease; dietary guidelines

1. Introduction

Pregnancy is a critical time for the intergenerational transmission of health [1–4]. Preg-
nant women with active inflammatory bowel disease (IBD), a chronic disease characterized
by inflammation of the gastrointestinal tract [5] are considered to be at higher risk of poor
pregnancy outcomes such as preterm birth, low birthweight or small for gestational age
(SGA), spontaneous abortion, and stillbirth, and comprise an increased percentage of Ce-
sarean deliveries compared to women in remission or without IBD [6–9]. The prevalence
of IBD has been increasing worldwide [5]; thus, improving the health of pregnant women
with IBD is essential to decreasing their risk for adverse pregnancy outcomes.

A balanced perinatal diet can support optimal health for pregnant women and have
a long-term impact on their offspring [10–13]. Patients with IBD are already prone to
nutrition deficiencies due to factors such as restrictive diets, nutrient loss, drug–nutrient
interaction, and decreased absorption from the ileum [14]. Furthermore, reduced oral
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intake and chronic inflammation increases nutrient needs among IBD patients [15,16]. Two
reports have explored the diets of pregnant women in the Norwegian Mother and Child
Cohort (MoBa). The first study found that compared to pregnant women without IBD,
pregnant women with IBD were less likely to adhere to a traditional Norwegian dietary
pattern characterized by a high intake of lean fish or fish products, potatoes, rice porridge,
cooked vegetables, and gravy, and were more likely to adhere to a Western dietary pattern
with higher intake of foods and beverages rich in sugar and saturated fats [17,18]. Moreover,
pregnant women with IBD who did adhere to the traditional Norwegian diet had lower
odds of having an SGA infant [17]. The second study found that pregnant women with
IBD consumed a lower proportion of protein from dairy products compared to pregnant
women without IBD. In this case, a reduced intake of protein from dairy was associated
with a lower risk of having an SGA infant [18].

Maternal diet during pregnancy has also been linked to the infant microbiome compo-
sition, which is critical for the priming of a balanced immune system during early life [19].
Importantly, our team has demonstrated that infants born to women with IBD have less
diverse microbiomes and higher levels of fecal calprotectin (a biomarker of intestinal in-
flammation) compared to the infants of women without IBD [4,20]. Along with emerging
reports demonstrating the mediating role of the gut microbiota in the effectiveness of
dietary interventions for IBD management [21,22], this finding suggests that improving
dietary patterns during pregnancy may beneficially modify the microbiome composition,
thereby promoting both maternal and infant health. This hypothesis is being explored
by the MELODY (Modulating Early Life Microbiome through Dietary Intervention in
Pregnancy) Trial [12].

Diet has been increasingly integrated into IBD management, and studies demon-
strate the effectiveness of dietary interventions for inducing IBD remission [23–25]. In
adults, the specific carbohydrate diet (SCD); the Mediterranean diet; the low fermentable
oligosaccharides, disaccharides, monosaccharides, and polyols (low FODMAP) diet; and
the anti-inflammatory IBD (IBD-AID) diet are among those that have shown efficacy in
reducing disease activity and symptoms [23]. Yet, informational resources on nutrition for
pregnant women with IBD are sparse. The USDA MyPlate website focuses on a variety of
food groups with only broad suggestions of foods and meal plans specific to pregnancy and
postpartum needs [26]. The 2014 and 2017 American College of Obstetricians and Gynecol-
ogists (ACOG) guideline statements seem focused on nutrients that may be obtained by
taking a prenatal vitamin, rather than on whole foods [27,28]. The 2019 American Gastroen-
terological Association’s Inflammatory Bowel Disease in Pregnancy Clinical Care Pathway
report encourages nutrition consultation for specific nutrient deficiency and weight gain
patterns in this population, but with few details on compliance to guidelines [29]. In
keeping with these publications, pregnant women may hear only general advice from
health care providers to take a prenatal vitamin, follow a healthy diet, limit caffeine intake,
avoid alcohol and tobacco, and observe caution with seafood [30,31]. However, while a
prenatal vitamin may be recommended in addition to a healthy diet, it cannot supply all
the nutrients that are needed to promote healthy and low-risk pregnancies [32].

While diet can support IBD management, with the potential to positively benefit
perinatal as well as longer-term health outcomes, little is known about the quality of dietary
patterns among pregnant women with IBD in the United States (US), a country with a high
prevalence of the disease. Therefore, the objectives of the current study are to describe the
dietary patterns and diet quality of pregnant women with and without IBD living in the
US, and to examine the associations between dietary patterns, diet quality, and dietary
guidelines for pregnancy established by the Society for Obstetricians and Gynaecologists
of Canada; the American College of Obstetricians and Gynecologists; the World Health
Organization Guidelines; the Academy of Nutrition and Dietetics; the Royal College of
Physicians of Ireland; the National Institutes of Health Daily Recommended Intake; and
UpToDate [27,30].
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2. Methods

We conducted a case–control study nested into our ongoing MELODY Trial, which
is a prospective non-randomized diet intervention trial testing the effects of IBD anti-
inflammatory diet (IBD-AID) during the third trimester of pregnancy on maternal IBD
activity and microbiome composition in mothers and their babies [12]. Pregnant women
with and without IBD were recruited nationwide for this trial. Study participants were iden-
tified by clinical research coordinators in outpatient gastrointestinal clinics; alternatively,
pregnant women reached out if interested after seeing posts on the websites or Facebook
accounts of the Crohn’s and Colitis Foundation or the Center for Applied Nutrition at
the University of Massachusetts. Written informed consent was obtained from all eligible
participants. The current case–control study examines dietary assessments conducted at
the 27th–29th weeks of gestation prior to any dietary intervention, between January 2019
and December 2022.

The study was approved by the Institutional Review Boards at each institution (IRB
docket #H00016462 at the University of Massachusetts Chan Medical School and #18–01206
at the Icahn School of Medicine). The inclusion criteria included: pregnant women carrying
a singleton pregnancy, and a documented IBD diagnosis or lack thereof (for healthy controls,
HC). The diagnosis of IBD was based on the patient’s history supported by clinical docu-
mentation. The exclusion criteria were an inability to provide informed consent, HIV/AIDS,
multi-fetus pregnancy, fetal chromosomal or structural abnormalities, intrauterine growth
restriction, active infection (including chorioamnionitis or sepsis), alcohol use disorder,
renal disease, or a dietary regime that conflicts with the intervention diet. Additionally,
pregnant IBD patients who had active perianal or extra-intestinal disease or were treated
with antibiotic therapy or steroids at recruitment, as well as women scheduled for C-section
prior to week 37, were excluded [12]. The final selection of participants is shown in Figure 1.

Figure 1. Participant Flow.

2.1. Dietary Assessment

We performed three 24 h dietary recalls (24 HRs) and a specially designed pre- and
probiotic food frequency questionnaire for more detailed detection of food groups than
provided by the 24 HR (IBD-AID FFQ) [33–38]. The 24 HR were performed using the
University of Minnesota Nutrition Coordinating Center’s (NCC) Nutrition Data System for
Research (NDSR) software (current version: NDSR, 2022, updated yearly) as previously
described [12,39,40]. Specifically, trained dietitians administered 24 HR on two weekdays
and one weekend, by phone, between 27 and 29 weeks of pregnancy. The 24 HR also
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included assessments of dietary supplements. The IBD-AID FFQ was self-administered
online using REDCap, as previously reported by us [12]. The dietary assessments were
conducted from 2019 to 2022.

2.2. Dietary Quality Assessment

Diet quality was estimated from the 24 HR recalls using the standard Alternative
Healthy Eating Index—2010 (or AHEI-2010) score (range: 0–110), with higher scores
representing healthier diets [39,41,42], and the IBD-AID FFQ score (range: 0–26) [12,37,43].
The IBD-AID FFQ was developed by Barbara Olendzki and her team at the Center for
Applied Nutrition, Umass Chan Medical School, and addresses a gap in the nutrition
information available from the 24 HR recalls, particularly with regard to pre-and probiotic
foods. We found construct validity in using the IBD-AID FFQ, as pre- and post-dietary
intervention changes correlated with bacterial abundance and serum cytokine levels [43].
The beneficial foods of the IBD-AID FFQ were matched with the food categories of the
validated Alternate Healthy Eating index-2010 or AHEI-2010 [44]. Namely, the IBD-AID
FFQ assesses the intake of 15 food groups and components. Beneficial Nutrient Score is
calculated from all components and ranges from 0 to 26. Raw Score = [prebiotic foods] +
[probiotic foods] + [Beneficial Nutrient Score] − [adverse foods]. The standard score
eliminates the negative values, so if the raw score is <0, then the standard score is 0. If the
raw score is >0, then the standard score is the raw score. In addition, the IBD-AID FFQ
measures prebiotic foods (>3 servings/day), probiotic foods (>2 servings/day), and foods
associated with gastrointestinal symptoms and poor IBD outcomes, including: refined
carbohydrates (<2 servings per day), lactose (0 servings), certain grains (wheat, corn;
0 servings/day), processed foods (0 servings per day) and foods high in saturated (<7% of
calories) or trans fats (0 servings/day).

We scored each beneficial food component (to correlate with the AHEI) from non-
adherence = 0, to perfect adherence = 26. Pre- and probiotic foods were scored separately,
with a perfect score being >3 and >2 servings per day, respectively. The IBD-AID FFQ total
score = (prebiotic foods + probiotic foods + beneficial foods) minus adverse foods, with
higher scores representing higher servings of beneficial foods minus adverse foods.

2.3. Statistical Methods

The demographic characteristics were presented using means and standard deviations
for continuous variables and compared between pregnant women with and without IBD
using a two-sample t-test. The categorical variables were described using counts and
proportions, with p-values calculated via a Fisher’s exact test. To minimize the bias of
a particular day where food intake is not typical, the reported servings were averaged
across three 24 HR. The means and standard deviations summarized nutrients, components
of interest from foods, and food group servings on the IBD-AID FFQ using two-sample
t-tests quantifying between-group differences for normally distributed data and Wilcoxon
rank sum tests for skewed outcome variables. The proportions and standard deviations
described the proportion of participants who met the guidelines for nutrients at baseline,
with chi-square tests measuring between-group differences.

3. Results

3.1. Participant Characteristics

The demographic characteristics of our study population, comprising 82 healthy
controls (HC) and 88 participants with IBD (Crohn’s disease (CD) = 80, and ulcerative
colitis (UC) = 8), are presented in Table 1. On average, women were 34 ± 4 years of age,
predominantly white (91%) and non-Hispanic (90%). Most were married (93%), had a
4-year college degree or greater (90%), were employed full-time (71%), and had a household
annual income of more than USD 100,000 per year (72%). Most were non-smokers (90%)
and took a daily prenatal vitamin (91%). There were no significant differences between
HC and IBD participants, except in profession and religious affiliation. The proportion of
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women with IBD who identified as Jewish was higher than the in the HC cohort (p < 0.001).
The women with IBD reported working in more scientific technical professions than the
HC group, while HC women reported working in more skill-, craft-, and health-based
professions compared to IBD participants (p = 0.02). The average disease duration of the
IBD participants was 14 years for CD and 10 years UC. We found 89% remission for our
CD patients (three did not complete this section of the form so 4% were N/A), and 88%
remission for our UC patients.

Table 1. Demographic Characteristics of Healthy Controls vs. Pregnant Women with Inflammatory
Bowel Disease at Baseline (n = 170).

IBD
n = 88

Healthy Controls
n = 82

Total p-Value

n (%) n (%) n (%)

Age—mean (SD) 33.7 (4.4) 34.4 (4.4) 34.0 (4.4) 0.32

Race 0.26

White 82 (94.3%) 70 (87.5%) 152 (91.0%)

Black 2 (2.3%) 1 (1.3%) 3 (1.8%)

Asian 1 (1.1%) 4 (5%) 5 (3.0%)

Other 2 (2.3%) 5 (6.3%) 7 (4.2%)

Hispanic or Latino descent 0.29

No 81 (93.1%) 70 (87.5%) 151 (90.4%)

Yes 6 (6.9%) 10 (12.5%) 16 (9.6%)

Jewish <0.001 *

No 71 (88.8%) 49 (56.3%) 120 (71.9%)

Yes 9 (11.3%) 38 (43.7%) 47 (28.1%)

Marital status 0.85

Married 73 (91.3%) 82 (94.3%) 155 (92.8%)

Single 3 (3.8%) 2 (2.3%) 5 (3.0%)

Living with partner 3 (3.8%) 3 (3.4%) 6 (3.6%)

Other 1 (1.3%) 0 (0.0%) 1 (0.6%)

Education 0.38

High school graduate 0 (0.0%) 4 (4.6%) 4 (2.4%)

Some college 5 (6.3%) 2 (2.3%) 7 (4.2%)

Associate’s degree 3 (3.8%) 4 (4.6%) 7 (4.2%)

Bachelor’s degree 24 (30.4%) 27 (31.0%) 51 (30.7%)

Graduate or professional degree 46 (58.2%) 49 (56.3%) 95 (57.2%)

Other 1 (1.3%) 1 (1.1%) 2 (1.2%)

Work status 0.87

Employed full-time 55 (68.8%) 63 (72.4%) 118 (70.7%)

Employed part-time 9 (11.3%) 10 (11.5%) 19 (11.4%)

Homemaker (not looking for a job) 10 (12.5%) 6 (6.9%) 16 (9.6%)

Disabled (unable to work) 1 (1.3%) 2 (2.3%) 3 (1.8%)

Unemployed 3 (3.8%) 4 (4.6%) 7 (4.2%)
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Table 1. Cont.

IBD
n = 88

Healthy Controls
n = 82

Total p-Value

n (%) n (%) n (%)

Student 2 (2.5%) 2 (2.3%) 4 (2.4%)

Type of work 0.02 *

Skill or craft 3 (7.5%) 6 (16.7%) 9 (11.8%)

Scientific technical work 11 (27.5%) 1 (2.8%) 12 (15.8%)

Service work 10 (25%) 10 (27.8%) 20 (26.3%)

Health professional 16 (40%) 19 (52.8%) 35 (46.1%)

Total annual household income 0.77

Less than USD 20,000 2 (2.8%) 0 (0.0%) 2 (1.5%)

USD 20,000–USD 39,000 2 (2.8%) 1 (1.7%) 3 (2.3%)

USD 40,000–USD 59,000 4 (5.6%) 1 (1.7%) 5 (3.8%)

USD 60,000–USD 79,000 5 (7.0%) 5 (8.5%) 10 (7.7%)

USD 80,000–USD 99,000 9 (12.7%) 8 (13.6%) 17 (13.1%)

USD 100,000 or more 49 (69.0%) 44 (74.6%) 93 (71.5%)

Smoking status 0.45

Non-smoker 70 (87.5%) 79 (91.9%) 149 (89.8%)

Ex-smoker 10 (12.5%) 7 (8.1%) 17 (10.2%)

Intake of prenatal vitamins 0.58

No 8 (10.3%) 6 (7.1%) 14 (8.6%)

Yes 70 (89.7%) 79 (92.9%) 149 (91.4%)

IBD medication

Aminosalicylates 21 (23.8%) NA

Anti-TNF 28 (31.8%) NA

Immunomodulators 4 (4.5%) NA

Oral corticosteroids 6 (6.8%) NA

Ustekinumab 16 (18.1%) NA

Vedolizumab 9 (10.2) NA

IBD—inflammatory bowel disease. * p-value < 0.05.

The list of IBD-directed medications is provided in Table 1.

3.2. Nutrient Intake and Dietary Quality for Pregnant Women with and without IBD

In total, we collected 496 24 HR at 27 and 29 weeks of pregnancy for the 170 women
included in the study.

We estimated diet quality using the AHEI-2010 (scored 0–110), which incorporates
components of evidence-based recommendations to identify future risk of chronic dis-
ease [40,44]. Overall, the participants in the study had a higher dietary quality (66.6 in IBD
group, 67.9 in HC group) compared to the average American (47.6 ± 10.8) [44,45]. There
were no differences in dietary quality between pregnant women with and without IBD.

Table 2 presents the average nutrients and components of interest from foods sources,
excluding any dietary supplements. On average, the intake of nutrients was comparable
between pregnant women with and without IBD, with some notable exceptions. The
percentage of calories from monounsaturated fatty acids (MUFAs), and the intake of
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), were significantly higher
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in pregnant women with IBD than HC. Conversely, healthy control participants reported
a significantly higher intake of animal protein (their total protein intake was similar),
whole grains, lactose, and zinc. There were no differences in calories consumed per group
(approximately 2000 kcals/day).

Table 2. Nutrients and Components of Interest from Foods in Pregnant Women with Inflammatory
Bowel Disease vs. Healthy Controls.

IBD
(n = 88)

Healthy Controls
(n = 82)

Nutrients Mean SD Mean SD p-Value

Energy (kcal) 1994.6 461.1 2077.8 524.9 0.27

% Calories from Fat 37.8 6.8 36.3 6.9 0.16

% Calories from Carbohydrate 46.1 8.2 46.9 8.3 0.52

% Calories from Protein 16 3.5 16.56 4.6 0.36

% Calories from Alcohol 0.04 0.06 0.2 0.5 0.77

% Calories from SFA 12.5 3.3 12.8 3.2 0.57

% Calories from MUFA 14.0 3.6 12.8 3.1 0.03 *

% Calories from PUFA 8.0 2.2 7.5 2.0 0.14

Polyunsaturated to Saturated Fat Ratio 0.7 0.3 0.7 0.3 0.11

Animal Protein (g) 47.3 19.11 54.4 23.6 0.03 *

Vegetable Protein (g) 31.2 12.7 30.5 8.6 0.70

Total Dietary Fiber (g) 22.7 10.3 24.2 7.7 0.31

Soluble Dietary Fiber (g) 6.6 2.9 6.9 2.2 0.54

Insoluble Dietary Fiber (g) 16.0 8.0 17.2 6.1 0.27

Total Sugars (g) 97.3 37.8 102.0 42.7 0.44

Added Sugars (by Total Sugars) (g) 51.5 29.8 49.8 31.0 0.72

Glycemic Index (glucose reference) 58.4 4.6 57.9 4.1 0.45

Glycemic Load (glucose reference) 126.2 44.4 131.3 45.7 0.46

Total Grains (oz equivalents) 7.0 3.2 7.6 3.1 0.29

Whole Grains (oz equivalents) 1.6 1.3 2.1 1.6 0.03 *

Refined Grains (oz equivalents) 5.4 2.9 5.4 2.9 0.97

Lactose (g) 9.2 7.4 13.6 11.2 0.01

Sucrose (g) 44.5 21.4 45.1 23.7 0.87

Starch (g) 100.2 40.8 106.5 37.5 0.30

Total Folate (mcg) 431.0 153.7 460.4 143.0 0.20

Dietary Folate Equivalents (mcg) 537.0 217.2 583.5 218.6 0.17

Choline (mg) 359.7 145.5 354.0 128.5 0.79

Vitamin B-12 (cobalamin) (mcg) 4.1 2.3 4.3 2.0 0.66

Calcium (mg) 1033.9 354.3 1153.4 474.6 0.06

Magnesium (mg) 335.3 120.0 338.7 94.3 0.84

Iron (mg) 14.6 5.5 16.0 5.6 0.10

Zinc (mg) 10.5 3.8 11.8 3.8 0.02*

Copper (mg) 1.5 0.7 1.5 0.5 0.73

173



Nutrients 2023, 15, 2464

Table 2. Cont.

IBD
(n = 88)

Healthy Controls
(n = 82)

Nutrients Mean SD Mean SD p-Value

Selenium (mcg) 111.9 33.8 117.4 40.8 0.34

Sodium (mcg) 2984.9 715.2 3226.5 1112.9 0.09

Potassium (mg) 2568.4 915.6 2808.1 803.5 0.07

Omega-3 Fatty Acids (g) 1.78 1.23 1.8 0.87 0.73

PUFA 18:3 n-3 (alpha-linolenic acid [ALA]) (g) 1.8 1.78 1.8 0.87 0.39

PUFA 20:5 (eicosapentaenoic acid (EPA)) (g) 0.1 0.06 0.03 0.03 0.03 *

PUFA 22:6 (docosahexaenoic acid [DHA)) (g) 0.1 0.14 0.1 0.07 0.01 *

Water (g) 3126.9 987.1 3076.4 873.0 0.73

IBD—inflammatory bowel disease; SD—standard deviation; SFA—saturated fatty acids; MUFA—monounsaturated
fatty acids; PUFA—polyunsaturated fatty acids. * p-value < 0.05.

The proportion of women meeting the pregnancy dietary guidelines for nutrients
from food is shown in Table 3. The following dietary guideline goals were significantly
lower in women with IBD than in the controls; 63% vs. 80% met the thiamine guideline
(p = 0.01), and 38% vs. 56% met the B6 guideline (p = 0.02). Both the IBD and HC groups
mostly met the guidelines for caffeine (94% and 96%, respectively) and taking a prenatal
vitamin (93% and 90%, respectively). A total of 39% of women with IBD met the zinc
guideline vs. 54% of the HCs (p = 0.05). Protein intake was not optimal for either group
(with 66% meeting the guidelines). A total of 38% of women with IBD met the guidelines
for total fat intake, and 45% met the guidelines in the HC group (p = 0.31). Nutrients of
concern include iron (3% IBD and 2% HC met the goals), saturated fat (only 1% of both
groups met the goals), choline (23% IBD and 21% HC met the goals), magnesium (38% IBD
of 35% HC met the goals), calcium (48% IBD and 60% HC met the goals), and water intake
(49% IBD and 48% HC met the goals), with no significant differences between the groups.

Table 3. Proportion of Women Meeting the Dietary Guidelines for Nutrients at Baseline (n = 170).

IBD
(n = 88)

Healthy Controls
(n = 82)

Guideline 1 Goal (%) SD (%) SD p-Value *

Meets guideline for protein 71 g/day 66.0 0.5 66.0 0.5 0.99

Meets the guideline for total fat 20% to 35% calories 38.0 0.5 45.0 0.5 0.31

Meets the guideline for saturated fat <7% of daily calories 1.0 0.1 1.0 0.1 0.96

Meets the guideline for EPA/DHA 1750 mg/3 days avg, or
583.33/day 15.0 0.4 5.0 0.2 0.03 *

Meets the guideline for carbohydrates 45 to 65% of caloric intake 58.0 0.5 65.0 0.5 0.37

Meets guideline for vitamin A 770 mcg/day from food 26.0 0.4 22.0 0.4 0.52

Meets the guideline for vitamin E 15 mg/day 26.0 0.4 20.0 0.4 0.31

Meets the guideline for vitamin C 85 mg/day 50.0 0.5 57.0 0.5 0.34

Meets the guideline for vitamin K 90 mcg/day 70.0 0.5 71.0 0.5 0.97

Meets the guideline for folate 600 mcg/day 13.0 0.3 15.0 0.4 0.68

Meets the guideline for iron 27 mg/day 3.0 0.2 2.0 0.2 0.71
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Table 3. Cont.

IBD
(n = 88)

Healthy Controls
(n = 82)

Guideline 1 Goal (%) SD (%) SD p-Value *

Meets the guideline for calcium 1000 mg/day 48.0 0.5 60.0 0.5 0.12

Meets the guideline for choline 450 mg/day 23.0 0.4 21.0 0.4 0.75

Meets the guideline for caffeine <200 mg/day 94.0 0.2 96.0 0.2 0.53

Meets the guideline for thiamine 1.4 mg/day 63.0 0.5 80.0 0.4 0.01 *

Meets the guideline for niacin 18 mg/day 70.0 0.5 79.0 0.4 0.19

Meets the recommendation for B6 1.9 mg/day 38.0 0.5 56.0 0.5 0.02 *

Meets the recommendation for B12 2.6 mcg/day 72.0 0.5 83.0 0.4 0.08

Meets the recommendation for zinc 11 mg/day 39.0 0.5 54.0 0.5 0.05 *

Meets the guideline for magnesium 360 mg/day 38.0 0.5 35.0 0.5 0.77

Meets the guideline for copper 1000 mcg/day 84.0 0.4 89.0 0.3 0.35

Meets the guideline for total fiber >28 g/day 33.0 0.5 44.0 0.5 0.14

Meets the recommendation for water 3000 g/day, or 101.44 oz 49.0 0.5 48.0 0.5 0.87

Meets the recommendation of taking a
prenatal vitamin

(n = 85 IBD, n = 78 controls)
Yes 93.0 0.3 90.0 0.3 0.47

Alternative Healthy Eating Index/HEI Items Mean SD Mean SD

AHEI-10 score (0 = 110) 0–110 67.9 12.3 66.5 12.0 0.45

Total fruit servings in cup equivalents 3 1.1 1.2 1.1 1.0 0.88

Total vegetable servings in cup equivalents 5 1.8 1.2 2 1.0 0.26

IBD—inflammatory bowel disease; SD—standard deviation. * p-value < 0.05. 1 Guidelines were selected from a
review of the following organizations: Society for Obstetricians and Gynaecologists of Canada; American College
of Obstetricians and Gynecologists; World Health Organization Guidelines; Academy of Nutrition and Dietetics;
Royal College of Physicians of Ireland; National Institutes of Health Daily Recommended Intake; and UpToDate.

Table 4 presents the average food group servings of the IBD-AID FFQ for the subset of
women who completed the questionnaire at baseline. A lower percentage of women from
both groups completed this questionnaire, as it was self-administered and not facilitated by
a dietitian (68/88, 77.3% IBD and 65/82, 79.3% HC). Prebiotics were significantly higher in
mothers with IBD (6.3 vs. 4.7 in HC, p < 0.001), as were non-wheat fiber/grains (6.3 vs. 2.8 in
HC, p < 0.001). Servings of adverse foods (i.e., higher in sugar, wheat, lactose, and saturated
and trans fats) were lower in women with IBD than in the HCs (7.1 vs. 15.7, p < 0.001),
and lean proteins (2.4 IBD vs. 3.4 HC, p = 0.04) and servings of beneficial beverages (apple
cider, low-sugar beverages with added probiotics, juice (no added sugar), non-dairy milk,
homemade smoothies, honey tea, tomato juice, V8 juice, coconut water, tea, and coffee
substitutes (chicory root)) were significantly lower in pregnant participants with IBD than
those without IBD (1.8 vs. 6.6, p < 0.001); however, total water intake was similar between
groups. The Beneficial Nutrient Score (a calculated score of prebiotics, probiotics, overall
dietary quality, and intake of foods thought to be adverse) was significantly lower in
HC participants than in those with IBD (15.6 vs. 14.0, p = 0.04), as were the IBD-AID
FFQ total raw and standard scores (16.4 IBD vs. 4.6 HC, p < 0.001; 16.9 IBD vs. 8.4 HC,
p < 0.001, respectively).
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Table 4. Average Daily Food Group Servings of the IBD-AID Food Query.

IBD
(n = 68)

Healthy Controls
(n = 65)

Variable
Number of Servings for

Optimal Score
Mean

Servings
SD Mean SD p-Value

Prebiotic score 1 ≥3 6.3 5.4 4.7 10.2 <0.0001 *

Probiotics score 2 ≥2 1.6 1.8 1.6 3.4 0.80

Adverse foods score 3 0 7.1 4.5 15.7 38.0 <0.0001 *

Vegetable score 5 3.6 3.2 4.5 13.0 0.6

Fruit score 3 2.1 1.9 2.2 2.2 0.92

Nuts, seeds, and oils score 2 2.0 2.2 1.8 2.6 0.89

Lean protein score 4 4 2.4 2.0 3.4 12.5 0.04 *

Fiber/grains score 5 3 6.3 6.3 2.8 5.2 <0.0001 *

Probiotic dairy score 2 3 1.1 1.2 1.2 1.4 0.27

Non-caloric fluids score 6.7 3.5 7.2 3.6 0.45

Beneficial beverages score 6 6 1.8 3.7 6.6 6.8 <0.0001 *

Condiments score 0.3 0.4 0.7 2.9 0.63

Alcohol score 0 0 0.4 3.0 0.47

Foods with unknown effects 7 0.3 0.5 1.1 4.8 0.04

IBD FFQ Beneficial Nutrient Score 8 26 15.6 5.0 14.0 4.6 0.04

IBD AID total raw score 9 16.4 12.9 4.6 24.3 <0.0001 *

IBD AID total standard score 10 16.9 12.3 8.4 7.1 <0.0001 *

IBD-AID—inflammatory bowel disease anti-inflammatory diet. * p-value < 0.05. 1 Prebiotics are foods containing
fiber that feed commensal organisms. 2 Probiotics are fermented foods that contain live bacteria. 3 Adverse foods
include ultra-processed foods and foods high in added sugars. N optimal adverse foods goal is zero servings
per day and counts negatively toward total score. 4 Lean protein score includes beans/legumes, seafood, and
poultry. 5 Fiber/grains include foods such as oats, barley, and miso. 6 Beneficial beverages include beverages such
as those with added probiotics, non-dairy milks, homemade smoothies, no-sugar-added fruit and vegetable juices,
coconut water, tea sweetened with honey, etc. 7 Foods with unknown effects have yet to be determined in research.
8 Beneficial Nutrient Score is calculated from all components and ranges from 0 to 26. 9 Raw Score = [prebiotic] +
[probiotics] + [Beneficial Nutrient Score] − [adverse]. 10 The standard score eliminates the negative values, so if
the raw score is <0, then the standard score is 0. If the raw score is >0, then the standard score is the raw score.

4. Discussion

The current study addresses the gap in knowledge about the diets of pregnant women
with IBD through an analysis of baseline data from The MELODY Trial. We observed that
pregnant women with and without IBD do not consume most of the nutrients and food
components recommended during pregnancy by established government and research-
based organizations.

Specifically, we found that although most women reported taking a prenatal supple-
ment, in hopes of supplementing the inadequate intake of nutrients from food sources,
pregnant women IBD and the HC group fell short of most nutrients recommended in
pregnancy from food sources alone. Of particular concern in women with IBD are the
dietary micronutrients zinc, iron, calcium, magnesium, choline, folate, B6, B12, water, and
fiber [46–50]. Patients with IBD require additional assistance to compensate for increased
nutritional needs and poor absorption, whereby simply adding the nutrient does not
guarantee that it will be well absorbed in the body [51,52].

Iron needs increase during pregnancy, especially in women with IBD, who may strug-
gle with significant inflammation, anemia, and dysbiosis, leading to poor cardiovascular
outcomes and suboptimal gestational weight gain [12,53–57]. The recommended daily
allowance for pregnant women is around 27 mg per day. Many factors can influence iron
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absorption in the body, such as certain nutrient–nutrient interactions, including nutrient
inhibitors (such as calcium) and enhancers (i.e., ascorbic acid) [58]. Furthermore, non-heme
iron, primarily found in plant sources, is less easily absorbed by the body than heme iron,
primarily found in animal sources, so the recommended amount of iron for vegetarians
and vegans is 1.8 times greater [59]. In this study, only 3% of women with IBD and 2% of
the HCs met the dietary guideline for (animal-based) iron. It is estimated that between
36 and 90% of people with IBD have iron-deficient anemia (IDA) [47] and that 15–20% of
pregnant people have IDA [60]. This can lead to worse disease outcomes for both mothers
and infants [61]. It is important that pregnant women meet the dietary guidelines set
for iron first through food consumption, subsequently adding supplements as the need
is determined.

The adequate intake of fiber is 28 g per day [62]. Fiber is typically not found in prenatal
vitamins but is an especially important dietary component during pregnancy. Adequate
fiber intake during pregnancy is crucial and may help alleviate iron-induced constipation.
It is also helpful for reducing certain problems during pregnancy, such as inflammation,
gestational diabetes mellitus, and cardiovascular outcomes [63,64]. However, even among
the general population, dietary fiber intake falls below the recommended 28 g per day [56].
A study using 2001–2014 National Health and Nutrition Examination Survey (NHANES)
data found that pregnant, non-lactating women aged 20–40 (n = 1003) had a mean total
daily intake of 17.3 g of dietary fiber [65]. Only 33% of pregnant women with IBD in our
study achieved the recommended fiber intake of >28 g per day. One mechanism by which
diet can provide protection from IBD is through the addition of plant-based, fiber-rich
foods that promote short-chained fatty acid-producing bacteria, which have been shown
to support mucosal barrier integrity [23]. Adequate fiber intake important not only for
women’s health during pregnancy [62,64,66–69], but also for preventing infant outcomes
such as SGA, preterm birth, and fetal growth restriction [70].

Both groups were consuming an excess of foods with saturated fat, which can lead to
an elevated risk of gestational diabetes [71]. Notably, the IBD group consumed less zinc and
calcium than did the HC group. Low calcium and zinc intakes have been correlated with
risk for poor outcomes for both mother and child [46,47,72]. Prenatal vitamins may not
overcome a low dietary intake of these nutrients [73]. In our sample, predominantly white
women with a college degree and who earned higher than the national average income
consumes a fairly healthy diet before entering the study, which is why we do not see many
significant between-group differences.

A recent study revealed that almost no supplements met nutritional needs in the doses
that are required for pregnant women (without excess) [32]. Prenatal vitamins are recom-
mended for pregnancy, especially to provide folic acid, EPA/DHA, iron, and vitamin D.
Vitamins are, by definition, recommended to supplement the diet, not to replace the inclu-
sion of the nutritious foods needed during pregnancy. Nutrients are digested and absorbed
most effectively in the complex milieu of the foods themselves and the complementary
enzymes and microbiota that facilitate absorption. Absorption is biologically complex, and
simply adding a nutrient does not mean it will be well absorbed [51,52]. Therefore, many
individuals with IBD require additional assistance to compensate for increased nutritional
needs and poor absorption, as the nutritional needs of pregnancy for women with IBD
may be uniquely challenging. Despite the excellent consensus recommendations by the
International Organization for the Study of Inflammatory Bowel Diseases (IOIBD), there
is no guidance for pregnancy with IBD or prenatal advice for the prevention of IBD. The
IOIBD, based in large part on epidemiological studies, does not cover altering the textures
of foods (such as pureeing fiber) for ease of absorption, one of many considerations that
goes beyond the nutrients themselves and addresses malnutrition and malabsorption [74].

However, even with the limited existing evidence, healthcare providers appear to be
inadequately counseling pregnant IBD patients on diet. Apart from referral to a dietitian for
gestational diabetes, the prescription of dietary guidelines for pregnant women is lacking,
increasing the risk for detrimental outcomes, especially for those with high-risk pregnancies.
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Current data show that only 37% of pregnant IBD patients reported receiving education
from any physician about IBD in pregnancy [75]. Even worse, only 10% of patients reported
having received pregnancy-specific information from their gastroenterologists, and of those
who received information, 48% found the information to be insufficient [75]. Yet, several
studies have demonstrated that those women who receive dietary counseling during
pregnancy eat more fruits and vegetables, promoting the healthy growth and development
of the fetus [76–79], suggesting that more dietary interventions are needed.

This apparent lack of patient education is not due to physician ignorance regarding
pregnancy and IBD. In fact, when assessed with the Crohn’s and Colitis Pregnancy Knowl-
edge Score (CCPKnow), 91.8% of physicians demonstrated very good knowledge, with
gastroenterologists scoring the highest [75,80]. In contrast, only 10.3% of patients exhibited
very good knowledge when assessed using the CCPKnow, with 44.8% demonstrating poor
knowledge levels [80]. This discrepancy between physician and patient CCPKnow scores
highlights the need for increased patient counseling, particularly from gastroenterologists,
who exhibit the highest CCPKnow scores [80]. Healthcare providers should first evaluate
pregnant individuals at risk of nutrient deficiency and excess, and subsequently provide
evidence-based suggestions for supplementation [81]. Importantly, specific suggestions
and menu plans with foods that contain essential nutrients and other components, such as
fiber and pre-and probiotics, should be presented in actionable formats.

We acknowledge that the assessment of diet is prone to limitations, including self-
report bias, under- or overestimation, memory bias, and weakness in the methodology.
Further, we did not account for the influence of the environment, medication, dietary
supplementation, or IBD activity status on nutrition, although most of our IBD patients were
in remission. We conducted a large part of this study during the pandemic, when changes
to food intake occurred, and this would have affected both arms of the study. This study
is further limited to pregnant women in the United States of higher socioeconomic status,
as they may have better access to medical care and foods that may not be generalizable to
other groups and countries. However, our IBD and HC study groups were well-balanced
regarding age, education, and income, suggesting that the reported differences (or lack
thereof) in dietary intake are representative of this cohort.

5. Conclusions

While many women adhered to taking a prenatal supplement, both pregnant IBD
participants and HC participants fell short of most dietary nutrients recommended in preg-
nancy through dietary sources alone, especially micronutrients and fiber. The consumption
of animal protein, lactose, zinc, and whole grains was significantly lower in pregnant
women with IBD compared to the HCs. Large epidemiological and dietary intervention
studies are warranted to improve the nutritional recommendations for pregnant women
with and without IBD while addressing malnutrition and malabsorption. Future research
should consider pregnancy outcomes and the effects on offspring, and determine the causes
of dietary deficiencies and excess, to ultimately inform and improve the quality of provider
training and patient education, especially in the setting of IBD.
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Abstract: Health education (HE), an educational process that leads to increased nutritional awareness
and improved health, is one of the factors influencing diet quality (DQ) during pregnancy. The
aim was to evaluate the DQ of pregnant women and its determinants considering their HE. The
study included 122 pregnant women aged 20–40 years. DQ was assessed using the Kom-PAN®

questionnaire and the Pro-Healthy Diet Index (pHDI). Data collected included dietary habits, socio-
demographic data, education level, place of residence, and maternal lifestyle-related characteristics,
namely, pre-pregnancy weight, trimester of pregnancy, and pre-pregnancy and pregnancy physical
activity (PA). Weekly energy expenditure was determined using the Polish version of the PPAQ
questionnaire. HE at school more than tripled the odds of a higher DQ. Women in their second
trimester were 54% more likely to have a higher DQ than women in their third trimester of pregnancy.
Undertaking pre-pregnancy PA increased the odds of a higher DQ 2.5 times. Comparative analyses
performed in a group of women with HE (HEG, n = 33) and without HE (nHEG, n = 89) showed
better DQ in the former, but this was still unsatisfactory in health-promoting properties. The results
obtained showed that the HE and trimester of pregnancy and pre-pregnancy Pa influenced DQ in
pregnant women.

Keywords: pregnancy; health education; diet quality; diet quality determinants

1. Introduction

Health and dietary behaviors before and during pregnancy consistently remain an
important and ongoing area of research [1–3]. Epidemiological studies have highlighted the
significance of assessing diet quality and its determinants as the consequences of inadequate
nutrition expose not only women but also their children to poorer health outcomes for the
rest of their lives [4].

Among the factors influencing diet quality in pregnant women age, socioeconomic
and lifestyle variables are the most commonly reported factors [5,6]. Other factors include
pre-pregnancy BMI, physical activity, smoking, and alcohol consumption [7–12] but also
nutritional knowledge, which has been reported to play an important role in pregnancy
and influencing dietary choices. Obesity and overweight are currently a serious problem
among women of reproductive age. The Central Statistical Office in Poland shows that
the percentage of women of reproductive age (20–39 years) with excessive body weight
(BMI > 25 kg/m2) increased from 25.8% to 31.3% between 2009 and 2019 [13]. Efforts to
provide appropriate health education and care for pregnant women should be intensified
due to the fact that almost one in three Polish women of reproductive age has problems
with maintaining a healthy body weight.

Despite the proven link between maternal nutrition and pregnancy outcomes, many
pregnant women do not follow the dietary recommendations. Moreover, behaviors such
as a sedentary lifestyle and unhealthy eating habits are common among pregnant women
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worldwide, including Poland [14–19]. It has been indicated that such behaviors during
pregnancy are caused by both non-adherence to the recommendations and insufficient
health education and health promotion [20].

In Poland, health education is understood as a didactic and educational process in
which pupils starting from primary school learn how to maintain and improve their own
and other people’s health, how to create a health-favorable environment, and, in the case
of illness or disability, how to actively participate in its treatment, cope with its negative
effects, and reduce its consequences [21]. An important part of health education in schools
is the development of appropriate eating behaviors, by which pupils acquire competences
in the knowledge of basic nutrients and their role in the body, the preparation and storage
of food, the knowledge of diseases related to poor nutrition, the knowledge of labeling
food packages, and the ability to prepare menus for different groups of people [22]. Health
education also plays an important role in shaping health-promoting attitudes by practicing
hygienic behaviors that are safe for health, as well as the use of prevention, the practice of
physical activity, and the consolidation of knowledge about its benefits.

Researchers emphasize that the level of knowledge and awareness may influence the
level of acceptance of educational messages, and, therefore, their effectiveness, which is
why health education may be particularly important [23,24]. As schools play an important
role in meeting the nutritional needs of children and adolescents and in shaping appro-
priate behavior [21], health education should already start at an early stage of education.
Unfortunately, this type of education has not always been included in the compulsory
school curriculum, Poland being an example. In Poland, health education was included in
the core curriculum of general education for all types of schools only in 1997 [25]. However,
it is not a separate school subject, but its content has been included in many subjects,
e.g., biology, family life education, social studies, and safety education. An important
step in the Polish education system was linking health education with physical education
2013. Since then, physical education has been playing a leading role in health education.
According to the Education Law in Poland [26], a child’s compulsory education starts at
the beginning of the school year in the calendar year in which the child turns 7 and lasts
until the end of primary school, no longer than until the age of 18. Therefore, all people
who started primary school in 1997 or later have achieved the expected learning outcomes
for health education. In contrast, people who started school before 1997 did not receive
health education classes at school, and their knowledge about health behavior comes from
a variety of sources.

So far, little attention has been paid to the impact of early health education on diet
quality in pregnant women. Considering the importance of diet in pregnant women
and studies assessing diet quality, the aim of this study was to evaluate the diet quality of
pregnant women and identify its determinants with particular attention to health education.

2. Materials and Methods

2.1. Survey Design and Sample

The survey was conducted in Poznań in free birthing schools, i.e., where access is
universal, and there is no extra cost for parents to attend. Due to the lack of official data
on the percentage of pregnant women attending antenatal classes, the sample size was
estimated based on the list of women attending the classes in three randomly selected
birthing schools between September and December 2019. The total number of the women
attending antenatal classes was 170, all of whom were asked to participate in the study.
Slovin’s formula (see below) was used to calculate the sample size with a 5% margin of
error and 95% confidence interval [27]. The minimum number of the necessary sample size
to meet the criteria listed above was 119. Of the total number of 170 women, 129 (75.9%)
agreed to participate in the study, and 41 (24.1%) refused. In addition, seven of the women
were excluded from the study due to incomplete questionnaire answers. Finally, 122 women
were included in the study.

n =
N

1 + Ne2
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n—sample size; N—population size; e—margin error.
The study took the form of a direct, individual questionnaire survey. The participants

completed the questionnaire on their own. In case of any problems with understanding
the questions, the interviewer was helpful in explaining the inaccuracies. The collected
information included eating habits, sociodemographic data, i.e., age, level of education
(university/secondary/vocational/primary), presence of health education in school, place
of residence (urban/rural), and maternal lifestyle-related characteristics, i.e., pre-pregnancy
weight, trimester of pregnancy, and pre-pregnancy and pregnancy physical activity (PA).
In addition, the respondents were asked about the year in which they started primary
school. This made it possible to distinguish two groups of women: with health education
(i.e., women who started primary school education after 1997; HEG; n = 33) and without
health education (i.e., women who started primary school education before 1997; nHEG;
n = 89). The distinguished groups were further used for comparative analyses. The study
was approved by the Bioethics Committee of the Poznan University of Medical Sciences
(reference no. 878/19, 12 September 2019). All women gave written consent to participating
in the study.

The KomPAN® questionnaire provided data on eating habits and enabled the calcu-
lation of the Pro-Healthy Diet Index (pHDI), which gave information on diet quality [28].
The index was the sum of the daily intakes (times/day) of 10 food groups with potentially
beneficial outcomes: 1. wholemeal bread; 2. grains and coarse-ground groats; 3. milk
(including flavored milk, cocoa, coffee with milk); 4. fermented milk beverages; 5. curd;
6. white meat; 7. fish; 8. legumes; 9. fruits; and 10. vegetables. Each respondent reported
habitual consumption of the above-mentioned products by indicating one of the six fre-
quency categories: never, 1–3 times a month, once a week, a few times a week, once a day,
and a few times a day. Those categories were converted to daily frequency expressed as
times/day: never (0), 1–3 times a month (0.06), once a week (0.14), a few times a week
(0.5), once a day (1.0), and a few times a day (2.0). The pHDI values ranged from 0 to
100 points and were calculated using the formula below. The pHDI values in the range of
0–33 points were defined as low, in the range of 34–66 points as moderate, and in the range
of 67–100 points as high. The higher the value, the greater the intensity of health-promoting
properties in the diet and, therefore, the better quality of the diet [28].

pHDI in points =
100
20

× sum of the consumption of 10 food groups (times/day)

The Polish version of PPAQ questionnaire enabled us to determine the weekly energy
expenditure (MET hour/week−1) [29]. The respondents self-assessed their physical activity
levels by filling in a questionnaire consisting of 33 items grouped into the following activity
categories: household/caregiving (15 items), occupational (5 items), sports/exercises
(7–9 items), transportation (3 items), and inactivity (3 items). The declared duration of
performance of particular tasks was assigned fixed numbers of minutes (0; 0.12; 0.50;
1.0; 2.0; 3.0) and then multiplied by the number of days of performance of the tasks
per week. The obtained values were then multiplied by intensity (MET) in accordance
with the guidelines in “Compendium of Physical Activities: an update of activity codes
and MET intensities” [30], thus obtaining the energy expenditure measured in Metabolic
Equivalent of Task (MET). The following levels of intensity were assigned to the different
activities: sedentary < 1.5 METs; light 1.5–<3.0 METs; moderate ≥3.0–≤6.0 METs; and
vigorous > 6.0 METs. In addition, the respondents were asked if they had undertaken
physical activity before pregnancy. The participants could choose between yes/no answers.

2.2. Analysis

All statistical analyses were performed using STATISTICA 13 (Dell Inc.; Tulsa, OK,
USA, StatSoft Polska, Cracow, Poland, 2017). The threshold of statistical significance
was set at p ≤ 0.05. The distribution of the variables was tested using the Shapiro–Wilk
test. For quantitative variables, arithmetic means and standard deviations (SD) were
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calculated. The median, lower, and upper quartiles were calculated for the frequency
of consumption of 10 product groups. The Mann–Whitney (Z) test was used to test the
significance of differences between the distinguished groups. The Chi-square test (χ2) was
used for comparative analysis of categorical variables. The Spearman’s rank correlation
coefficients (r) were used to assess the presence and strength of the associations between
diet quality and consumption of selected food products, as well as sociodemographic data
and maternal lifestyle-related variables. The interpretation of the correlation coefficients
was as follows: weak (<0.3), moderate (0.3 to <0.5), strong (0.5 to <0.7), and very strong
(≥0.7) correlation [31]. To identify the determinants of diet quality, multiple regression
models were run with diet quality as the dependent variable. Only factors that were
significantly correlated with diet quality were included in the models. Logistic regression
analysis was used to assess the odds of having a higher-quality diet. The dependent variable
was diet quality as assessed by the Pro-Healthy Diet Index (pHDI). The categorization of
the two groups for the dependent variable in the logistic regression was based on pHDI
values. Values ≤ 33 points were assigned to the “lower quality diet” category, whereas
values > 33 points were assigned to the “higher quality diet” category. Odds ratios (ORs)
and 95% confidence intervals (95% CI) were calculated.

3. Results

3.1. Group Characteristics

The characteristics of the participants are shown in Table 1. The mean age was
27.7 ± 3.7 years. The women from the health education group were younger than women
in the group without health education (23.4 ± 1.5 vs. 29.3 ± 2.9; Z = −8.45; p < 0.001).
The percentage of the women with a higher level of education was greater in nHEG than
in HEG (76.4% vs. 54.6%; χ2 = 6.58; p = 0.037). The vast majority of participants had a
higher level of education (70.5%) and lived in urban areas (68.9%). Of the participants,
49.2% were in their third trimester of pregnancy. The mean pre-pregnancy weight was
66.3 ± 14.3 kg. Undertaking physical activity before pregnancy was declared by 58.2% of
the respondents. An assessment of the physical activity levels of the pregnant women
showed that the highest energy expenditure was recorded for light and moderate intensity

efforts (
−
x =71.7 MET hour/week;

−
x =72.9 MET hour/week), accounting for 37.5% and

38.2% of total physical activity, respectively.

3.2. Diet Characteristics

In the entire study group, the mean value of the pHDI was 26.3 ± 13.0 points. The
women with health education had a higher value of the pHDI than the women without
health education (HEG = 28.3 ± 12.7 points vs. nHEG = 20.9 ± 12.3 points; Z = 2.99;
p = 0.002). There were no women with a high-quality diet in the whole study group;
however, a moderate-quality diet was noted in 30.3% of the participants.

In general, fruit and vegetables were consumed with the greatest frequency (on
average once a day), whereas fish and legumes were consumed least frequently (on average
1–3 times a month). The remaining products were consumed with an average frequency of
once to several times a week (see Supplement Table S1). A comparative analysis showed
significant differences in the frequency of consumption of wholemeal bread (Z = 2.72;
p = 0.007), grains and coarse-ground groats (Z = 2.43; p = 0.02), legumes (Z = 1.97; p = 0.049),
and fruits (Z = 2.21; p = 0.03). Each time, the nHEG group was characterized by a lower
frequency of consumption of the above-mentioned products.

The correlations of health education with the pHDI and ten food products with
beneficial health outcomes are shown in Table 2. Positive and significant correlations were
found for all variables except milk consumption, fermented milk beverages, curd, and
white meat.
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Table 1. Characteristics of surveyed group.

Variables
Total

n = 122
HEG
n = 33

nHEG
n = 89

p-Value

age (years) 27.7 ± 3.7 23.4 ± 1.5 29.3 ± 2.9 <0.001

educational level (%) (n)

- primary 5.7 (7) 12.1 (4) 3.4 (3)
0.037- vocational/secondary 23.8 (29) 33.3 (11) 20.2 (18)

- university 70.5 (86) 54.6 (18) 76.4 (68)

place of residence (%) (n)

- rural 31.1 (38) 33.3 (11) 30.3 (27)
0.751

- urban 68.9 (84) 66.7 (22) 69.7 (62)

trimester of pregnancy (%) (n)

- I 9.8 (12) 18.2 (6) 6.7 (6)
0.161- II 41.0 (50) 39.4 (13) 41.6 (37)

- III 49.2 (60) 42.4 (14) 51.7 (46)

pre-pregnancy weight (kg)
(mean± SD) 66.3 ± 14.3 63.5 ± 13.8 67.3 ± 14.4 0.110

pre-pregnancy PA (%) (n)

- no 41.8 (51) 54.5 (18) 37.1 (33)
0.082- yes 58.2 (71) 45.5 (15) 62.9 (56)

pregnancy PA (METs; mean ± SD)

- total PA 191.0 ± 118.7 187.6 ± 156.8 192.4 ± 102.1 0.177
- sedentary (<1.5) 41.1 ± 31.6 41.2 ± 31.7 41.1 ± 31.5 0.977
- light PA (1.5–<3.0) 71.7 ± 38.9 69.2 ± 42.5 72.6 ± 37.6 0.536
- moderate PA (≥3.0–≥6.0) 72.9 ± 75.8 68.6 ± 92.8 74.6 ± 68.9 0.132
- vigorous PA (>6.0) 5.3 ± 22.3 8.6 ± 33.7 4.1 ± 16.2 0.762

HEG—group with health education; nHEG—group without health education; p ≤ 0.05—a statistically signifi-
cant value.

Table 2. Correlation coefficients of the health education with the pHDI and 10 food products with
beneficial health outcomes.

r p-Value

1. pHDI 0.27 0.002
2. wholemeal bread 0.25 0.005
3. grains and coarse-ground groats 0.23 0.012
4. milk 0.10 0.269
5. fermented milk beverages 0.14 0.111
6. curd 0.16 0.082
7. white meat 0.14 0.112
8. fish 0.19 0.039
9. legumes 0.19 0.033
10. fruits 0.21 0.019
11. vegetables 0.18 0.044

p ≤ 0.05—a statistically significant value.

3.3. Food Determinants of Diet Quality

Before testing the hypothesis concerning the food correlates of diet quality, the cor-
relations between diet quality as the dependent variable and ten food products with a
potentially beneficial effects on health were analyzed (Table 3). In each group, moderate but
significant, strong, and very strong correlations between diet quality and the mentioned
independent variables were found. In the group with health education, all variables were
positively correlated with the diet quality. They were as follows: wholemeal bread (r = 0.58;
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p ≤ 0.001); grains and coarse-ground groats (r = 0.74; p ≤ 0.001); milk (r = 0.60; p ≤ 0.001);
fermented milk beverages (r = 0.62; p ≤ 0.001); curd (r = 0.62; p ≤ 0.001); white meat
(r = 0.35; p = 0.001); fish (r = 0.45; p ≤ 0.001); legumes (r = 0.47; p ≤ 0.001); fruits (r = 0.75;
p ≤ 0.001); and vegetables (r = 0.81; p ≤ 0.001). In a group with no health education, no
correlation was found for milk and white meat, whereas positive correlations for other food
products were as follows: wholemeal bread (r = 0.50 p = 0.002); grains and coarse-ground
groats (r = 0.42; p = 0.009); fermented milk beverages (r = 0.60; p ≤ 0.001); curd (r = 0.37;
p = 0.02); fish (r = 0.33; p = 0.041); legumes (r = 0.53; p ≤ 0.001); fruits (r = 0.61; p ≤ 0.001);
and vegetables (r = 0.73; p ≤ 0.001).

Table 3. Food correlates of diet quality in surveyed groups.

Variables HEG nHEG

1. wholemeal bread 0.58 * 0.50 *
2. grains and coarse-ground groats 0.74 * 0.42 *
3. milk 0.60 * 0.26
4. fermented milk beverages 0.62 * 0.60 *
5. curd 0.62 * 0.37 *
6. white meat 0.35 * 0.28
7. fish 0.45 * 0.33 *
8. legumes 0.47 * 0.53 *
9. fruits 0.75 * 0.61 *
10. vegetables 0.81 * 0.73 *

HEG—group with health education; nHEG—group without health education. * a statistically significant correla-
tion coefficient.

These significant variables were then included in the multiple regression model in
order to assess which of them contributed most to explaining the variability in the diet
quality in separate groups. According to the results obtained (Table 4), diet quality in the
group with health education was determined by eight variables, i.e., vegetables, fermented
milk beverages, milk, wholemeal bread, fruits, grains, coarse-ground groats, curd, and
white meat. The model was significant and explained 99.6% of the variance in the diet
quality F(8.75) = 2297.2; p ≤ 0.001). The consumption of vegetables (R2 = 0.607; p ≤ 0.001)
and fermented dairy drinks (ΔR2 = 0.223; p ≤ 0.001) made the greatest contribution to the
prediction of the dependent variable.

Table 4. Regression analysis of food determinants of diet quality in distinguished groups.

Variables R2 β F p-Value

Model 1: HEG 0.996 2297.2 <0.001

vegetables 0.28 <0.001
fermented milk beverages 0.16 <0.001
milk 0.23 <0.001
wholemeal bread 0.20 <0.001
fruits 0.22 <0.001
grains and coarse-ground groats 0.20 <0.001
curd 0.16 <0.001
white meat 0.06 <0.001

Model 2: nHEG 0.939 79.5 <0.001

vegetables 0.21 0.004
fermented milk beverages 0.34 <0.001
grains and coarse-ground groats 0.16 0.002
fruits 0.38 <0.001
legumes 0.25 <0.001
wholemeal bread 0.26 <0.001

p ≤ 0.05—a statistically significant value.
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In the group with no health education, six variables were included in the final diet
quality model, i.e., vegetables, fermented milk beverages, grains and coarse-ground groats,
fruits, legumes, and wholemeal bread. The model was significant and explained 93.9% of
the variance in the dependent variable (F(6.31) = 79.5, p ≤ 0.001). As in the previous model,
vegetables and fermented dairy drinks had the largest contribution to the prediction of
the dependent variable (respectively: R2 = 0.594; p ≤ 0.001; ΔR2 = 0.179; p ≤ 0.001). The
smallest, however still significant, contribution to explaining the variability of diet quality
was made by wholemeal bread (ΔR2 = 0.038; p ≤ 0.001).

3.4. Sociodemographic and Maternal Lifestyle-Related Determinants of Diet Quality

The first step in assessing the sociodemographic and maternal determinants of diet
quality was to examine the correlations between diet quality as the dependent variable and
all the variables listed in Table 1. Significant correlations were found for variables such as
age (r = 0.20; p = 0.026), health education (r = 0.27; p = 0.002), educational level (r = 0.20;
p = 0.025), trimester of pregnancy (r = 0.31; p ≤ 0.001), pre-pregnancy PA (r = 0.26, p = 0.003),
moderate PA (r = 0.19; p = 0.039), and vigorous PA (r = 0.19; p = 0.035). A regression model
was then run with diet quality as the dependent variable. According to the results obtained
(Table 5), diet quality was predicted by four variables, i.e., health education, trimester of
pregnancy, moderate PA, and pre-pregnancy PA. The greatest contribution to the prediction
of the dependent variable was made by health education (ΔR2 = 0.069; p = 0.003), followed
by the trimester of pregnancy (ΔR2 = 0.063; p = 0.028). Then, moderate PA was added
(ΔR2 = 0.044; p = 0.013), and, in the last step, pre-pregnancy PA was included (ΔR2 = 0.032;
p = 0.032). The final model was significant and explained 20.8% of the variance of the diet
quality (F(4.17) = 7.69; p ≤ 0.001).

Table 5. Regression analysis of socio-demographic and maternal lifestyle-related determinants of
diet quality.

Variable R2 β F p Value

0.208 7.69 <0.001

health education 0.25 0.003
trimester of pregnancy 0.21 0.028
moderate PA 0.19 0.013
pre-pregnancy PA 0.18 0.032

p ≤ 0.05—a statistically significant value.

3.5. The Odds Ratio of Higher-Quality Diet

A logistic regression analysis was performed to assess how the sociodemographic and
maternal lifestyle-related predictors from Table 5 affected the odds of achieving a higher-
quality diet (Figure 1). Unfortunately, due to lack of standards and cut-off points, a similar
analysis could not be performed for moderate PA during pregnancy. The results showed
that the presence of health education in the educational history of the surveyed participants
more than tripled the odds of a higher-quality diet (OR = 3.14; 95% CI: 1.09–7.03; p = 0.032).
The women in their second trimester were 54% more likely to have a higher-quality diet than
the women in their third trimester of pregnancy (OR = 1.54; 95% CI: 1.23–2.17; p = 0.046).
Undertaking PA before pregnancy increased the odds of a higher-quality diet by 2.5 times
(OR = 2.51; 95% CI: 1.08–5.88; p = 0.032).
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Figure 1. The odds ratio of a higher-quality diet.

4. Discussion

The literature indicates that pregnancy is an important time in a woman’s life, con-
tributing to changes in both her dietary habits and other health-related behaviors that
are undertaken out of concern for her life and health and that of her baby [1,3,32]. Pre-
vious studies have shown a wide variation in the determinants of diet quality among
pregnant women. In addition to social and cultural factors [24,33–36], nutritional knowl-
edge and health education have also been indicated as factors influencing diet quality
in pregnancy [35]. Therefore, the aim of this study was to assess the dietary quality of
pregnant women and its determinants, with attention to health education as possible one.

Among the most commonly reported factors influencing the quality of pregnant women’s
diets are age and socioeconomic variables, including the education level, which is considered
to be an awareness variable that significantly influences dietary decisions [8,9,12,37–40]. In
turn, the presented study highlighted the particularly important role of health education,
trimester of pregnancy, moderate PA, and pre-pregnancy PA in shaping dietary habits
and diet quality. According to the literature, younger mothers have poorer diet quality
because they have lower levels of education, lower socioeconomic status, and less life
experience, unlike older women [1,37,41–47]. However, our own results show that women
in the no health education group, despite being older and having achieved a university
degree, had poorer diet quality than younger women without a higher education but with
health education in the core curriculum. This suggests that diet quality does not depend
as much on age and educational attainment but, to a large extent, on the health education
provided as part of compulsory schooling for children up to the age of 18. Our further
analysis showed that participation in compulsory health education more than tripled the
odds of having a better diet. Sedentary lifestyles and unhealthy eating habits are known to
be common among pregnant women [17], but our results show that women with healthier
pre-pregnancy behaviors were also those with better diets during pregnancy. In contrast
to McGowan and McAuliffe [48], our study showed a significant positive influence of
pre-pregnancy and pregnancy PA on diet quality, with the pre-pregnancy PA increasing the
odds of a higher-quality diet during pregnancy by a factor of 2.5. This confirms that physical
activity is an important target for nutrition and health interventions. In the presented study,
women in the second trimester of pregnancy had a healthier dietary profile than women in
the third trimester. This is on the contrary to Fernández-Gómez et al. [49], but consistent
with McGowan and McAuliffe [42], who reported the odds in predicting the likelihood
of following a healthy dietary pattern in each trimester. In their study, higher levels of
maternal education together with normal maternal BMI as well as the nationality were
important predictors of following a healthy diet in the second trimester. This indicates
that women with higher levels of education also are more likely to make positive changes
in their diet. Although awareness of the positive effects of a healthy diet and physical
activity on pregnancy outcomes has been reported to be a strong motivator for changing
dietary behaviors [50,51], it is not always sufficient to maintain changes until the end of
pregnancy. As shown by McGowan and McAuliffe [48], 69 out of 95 women continued
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the healthy dietary pattern into the third trimester. Therefore, there is a strong need for
research to investigate the reasons why healthy dietary behaviors are not maintained
during pregnancy.

A positive contribution of health education to dietary behaviors was also shown in the
case of the Pro-Healthy Diet Index, which provides information on diet quality. The diets
of women who received counselling and education on healthy eating and lifestyles were
of better quality than those of women who did not receive adequate substantive support.
In addition, health education was positively associated with the intake of wholemeal
bread, grains and coarse-ground groats, fish, legumes, fruit, and vegetables but not with
intakes of milk, fermented milk beverages, curd, or white meat. Our results differ from
those obtained by Goodarzi-Khoigani et al. [52], who showed that health education was
positively associated with the intake of vegetables and fish but not bread, legumes, dairy
products, or fruit in the Japanese population.

Unfortunately, despite the positive contribution of health education to dietary be-
haviors and noticeable differences in the level of DQ and the frequency of consumption
of selected groups of products, the diets of women with nutrition education were not in
accordance with nutritional recommendations [53,54]. In the surveyed groups, the con-
sumption of products with beneficial health effects was insufficient, which corresponds
with the findings of other authors [14,16,18]. In general, the respondents consumed fruit
and vegetables most frequently (once a day on average), which is significant, as they are
the basis of a healthy diet in many nutritional recommendations, mainly because of the vi-
tamins, minerals, and antioxidants they contain [55,56]. The remaining food products were
consumed with an unsatisfactory frequency, and the identified dietary errors were particu-
larly related to insufficient consumption of whole grain products (wholemeal bread, groats,
oatmeal), fish, and legumes. Given the fact that whole grain products are a good source of
fiber and have a positive impact on the prebiotic index [57,58], a well-balanced diet should
be rich in these products. Unfortunately, only 16% of the women with health education
met the recommendations of several servings of whole grain per day [57], compared to
9% of the women without health education. The recommended intake of 2–3 portions of
fish per week was reported by 10% of the women with health education and only 3% of
those without health education. The consumption of legumes was also low. However, this
can be regarded as a positive outcome, especially if they had been eaten as raw sprouts
(e.g., beansprouts). Similar to legumes, sprouts are a good source of protein [59] and also
of health-maintaining nutrients such as glucosinolates, phenolics, and isoflavones [60].
However, it should be noted that sprouts also belong to a group with a high risk of Listeria
monocytogenes infection [61], and, unlike maternal listeriosis infection, fetal or neonatal
infection carries a high risk of fatal complications [62]. Therefore, pregnant women should
limit their consumption of sprouts.

The results obtained indicate the positive impact of educational programs conducted
in Polish schools aimed at implementing the principles of proper nutrition described by
the healthy eating pyramid [54]. In the group of the women with health education, eight
out of ten groups of products with potentially health-promoting properties determined
the quality of the diet (i.e., vegetables, fermented milk beverages, milk, wholemeal bread,
fruit, grains and coarse-ground groats, curd, and white meat). In turn, in the group without
health education, the variety of food determinants of diet quality was smaller. Only six
out of ten recommended products explained the variance in diet quality, i.e., vegetables,
fermented milk beverages, grains and coarse-ground groats, fruit, legumes, and wholemeal
bread. However, it should also be noted that the consumption of vegetables and fermented
dairy drinks was one of the determining factors of diet quality in each studied group.

Previous studies have shown that women’s compliance with recommendations in-
creased when they were given detailed explanations on the importance of the recommended
food products [23,24]. On the other hand, the lack of adequate knowledge about nutritional
recommendations of those responsible for developing nutritional awareness have been
identified as one of the barriers to changing dietary behaviors [63–65]. Therefore, it is
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possible that the results obtained in the present study are caused by inadequate health
education in Polish schools, e.g., the content provided may be insufficient or not adapted to
the age of the recipients, yet the individual non-adherence to the recommendations cannot
be excluded.

Important clues for nutrition education also come from studies that indicate the
preferred form of knowledge transfer. As was shown by Wise and Arcamone [66], among
adolescents, the best way to learn about nutrition was to listen to teachers and health
professionals. Unfortunately, it is not appreciated in Poland. Here, health education is
provided only by schoolteachers, nor is it not a separate school subject, but it is implemented
in a number of different subjects in the form of selected individual class topics. Crucially,
partners and relatives are an important source of nutritional support for mothers and
mothers-to-be [67]; in order to improve the quality of pregnant women’s diets, it is also
necessary to educate and increase knowledge about the positive or reinforcing effects of
healthy nutrition also in the woman’s immediate environment.

Limitations

This study has some strengths and limitations. The study included a group of women
attending childbirth school, and access to health education was taken into account. The
KomPAN® and PPAQ (Polish version) questionnaires used in the study have good rele-
vance, and acceptable test–retest reliability of the test–retest, therefore, represent a reliable
set of data. The PPAQ questionnaire has been adapted to the cultural conditions of many
countries, including Poland, allowing international comparisons to be made regarding
the level of AP of pregnant women. Furthermore, the study was conducted in the form
of a direct questionnaire interview, which allowed us to better understand the questions
and obtain more complete and reliable information about the dietary habits of the women
surveyed. However, we are aware of some limitations. It was a cross-sectional study, in
which diet quality was analyzed based on questions about general food consumption rather
than questions about specific dietary components. Future research should include this type
of data to gain full insight into the complex model of determinants of dietary quality. The
Pro-Healthy Diet Index (pHDI) used to assess diet quality is based on the consumption of
health-promoting products recommended in the Mediterranean diet and included in the
healthy eating pyramid.

5. Conclusions

The present study highlighted the particularly important role of health education,
trimester of pregnancy, moderate PA, and pre-pregnancy PA in shaping dietary habits and
diet quality. We recommend that the proposed interventions for the nutritional education
of women of reproductive age include not only nutritional aspects but also physical activity
adapted to the gestational age and capabilities of the pregnant women. Appropriate
adaptation of the interventions to the individual needs of the woman, her preferences, and,
above all, her knowledge and health habits can effectively influence the modification of her
dietary behavior during pregnancy. The present study also has practical implications. The
results obtained can be used by institutions providing health education to preconceptional
and pregnant women to develop an appropriate strategy aimed at raising awareness of
the importance of proper nutrition during pregnancy and possibly changing inappropriate
eating habits.
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63. Bauer, P.W.; Broman, C.L.; Pivarnik, J.M. Exercise and pregnancy knowledge among healthcare providers. J. Womens Health 2010,

19, 335–341. [CrossRef]
64. Evenson, K.R.; Pompeii, L.A. Obstetrician practice patterns and recommendations for physical activity during pregnancy.

J. Womens Health 2010, 19, 1733–1740. [CrossRef]
65. Burdick, L.; Mielke, G.I.; Parra, D.C.; Gomes, G.; Florindo, A.; Bracco, M.; Lobelo, F.; Simoes, E.J.; Pratt, M.; Ramos, L.R.; et al.

Physicians’, nurses’ and community health workers’ knowledge about physical activity in Brazil: A cross-sectional study. Prev.
Med. Rep. 2015, 2, 467–472. [CrossRef]

66. Wise, N.J.; Arcamone, A.A. Survey of adolescent views of healthy eating during pregnancy. MCN Am. J. Matern. Child. Nurs.
2011, 36, 381–386. [CrossRef]

67. Thornton, P.L.; Kieffer, E.C.; Salabarría-Peña, Y.; Odoms-Young, A.; Willis, S.K.; Kim, H.; Salinas, M.A. Weight, diet, and physical
activity-related beliefs and practices among pregnant and postpartum Latino women: The role of social support. Matern. Child.
Health J. 2006, 10, 95–104. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

195
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Abstract: Diet during pregnancy is one of the most important nutritional challenges associated with
some risks for the mother and the fetus. For the first time, the study aims to estimate long-term
(2018–2022) exposure to nitrate and phosphates in Serbian pregnant women, based on individual
consumption data and accurate values measured in frequently consumed meat products. For this
purpose, seven types of meat products, consisting of 3047 and 1943 samples, were collected from
retail markets across Serbia, to analyze nitrites and phosphorus content, respectively. These data were
combined with meat product consumption data from the Serbian National Food Consumption Survey
to assess dietary intake of nitrites and phosphate. The results were compared with the acceptable
daily intake (ADI) proposed by the European Food Safety Authority. The average dietary exposure
(EDI) to phosphorus ranged from 0.733 mg/kg bw/day (liver sausage and pate) to 2.441 mg/kg
bw/day (finely minced cooked sausages). Considering nitrite intake, the major sources were bacon
(0.030 mg/kg bw/day) and coarsely minced cooked sausages (0.0189 mg/kg bw/day). In our study,
average nitrite and phosphorus exposure in the Serbian pregnant women population are far below
the EFSA recommendations (ADI 0.07 mg/kg bw/day and 40 mg/kg bw/day, respectively).

Keywords: food additives; nitrites; phosphates; pregnant women; meat products; exposure assessment

1. Introduction

Even though meat and meat products are one of the most important contributors
of the modern diet, it is well known that the nutritional profile of processed meat has
been perceived as unhealthy due to the high levels of saturated fatty acids, cholesterol [1],
or components that could be considered with negative health impacts (sulfites, nitrites,
and sodium). Moreover, elevated consumption of processed meat and red meat has been
associated with cardiovascular diseases, colorectal, stomach, prostate, and pancreatic
cancer [2]. According to an epidemiological study, processed meat has been classified as
carcinogenic to humans (Group 1) while red meat is probably carcinogenic to humans
(Group 2A) [3]. Because of this, there is growing interested in the processed meat industry
to reduce food additives that could be considered unhealthy [4].

Nitrates and nitrites (E249–E252) are food additives of concern for humans’ health
because they may interact with secondary amines in the stomach, producing nitritesN-
nitroso compounds (N-NAs), which could play a role in the carcinogenicity of processed
meat [5,6]. Among meat products, cured meats often contain detectable levels of N-NAs
mainly due to the use of nitrites as a preserving agent, additionally influenced by several
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processing factors (i.e., temperature, pH, and storage conditions) strongly linked by the
presence of free amines, particularly biogenic amines [7].

Besides meat products, the occurrence of N-NAs has also been reported in other foods,
such as processed vegetables, cereals, milk and dairy products, and alcoholic and non-
alcoholic beverages, among others. Regarding other sources of N-NAs exposure, tobacco
products (cigarettes, cigars) followed by products used in personal hygiene (cosmetics, hair
products, lotions, shampoos, soaps, etc.) represent the important non-dietary exposure
sources to N-NAs [6].

The high incidence of gastrointestinal cancer reported in the United Kingdom, Canada,
Colombia, Chile, Japan, Denmark, and Italy has been correlated with elevated nitrite
intake from food [8]. Moreover, nitrites and nitrates may cause methemoglobinemia, a
blood disorder in which hemoglobin can carry oxygen but is unable to release it effectively
to body tissues. It is also known that nitrites cross the placenta in pregnancy, causing
methemoglobin formation in fetuses [9]. Some earlier studies have demonstrated the
teratogenic effect of nitrites, emphasizing their toxicity and severe developmental defects
on embryos or even spontaneous abortions [10]. An ADI is established for the additives
that represent a concern for the consumers’ health. The European Commission, according
to the Scientific Opinion of the Panel on Food Additives and Nutrient Sources added to
Food (ANS) using a Benchmark Dose (BMD) approach, recommended an ADI of 0.07 mg
nitrite ion/kg bw per day [7].

On the other hand, phosphates are used as food additives (E338–E341, E343, E450–E452)
to improve food quality. Excessive intake of phosphates via consuming processed meat
products can lead to various adverse effects on human health inducing anionic imbalance.
An association between high serum phosphate levels and cardiovascular morbidity and
mortality in patients with chronic kidney disease and bone health complications has long
been known [11]. Therefore, high phosphorus intake from additives should be considered
as a potential public health concern. For this purpose, the Scientific Committee for Food [11]
derived a group acceptable daily intake (ADI) for phosphates expressed as phosphorus
of 40 mg/kg bw/day and concluded that this ADI does not have adverse effects on
human health.

Maximum permitted levels of food additives are set at the international level by
the WHO-FAO JECFA and the European Food Safety Authority (EFSA) with the aim
to ensure that additives are used properly to minimize potential risks to human health.
Furthermore, under the European Directive [12], all Member States are obligated to monitor
intakes to ensure that consumers do not have an excessive intake of a given food additive,
which could lead to a health hazard. The current Serbian legislation has restricted the
concentration of residual NaNO2 in processed meat to 100 and 150 mg/kg depending on
the type of product [13,14], whereas regulations in Europe state that the maximum residual
level (expressed as NaNO2) amount of nitrites that may be added to the processed meat
during manufacturing should be from 50 to 180 mg/kg, particularly for dry-cured meat
products such as bacon (175 mg/kg), for dry non-heat-treated meat products (50 mg/kg),
and for other dry-cured meat products such as dry-cured ham (100 mg/kg), with several
exemptions [12,15]. In terms of phosphorus used as a food additive, the Serbian standard
maximum limit for total phosphorus expressed as P2O5 in meat products is less than
8 g/kg [14] or ≤5 g/kg of added phosphorus [13].

Diet during pregnancy is one of the most important nutritional challenges that may be
associated with some risks for the health of mothers and the development of the fetus. In
this context, a healthy and balanced diet is of the utmost importance during pregnancy and
is an ongoing task for health care. Although nitrates and nitrites alone are considered to
have no or limited carcinogenic potential [16], there are major human health concerns raised
regarding nitrite intake, due to their potential conversion to form N-NAs. Based on the
literature data, on associations between dietary intake of meat products, nitrite content, and
cancer, the genotoxic properties of the N-NAs have been extensively investigated [6,17]. The
high and frequent consumption of meat products, containing harmful substances such as
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nitrites, increases the risk of colorectal cancer and thyroid tumor promotion and adversely
affects reproductive outcomes (e.g., fetal loss, reduced number of litters and live births,
and neonatal mortality). Moreover, some studies reported a correlation between excessive
dietary nitrite intake and a higher risk of development of neural tube defects [18,19] or
even pediatric brain tumors in offspring [20].

Considering above mentioned rational and following our previous nitrites and phos-
phate studies [21–23], this study objective was to, for the first time, estimate dietary intake
of nitrate and phosphates in Serbian pregnant women, based on individual consumption
data and accurate values measured in most consumed groups of meat products. In addition,
as a predictive model, i.e., “worse-case” scenario, values at the MPL was used in order to
determine the level of reaching or exceeding ADI values for these two additives in meat
products as a measure of identifying potential risk.

2. Materials and Methods

2.1. Meat Products and Sample Preparation

In the present study, 3047 meat product samples obtained from different regions of
the Serbian retail market for the purposes of official controls by veterinary inspectors or
for self-monitoring purposes of the meat producers during 2018–2022 were analyzed for
nitrite content. Samples were divided into seven groups, including 381 bacon, 244 dry
meat, 406 coarsely minced cooked sausages, 822 dry fermented sausages, 747 finely minced
cooked sausages, 87 liver sausage and pate, and 423 smoked meat products, produced by
the Serbian meat industry or imported.

In the same period of investigation, a total of 1943 meat product samples were catego-
rized into five groups including bacon (298), coarsely minced cooked sausages (405), finely
minced cooked sausages (718), liver sausage and pate (86), and smoked meat products
(436) were analyzed for phosphorous content.

All samples of meat products were kept at refrigeration temperature and analyzed
within 48 h. If the analyses were not conducted within the same day, the samples were
stored in a refrigerator at 4 ◦C until required for testing.

The analyzed samples were thawed and blended in a commercial kitchen blender
unit (Homogenizator Blixer 2, Robot Coupe, Vincennes, France (2.9 L) 700 w, 3000 rpm).
For each sample, two composite samples were prepared. All samples were then analyzed
in duplicate.

2.2. Determination of Sodium Nitrite Content

The content of sodium nitrites-NaNO2, which is usually added to meat products—was
examined in meat products according to the standard ISO procedure [24]. A representative
sample amount (~10 g) was measured in a 300 mL flask using an analytical balance
(Mettler, AE 200, Columbus, OH, USA), followed by the addition of a solution of hydrous
sodium borate, Na2B4O7·10H2O (50 g/L) and 100 mL deionized water at 70.0 ± 0.2 ◦C.
Residual nitrite extraction was achieved by keeping the samples in a hot water bath, at
the temperature of boiling, for 15 min, and every 5 min, flasks were shaken vigorously.
After cooling, 2 mL of each Carrez solution (Carezz reagent I and Carezz reagent II) was
added and mixed thoroughly. Samples were then diluted to 200 mL with deionized water.
Samples were filtered through quantitative cellulose filters (pore size < 5 μm). Color
generation was achieved by transferring an aliquot of the filtrate (25 mL) to a 100 mL
volumetric flask and adding 10 mL of the sulfanilamide solution and then 6 mL conc.
HCl. Flasks were stored in the dark for 5 min. Subsequently, 2 mL solution of N-naftil-
1-ethylenediamine-chloride (0.25 g/250 mL) was added to each flask and moved to the
dark for 3 min. Thereafter, samples were diluted to 100 mL. Absorbance was measured at
538 nm using a spectrophotometer (UV/VIS Spectrophotometer, Jenway 6405, East Lyme,
CT, USA). A procedural blank was run with every batch of samples.

Calibration curves were generated using concentration levels ranging from 2.5 to
10 NaNO3 μg mL−1, Y = 0.0669X + 0.024: R2 = 0.999. A recovery study of the analytical
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procedure was carried out by spiking several already analyzed samples with standard
solutions, and recovery rates were found to be between 87% and 94%. The nitrite content is
expressed as NaNO2 (mg·kg−1), following c × 2000/m × V, where c is the concentration of
NaNO2 (μg/mL) from the calibration curve, m is the mass of sample (g) for analysis, and V
is a volume of an aliquot of the filtrate used for spectrometric determination.

The limit of detection (LOD) was considered to take the same value as the limit of
quantification (LOQ) (0.03 mg/kg).

2.3. Determination of Phosphorus Content

The total phosphorus content, expressed as P2O5 (g/kg), in examined meat products
was determined according to the standard ISO procedure [25]. The total phosphorus
content, expressed as P2O5 (g/kg), in examined meat products was determined according
to the standard ISO procedure [25]. In brief, a ~5 g portion of samples (measured using
an analytical balance (Mettler, AE 200, USA)) was ashed at the maximum temperature
of 500 ◦C in a muffle furnace (LE 14/11/R7, Nabertherm, Lilienthal, Germany). On
completion of the digestion, the white ash was dissolved by heating with dilute nitric acid
(1 + 1, v/v) and quantitatively transferred to a 100 mL flask. Then, made up by the addition
of deionized water, and after mixing, the solution was then filtered, and the first 5 to 10 mL
were discarded.

Aliquots (20 mL) of the treated solution were pipetted into 100 mL volumetric flasks
and mixed thoroughly with 30 mL ammonium heptamolybdate solution 50 g/L. The
resulting solution was then diluted to the volume with deionized water. After 15 min at
room temperature, the absorbance was read against a reagent blank at 430 ± 2 nm using a
UV-visible spectrophotometer (UV/VIS Spectrophotometer, Jenway 6405).

The standard curve was determined under the same conditions as those for the samples
using potassium dihydrogen phosphate as a standard (10–60 P2O5 μg/mL;
Y = 0.0187X − 0.0096: R2 = 0.9999). A recovery study of the analytical procedure was
carried out by spiking several already analyzed samples with standard solutions, and
recovery rates were found to be between 89% and 95%. The total phosphorus content is
expressed as P2O5 (g/kg), following c/20 m, where c is the concentration of P2O5 (μg/mL)
from the calibration curve and m is the mass of the sample (g) for analysis.

The LOD was estimated at 0.0024 g/kg, while the LOQ for phosphorus as P2O5 was
0.081 g/kg.

2.4. Meat Products Consumption Data

The National Food Consumption Survey on adults including pregnant women, in
compliance with the EFSA EU Menu methodology [26], was conducted between 2017
and 2022 and included a total of 145 pregnant women. EFSA EU Menu methodology
considers the use of set of questionnaires: a general questionnaire on sociodemographic
and anthropometric characteristics of the participants, an age-appropriate Food Propensity
Questionnaire (FPQ), that is used to determine the frequency of food groups’ consumption
in a year, and a twice-repeated 24 h dietary recall. All the data are collected in the required
format following the EU Menu framework, to provide harmonious and standardized data
collection in all countries in Europe [27]. The consumed portion sizes were estimated based
on natural units, household measures, packaging information, and a validated national
Food Atlas for Portion Size Estimation [28]. The study was conducted in four geographical
regions of Serbia (Belgrade, Vojvodina, Southeast Serbia, and West Serbia).

In this study, the following data were used: anthropometric characteristics of the
participants, i.e., age, body weight, and height measurements, and intake data of meat
products. This study assessed the consumption of meat products (per meat product type
and on average) in a pregnant population. Consumed meat products were categorized
into seven categories which were defined according to the actual Serbian Regulation on the
quality of meat products [14]. The study group age is divided into two groups, to better
describe characteristics of the population and age distribution, but is later not correlated in
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the exposure assessments, as both age groups belong to the same, adult population groups
in the reference values—ADI and EDI—by the EFSA.

2.5. Exposure Assessment and Risk Characterization

According to the European Commission [29], there are three types of approaches to
estimate the dietary exposure from food additives that pose a concern to human health:

(1) Tier 1: Estimation of the theoretical maximum daily intake by combining the maxi-
mum quantity of food and drinks that can be consumed by an individual with the
maximum permitted level (MPL) of an additive.

(2) Tier 2: The use of individual consumption data multiplying with the MPL of the
selected additives.

(3) Tier 3: The use of an individual Food Consumption Database (FCD) combined with
the accurate measured values of selected additives.

The estimated daily intake (EDI) of nitrite and phosphate additives from processed
meat by pregnant women included in this study was calculated using the Tier 3 approach,
by combining data on individual food consumption patterns in pregnant women (g/day)
with data on the levels of this type of additive in the investigated samples and division by
the population’s average body weight (Table 1). Additionally, the mean value regarding
the body weight of the investigated population of pregnant women obtained in our study
is in accordance with EFSA recommendations, where a body weight of 70 kg should be
used as the default for the European adult population [30].

Table 1. Baseline characteristics of study participants.

Age N
Body Weight (kg)

P25 P50 P75 P95 Mean ± SD
Range

(Min–Max)

18–29 60 62.0 70.0 75.7 89.9 70.3 ± 11.2 A 50–107.1
30–43 85 64.2 71.0 78.0 97.6 72.9 ± 13.9 A 50–141

Total 145 63.1 70.5 76.9 93.8 71.8 ± 12.9 50–141

Meat Product Distribution of processed meat daily intake of the pregnant s population (g/day).

Bacon 10.7 25.0 48.5 74.5 30.8 ± 21.7 A 2.9–75.8
Dry meat 34.6 50.0 72.7 100.0 54.0 ± 27.8 12.8–125

Coarsely minced cooked sausages 35.0 50.0 100.0 100.0 64.0 ± 35.1 20–100
Dry fermented sausages 30.0 45.1 53.9 236.4 65.4 ± 64.2 25–240

Finely minced cooked sausages 46.8 72.5 137.5 152.0 84.8 ± 46.3 B 36.6–152
Liver sausage and pate 28.8 42.5 50.0 72.5 42.0 ± 15.8 25–75
Smoked meat products 17.1 25.0 47.5 170.0 37.6 ± 39.7 A 10–200

Average 22.45 41.69 55.02 150 49.58 ± 40.7 2.96–240

N—number of participants; Means with different superscripts in the same column are significantly different
(p < 0.05).

In addition to the abovementioned method, the exposure assessment included certain
assumptions of the worst-case scenario, so two levels of consumption were considered—
mean and high consumer (P95 percentile)—assuming the maximum use level of these
compounds defined by Serbian regulation [13,14] in meat processing combined with in-
dividual consumption data (Tier 2). For risk characterization, obtained results were then
compared with the ADI values established by the European Union [7,11]. Relative contri-
butions of processed meat products to the dietary intake of nitrites and phosphorus for
pregnant women was expressed as a percentage of the ADI established at 0.07 mg/kg body
weight/day and 40 mg/kg body weight/day, for nitrites and phosphorus, respectively.
Taking into consideration adaptive changes in phosphorus metabolism that occur during
pregnancy and lactation, the ADI for adults (40 mg/kg bw/day) could be also applied to
pregnant and lactating women [31].
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As international guidelines recommend [32] when calculating dietary exposure, all
non-detected results, i.e., below the LOD or the LOQ, are known as left-censored. According
to this guidance, for dietary exposure assessments where less than 60% of the results were
left-censored, middle-bound (all non-detected results to the LOD/2) exposure scenarios
were considered [32].

2.6. Statistical Analysis

Data were analyzed using Minitab statistical software version 17 (Minitab Ink., Coven-
try, UK). The results are presented in the form of descriptive statistics (mean ± standard
deviation—SD) and their distribution (percentiles, and ranges). The normality of the dis-
tribution of the of the data were checked using by Kolmogorov–Smirnov normality test.
One-way analysis of variance (ANOVA) followed by Tukey’s test was used to compare the
dietary intake of phosphorous and nitrites among different meat products. The level of
significance was set at p < 0.05.

3. Results

The mean and range of baseline characteristics of participants included in this study
are presented in Table 1. The mean weight of the pregnant women included in this
survey ranged from 70.34 ± 11.21 kg to 72.92 ± 13.93 kg (average 71.85 ± 12.90 kg). No
statistically significant difference (p > 0,05) was observed between these two ages group of
pregnant women in body weight. Regarding meat consumption, based on 145 participants
interviewed, the highest average value of meat product consumption obtained in our
research was for finely minced cooked sausages (84.83 ± 46.33 g/day), followed by dry
fermented sausages (65.44 ± 64.22 g/day), while the lowest consumption was for bacon
(30.84 ± 21.77 g/day). A statistically significant difference (p < 0.05) was found between
the daily intake of bacon and finely minced cooked sausages and between the daily intake
of finely minced cooked sausages and smoked meat products.

The mean, median, and 95th percentile levels of residual nitrites (NaNO2 and NO2
−)

and phosphorus (P2O5 and P−) in examined processed meat products over the period of
2018–2022 are summarized in Tables 2 and 3. Nitrites were detected in 2443 (80%) of the
total of 3047 analyzed meat product samples (Table 2). The results obtained in our study
reveal that nitrite concentration varied with the type of meat product. The highest level of
occurrence (99%) and mean residual level of nitrites, expressed as NaNO2, was detected in
finely minced cooked sausages (38.72 ± 20.52 mg/kg), followed by coarsely minced cooked
sausages (31.86 ± 23.30 mg/kg), while the lowest incidence (45%) and mean residual level of
nitrite, as NaNO2, was detected in dry fermented sausages (1.44 ± 2.35 mg/kg). The average
concentration of nitrites in the analyzed meat products was 19.56 ± 22.83 mg/kg. These
results are far below the national Serbian or EU-regulated limit of 150 mg/kg [12,13]. In the
current study, only one sample of smoked meat products exceeded the maximum permitted
level of nitrites (data not shown). There were no statistically significant differences (p > 0.05)
between the mean residual level of nitrite in bacon and liver sausage and pate, between
dry meat and liver sausage and pate, and between dry meat and dry fermented sausages.

Phosphorus was detected in all analyzed meat product samples (1943) (Table 3). The
average concentration of phosphorus, expressed as P2O5, in the analyzed meat products
was 5.03 ± 1.37 g/kg within the range of 0.27 to 10.64 g/kg. The highest mean concentration
and level of phosphorus, as P2O5, was found in smoked meat products (6.16 ± 1.38 g/kg
and 10.64 g/kg, respectively), followed by coarsely minced cooked sausages (5.23 ± 1.14 g/kg
and 9.92 g/kg, respectively), while the lowest mean concentration was found in liver
sausage and pate (2.87 ± 0.95 g/kg). The results obtained in this study imply that the
level of phosphorus in a total of 34 (1.7%) of the examined samples (except bacon and liver
sausages and pate) exceeded the maximum permitted limit (MPL) of <8 g/kg as defined by
the Serbian regulation [14] (Table 3).
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Table 2. Ranges of residual nitrite levels expressed as NaNO2 and nitrite ion (NO2
−), consumption

of processed meat products (g/day), dietary exposure to nitrite (mg/kg bw/day), and relative
contributions of processed meat products to nitrite exposure.

Meat Product N n (%)
Mean ± SD P50 P95

Range
(Min–Max)

ADC (g/day)
EDI

(mg/kg bw/Day)
Contribution to

ADI (%)

NaNO2(NO2
−)(mg/kg) Mean ± SD Mean P95 Mean P95

Bacon 318 296 (93.1) 14.16 ± 17.72 A

(9.44 ± 11.81)
6.61

(4.40)
53.20

(35.47)
<0.03–100.38
(<0.03–66.92) 30.84 ± 21.77 A 0.0041 0.0094 5.79 13.45

Dry meat 244 168 (69.0) 4.86 ± 10.96 B,C

(3.24 ± 7.31)
1.61

(1.07)
22.44

(14.96)
<0.03–97.30

(<0.03–64.87) 54.07 ± 27.88 0.0024 0.0056 3.49 7.99

Coarsely
minced
cooked

sausages

406 396 (97.5) 31.86 ± 23.30 E

(21.24 ± 15.53)
29.70

(19.80)
71.14

(47.43)
<0.03–113.51
(<0.03–75.67) 64.00 ± 35.07 0.0189 0.0296 27.03 42.23

Dry fermented
sausages 822 372 (45.0) 1.44 ± 2.35 C

(0.96 ± 1.57)
0.53

(0.35)
5.97

(3.98)
<0.03–24.88

(<0.03–16.59) 65.44 ± 64.22 0.0009 0.0032 1.26 4.54

Finely minced
cooked

sausages
747 742 (99.0) 38.72 ± 20.52 F

(25.82 ± 13.68)
39.25

(26.17)
70.98

(47. 32)
<0.03–106.16
(<0.03–70.77) 84.83 ± 46.33 B 0.0305 0.0546 43.54 78.02

Liver sausage
and pate 87 69 (79.0) 8.49 ± 8.49 A,B

(5.66 ± 5.55)
5.21

(3.47)
25.55

(17.03)
<0.03–30.39

(<0.03–20.26) 42.00± 15.85 0.0033 0.0053 4.73 7.60

Smoked meat
products 423 400 (94.5) 23.94 ± 23.21 D

(15.96 ± 15.47)
19.06

(12.71)
68.92

(45.95)
<0.03–180.25

(<0.03–120.17) 37.61 ± 39.76 A 0.0084 0.0311 11.94 44.43

Average 3047 2443
(80.0)

19.56 ± 22.83
(13.04 ± 15.22)

7.62
(5.08)

63.36
(42.24)

<0.03–180.25
(<0.03–120.17) 49.58 ± 40.74 0.0098 0.0198 13.07 28.32

N—total number of analyzed samples; n-number of samples that contained nitrites (%); Nitrite ion content
(66.65% of NaNO2); Means values with different superscripts in the same column are statistically significantly
different (p < 0.05); ADC–average daily consumption of meat products (g/day); EDI—estimated daily intake
(mg/kg bw/day); ADI—acceptable daily intake of nitrite ion (NO2

−) (0.07 mg/kg bw/day) [7]; LOQ—limit of
quantification = 0.03 mg/kg.

Table 3. Range of phosphorus levels (P2O5 and P), consumption of processed meat products (g/day),
dietary exposure to phosphorus (mg/kg bw/day), and relative contributions of processed meat
products to phosphorus exposure.

Meat
Product

N
Mean ± SD P50 P95

Range
(Min–
Max)

Above
MPL (%)

ADC (g/day)
EDI

(mg/kg bw/Day)
Contribution to

MTDI (%)

P2O5 (P−), (g/kg) Mean ± Sd Mean P95 Mean P95

Bacon 298 4.40 ± 1.28 A

(1.92 ± 0.48) 4.38 (1.91) 6.72 (2.93) 1.10–7.95
(0.48–3.47) 30.84 ± 21.77 A 0.82 1.92 2.06 4.79

Coarsely
minced
cooked

sausages

405 5.23 ± 1.14 B

(2.28 ± 0.50) 5.12 (2.23) 7.31 (3.19) 2.25–9.92
(0.98–4.33) 7 (1.7) 64.00 ± 35.07 c 2.04 3.18 5.09 7.95

Finely
minced
cooked

sausages

718 4.74 ± 0.91 C

(2.07 ± 0.40) 4.63 (2.02) 6.20 (2.71) 1.12–9.22
(0.49–4.02) 6 (0.8) 84.83 ± 46.33 B 2.44 4.37 6.10 10.93

Liver
sausage
and pate

86 2.87 ± 0.95 D

(1.25 ± 0.41) 2.77 (1.21) 4.08 (1.78) 0.27–7.96
(0.12–3.47) 42.00 ± 15.85 0.73 1.18 1.83 2.95

Smoked
meat

products
436 6.16 ± 1.38 E

(2.69 ± 0.60) 6.12 (2.67) 7.98 (3.48) 1.01–10.64
(0.44–4.04) 21 (5.0) 37.61 ± 39.76 A 1.41 5.24 3.52 13.09

Average 1943 5.03 ± 1.37
(2.19 ± 0.60) 4.88 (2.13) 7.67 (3.35) 0.27–10.64

(0.12–4.64) 34 (1.7) 45.94 ± 38.09 1.49 3.18 3.72 7.94

N—total number of analyzed samples; P content was 43.64% of P2O5; MPL—maximum permitted level
(≤8 g/kg); Means with different superscripts in the same column are significantly different (p < 0.05); ADC—
average daily consumption of meat products (g/day); EDI—estimated daily intake (mg/kg bw/day); MTDI—
maximum tolerable daily intake of phosphorus (P) (40 mg/kg bw/day) [11].

Exposure (mean, median, and 95th percentile) and the contribution of meat products
to the daily nitrite intake of the pregnant women considered in this study are presented in
Table 2 and Figure 1. Overall, dietary nitrite exposure at the mean and 95th percentile did
not exceed the ADI for nitrite (0.07 mg/kg bw/day) [7] (Table 2). The main contributors
to dietary exposure to nitrites were finely minced cooked sausages (43.54%), followed
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by coarsely minced cooked sausages (28%) and smoked meat products (12%), while the
contribution of other groups was less than 10% (Figure 1).

Bacon
6%

CMCS
28%

DFS
1%

Dry 
meat

4%

FMCS
44%

Pate
5% SMP

12%

Figure 1. Relative contributions (%) of processed meat products to nitrite daily intake; CMCS—
coarsely minced cooked sausages; DFS—dry fermented sausages; FMCS—finely minced cooked
sausages; SMP—smoked meat products.

The main meat product contributing to dietary exposure to phosphates in our study
was found to be finely minced cooked sausages, accounting for 33%, followed by coarsely
minced cooked sausages (27%), smoked meat products (19%), bacon (11%), and liver
sausage and pate (10%) (Figure 2). Hence, mean and 95th percentile exposure to phosphates
in our study is far below this ADI (40 mg/kg bw/day) [11] (Table 3).

Bacon
11%

CMCS
27%

FMCS
33%

Pate
10% SMP

19%

Figure 2. Relative contributions (%) of processed meat products to phosphorus daily intake; CMCS—
coarsely minced cooked sausages; FMCS—finely minced cooked sausages; SMP—smoked meat products.

The results for the estimated daily intake and the relative percent contribution of
each meat product included in this study to nitrite and phosphate exposure, combining
individual consumption data with the MPL of the nitrite and phosphate additives (Tier
2 approach), are presented in Tables 4 and 5. The major contributors to excess nitrite ADI
are finely minced cooked sausages, followed by dry fermented sausages and coarsely
minced cooked sausages, at 168.62%, 130.11%, and 127.25%, respectively (Table 4).
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Table 4. Scenario 2. Dietary exposure to nitrites by using actual national food consumption data and
MPLs (Tier 2).

Meat Product
Daily Consumption of Meat Products (g/Day) NaNO2

(NO2
−)

(mg/kg)

EDI
(mg/kg bw/Day)

Contribution to ADI (%)

Mean ± SD P50 P95 Mean P50 P95 Mean P50 P95

Bacon 30.84 ± 21.77 25.00 74.55

150 *
(100)

0.043 0.035 0.100 61.32 49.71 142.48
Dry meat 54.07 ± 27.88 50.00 100.00 0.075 0.070 0.173 107.51 99.41 246.46
Coarsely minced
cooked sausages 64.00 ± 35.07 50.00 100.00 0.059 0.070 0.139 127.25 99.41 198.83

Dry fermented
sausages 65.44 ± 64.22 45.10 236.40 0.091 0.063 0.329 130.11 89.62 470.03

Finely minced
cooked sausages 84.83 ± 46.33 72.50 152.00 0.118 0.101 0.212 168.67 144.15 302.22

Liver sausage and
pate 42.00 ± 15.85 42.50 72.50 0.058 0.059 0.094 83.51 84.50 134.21

Smoked meat
products 37.61 ± 39.76 25.00 170.00 0.052 0.035 0.195 74.78 49.70 278.36

Average 49.58 ± 40.74 41.69 150.00 0.075 0.101 0.177 107.59 88.07 253.23

* MPL—maximum permitted level of NaNO2 (150 mg/kg); EDI—estimated daily intake (mg/kg bw/day);
ADI—acceptable daily intake of nitrite ion (NO2

−) (0.07 mg/kg bw/day) [7].

Table 5. Scenario 2. Dietary exposure to phosphorus by using actual national food consumption data
and MPLs (Tier 2).

Meat Product

Daily Consumption of Meat Products
(g/Day)

P2O5

(P−)
(g/kg)

EDI
(mg/kg bw/Day)

Contribution to MTDI
(%)

Mean ± SD P50 P95 Mean P50 P95 Mean P50 P95

Bacon 30.84 ± 21.77 25.00 71.70

≤8 * (3.49)

1.500 1.215 3.482 3.75 3.04 8.70
Coarsely minced
cooked sausages 64.00 ± 35.07 50.00 100.00 3.110 2.430 4.860 7.77 6.07 12.15

Finely minced
cooked sausages 84.83 ± 46.33 72.50 152.00 4.122 3.523 7.390 10.30 8.81 18.46

Liver sausage and
pate 42.00 ± 15.85 42.50 67.50 2.041 2.065 3.280 5.10 5.16 8.20

Smoked meat
products 37.61 ± 39.76 25.00 140.00 1.830 1.215 6.803 4.57 3.04 17.01

Average 45.94 ± 38.09 36.50 150.70 2.520 2.089 5.162 6.30 5.22 12.90

* MPL—maximum permitted level for phosphorus (≤8 g/kg); MTDI—maximum tolerable daily intake of
phosphorus (P) (40 mg/kg bw/day) [11].

Concerning exposure to phosphates, in the worst-case scenario (Tier 2 approach), the
meat products identified as the main contributor to phosphate intake were finely minced
cooked sausages (10.30%), followed by coarsely minced cooked sausages (7.77%) and liver
sausage and pate (5.10%) (Table 5). This is because these meat products were consumed in
large quantities.

4. Discussion

The present study provides new information about pregnant women’s exposure to
food-grade additives—nitrites and phosphorus via meat products. Pregnant women are
considered more vulnerable to chemicals, particularly to ones which have carcinogenic and
teratogenic properties because exposure occurs during the development of an embryo or
fetus. Although nitrate and nitrites alone are considered to have no or limited carcinogenic
potential [16], there are major human health concerns raised regarding nitrite intake, due
to their potential conversion to form N-NAs. Based on the literature data, on associations
between dietary intake of meat products, nitrite content, and cancer, the genotoxic proper-
ties of the N-NAs have been extensively investigated [6,17]. Although the primary sources
of dietary nitrates and nitrites are vegetables, nitrates/nitrites from animal sources were
attributable to an increase in cancer risk for the presence of amines, amides, and amides
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and heme iron that favor the increased production of N-NAs carcinogens. Consequently,
there is a trend to reduce or eliminate these compounds in meats [33].

The present study showed a wide range of nitrite levels within and between the meat
products at 0.05–180.25 mg/kg and is comparable to those reported by Nurul Farhanah
Haji Abd Hamid [34] at 0.5–140.6 mg/kg. However, the mean and P95 residual nitrite levels
in analyzed samples were below the maximum permitted limit specified by Serbian or EU
regulations (150 mg/kg) [12,13]. These findings are consistent with previously reported
nitrites content in sausages by Bajčić et al. [35] and Vranić et al. [22] at 0.65–36.60 mg/kg
and 1.86–40.35 mg/kg (mean 12.96 mg/kg), respectively.

The dry fermented sausage samples were found to have the lowest amount of nitrites
at 1.44 ± 2.35, followed by dry meat (4.86 ± 10.96 mg/kg), and these values were much
lower compared to the other types of sausages. These findings are unexpected because
the shorter shelf life was valid for coarsely or finely minced cooked sausage products,
which were mostly less than 90 days, hence a lower amount of nitrate and nitrite additives
were necessary to add. In this study, the highest health risks regarding nitrite intake by
consuming meat products are in finely minced cooked sausages followed by coarsely
minced cooked sausages (mean 0.0305 mg/kg bw/day and 0.0189 mg/kg bw/day, re-
spectively). Consumption of finely minced cooked sausages at 152 g/day recorded in our
study is of high concern, contributing to 0.054 mg/kg bw/day or 78.02% of the nitrite ADI
(0.07 mg/kg bw/day), while the least risk was from dry fermented sausages with a level of
0.0009 mg/kg bw/day or 1.26% of the nitrite ADI.

Phosphorus is an essential nutrient, occurring in foods of animal origin as a natural
component and an approved ingredient added during food processing. Thus, JECFA
proposed to assign a “maximum tolerable daily intake” (MTDI) rather than an ADI. The
phosphorus EDI ranged from 0.733 to 2.445 mg/kg bw/day, representing 1.83 and 6.10% of
the ADI specified by the EFSA [11]. The major contributor to phosphorus intake for preg-
nant women was finely minced cooked sausage (33% of phosphorus intake) and coarsely
minced cooked sausage (27% of phosphorus intake) consumption. In both scenarios, the
exposure does not exceed the ADI of 40 mg/kg bw per day (Tables 3 and 5). However, ADI
did not apply to populations with chronic kidney disease (CKD) or cardiovascular disease
(CVD), considered a vulnerable population group. Thus, assessment of the EDI for those
who consume phosphorus-rich food products regularly was important.

Although most authorized food additives are used at a lower level than the MPL, to
ensure a high level of consumer protection, in addition we created a worst-case scenario
for our risk assessment. The Tier 2 approach included certain assumptions of the worst-
case scenario assuming the maximum use level of these food additives defined by the EU
Regulation [12] in meat processing and the mean and highest percentile (95th percentile)
of food-intake consumers. The Tier 2 intake estimates for nitrites and phosphorus are
presented in Tables 4 and 5. The differences between the results of nitrites and phosphates
exposure obtained with two different exposure scenarios (Tier 2 and Tier 3 approaches)
were significant. As expected, in the Tier 2 approach, exposure was considerably above
the ADI. The major contributors to exceeding the ADI of nitrites and phosphates in this
approach were finely minced cooked sausages, dry fermented sausages, and coarsely
minced cooked sausages. These results could be explained by the fact that they were
consumed in high quantities.

The strength of this study is in the fact that this exposure assessment determines a
realistic dietary intake of nitrites and phosphorus additives based on data from national
food consumption surveys and the concentrations of nitrites and phosphorus in each meat
product measured analytically as practiced by EFSA [29]. From a broader perspective, these
findings could be accepted as the most accurate reflection of current industry practices in
Serbia. Furthermore, they complement and confirm the findings on nitrites and phosphorus
content, obtained from laboratory analysis of meat products previously reported by the
authors [21–23,35]. Bearing in mind that this provides new information about the dietary
intake of nitrate and phosphates in Serbian pregnant women, using the method proposed
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by EFSA [29], the present survey has a lot of strengths and emphasizes the importance of
monitoring the added amounts of food additives and why dietary exposure assessment
must be continued.

Considering the wide range of nitrites and phosphorus concentration levels within
the meat products, we are aware of some limitations of our study. Thus, further study is
necessary to consider the brand loyalty scenario. Very comprehensive studies revealed
that consumers always tend to buy products of a given brand, which could have a higher
concentration of additives than others [36]. Another limitation of this study lies in the
circumstance that data on pregnancy state (trimesters) was not collected and correlation
with exposure to observed additives could not be performed. This should be considered in
the design of exposure studies in pregnancy in the future.

The results of our study are not easily compared with others. To the best of our
knowledge, so far, no studies on the exposure to nitrites and phosphorus by meat products
in pregnant women were identified. In our study, the consumption of several meat product
types exceeds the recommended intake (≤50 g/day) [37]. Consumption of industrially
processed meat products, high in calories, fats, and salt with additives such as nitrites, has a
cumulative detrimental effect on the overall health of pregnant women, i.e., an unnecessary
increase in weight, swelling, water retention in the body, and can increase the risk of high
blood pressure in pregnancy and the occurrence of preeclampsia. Balancing the diet with
a wider variety of (less processed) foods could help consumers of this kind reduce their
intake of nitrosamines.

5. Conclusions

Our study revealed that the population of pregnant women in Serbia is not at risk
of exceeding the ADI for nitrites or phosphates from the consumption of processed meat.
Furthermore, food-grade additive nitrites and phosphates as currently used in industry
practices in Serbia do not result in excessive exposure to the populations of pregnant
women, even at the highest food consumption level (95%). Despite this, these results
should be interpreted with caution, as other dietary sources of nitrites and phosphorus
must be considered. Results in our study confirm that the Tier 2 approach can lead to
overestimated exposure to additives, because the measured level of nitrites and phosphates
was far below the MPL in meat products. Although we used the representative National
Food Consumption Database, it is reasonable to assume that eating habits tend to change
over the years. Therefore, it is mandatory to establish monitoring systems for the use
and intake of food additives to ensure that the ADI is not exceeded. The application of
nitrites should be decreased and controlled. For this reason, a further investigation into the
presence of N-NAs in food of animal origin will be of great interest. Besides this, the study
demonstrates the need for community work on raising awareness and constant education
on healthy nutrition during pregnancy that includes information on the detrimental effects
that additives can have on infants and offers advice on alternative healthier dietary options.
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