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KEY WORDS Objectives: This study was undertaken to evaluate whether prenatal zinc supplementation affects
Zinc maturation of fetal cardiac patterns.
Fetal development Study design: A randomized double-blind controlled trial among 242 low-income Peruvian
Autonomic function women was performed. Beginning at 10 to 16 weeks’ gestation, women received supplements con-
Peru taining 60 mg iron, 250 pg folic acid with or without 25 mg zinc. Fetal heart rate (mean FHR,
Cardiac development variability [HRV], number of accelerations) and movements (number and amplitude of move-
Central nervous system ment bouts, time spent moving) were electronically monitored monthly from 20 weeks’ gestation.
Developmental trends were evaluated by supplement type among 195 women who completed the
trial and had no serious complications of pregnancy.
Results: Zinc supplementation was associated with lower FHR, greater number of accelerations,
and greater HRV. Supplementation effects on HRV and accelerations were more pronounced af-
ter 28 weeks’ gestation. No differences in motor activity were observed.
Conclusion: Prenatal supplementation of zinc-deficient mothers may be beneficial to fetal neuro-
behavioral development.
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The role of zinc in brain development and function
has been progressively recognized.! The importance of
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zinc in developmental biology is related to its involve-
ment in the expression of genetic potential, nucleic acid
metabolism, and protein synthesis. Animal studies indi-
cate that maternal zinc deficiency during the early stages
of pregnancy is associated with an increased incidence of
nervous system congenital malformations, whereas ma-
ternal zinc deficiency in later stages of pregnancy nega-
tively affects neuronal growth and synaptogenesis and
may be associated postnatally with impaired brain func-
tion and behavioral abnormalities.” In an observational
cohort study in Egypt, Kirksey et al® reported positive


mailto:lcaulfie@jhsph.edu
http://www.elsevier.com/locate/ajog

Merialdi et al

1107

associations between maternal zinc status during the
second trimester of pregnancy and infant development.
Marginal zinc deficiency caused by inadequate dietary
intake has been estimated to affect 82% of pregnant
women worldwide, and thus negative effects of zinc de-
ficiency on development would be of public health im-
portance.4

Influences of maternal gestational zinc status on post-
natal development would likely be expressed as subtle
alterations to neurologic development in the fetus. Fetal
neurobehaviors reflect neural function® and are continu-
ous with postnatal functioning.® Recent technologic
advances permit measurement of fetal neurobehavioral
development by noninvasive monitoring of fetal cardiac
and somatic activity. Fetal heart rate (FHR) is influ-
enced by both neural and non-neural factors with inner-
vation of the autonomic nervous system prominent
among these. Changes over gestation in both rate and
indicators of long- and short-term variability reflect the
developing integration between sympathetic and para-
sympathetic processes.” During gestation, mean FHR
decreases as variability and accelerations increase; both
reflect increased parasympathetic control of the heart.®?

Previously, we reported preliminary data indicating
that maternal zinc supplementation during pregnancy
was associated with greater neural control of the heart
and increased fetal motor activity at 32 and 36 weeks’
gestation in a Peruvian population with moderate zinc
deficiency.' In the current investigation, we used more
sophisticated recording and data analytic techniques to
examine fetal neurobehavioral development in a larger
sample of Peruvian women over a longer period of ges-
tation. Because the serum zinc concentrations of women
and neonates in our previous study increased yet re-
mained low with 15 mg/d supplemental zinc,'' we in-
creased the dosage to 25 mg/d. We hypothesized that
fetuses of zinc-supplemented mothers would develop
lower mean heart rates, greater heart rate variability
(HRV), more frequent heart rate accelerations, and
bouts of fetal movement than fetuses of mothers not re-
ceiving supplemental zinc.

Materials and methods

Study design

From August 1998 to July 2000, we conducted a double-
masked controlled trial of prenatal zinc supplementa-
tion among 242 Peruvian pregnant women receiving
prenatal care at the Hospital Materno Infantil San Jose
in Villa El Salvador, an impoverished peripheral district
in Lima, Peru. In this population, maternal dietary zinc
intake is approximately 8 mg/d,'? an intake much lower
than recommended intakes at that time of 15 mg/d (US
Recommended Dietary Allowance). Plasma and urinary

zinc concentrations are also lower than those observed
in more zinc-replete populations and are responsive to
zinc supplementation.''

Eligibility

Women were eligible for the study if they were residents
of Villa El Salvador, receiving care at Hospital Materno
Infantil San Jose, considered low risk (eligible for vagi-
nal delivery) at entry into care by medical personnel,
carrying a singleton fetus, and had lived in coastal Peru
for at least 6 months before becoming pregnant. Women
were enrolled at 10 to 16 weeks’ gestation, with duration
of pregnancy at enrollment determined by last menstrual
period and confirmed by ultrasonography. Women had
the protocol for the study explained to them and those
interested in participating signed a consent form. The
Institutional Review Boards of the Instituto de Investi-
gacion Nutricional (IIN) and The Johns Hopkins
Bloomberg School of Public Health approved the study
protocol.

Randomization and treatment allocation

After enrollment, women were assigned by 1 of the
study physicians to 1 of 4 strata depending on parity
(primipara/multipara) and week of gestation (10-13/14-
16 weeks). By using computer-generated randomization
lists constructed at Johns Hopkins and sent to Peru,
women were randomly assigned in blocks of 2 to receive
a daily supplement containing 60 mg iron (ferrous sul-
fate) and 250 ug folic acid, with or without 25 mg zinc
(zinc sulfate). The supplements were manufactured in
Lima, had the same appearance and taste, and both
study personnel and study subjects were masked to treat-
ment assignment. The randomization code was made
by the pharmaceutical company and maintained in a
sealed and secured envelope in IIN in Lima; it was
not opened until data analyses were largely comple-
ted. Samples of the supplements were analyzed by an
independent laboratory to confirm the code.

The supplements were distributed in blister packs
at monthly intervals, beginning at entry into the study
at 10 to 16 weeks’ gestation and continuing until
I month postpartum. Adherence with supplementation
was checked biweekly by health workers who visited
the women in their homes and observed the number of
tablets remaining in each blister pack. The level of ad-
herence was calculated as the percentage of tablets taken
over the number of days in the study. We also queried
the women by means of a standard questionnaire with
specific questions regarding potential benefits or side
effects of supplement consumption; no adverse side
effects were recorded.
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Figure 1 Number of subjects enrolled in the study and
included in the presented analysis.

Data collection

At baseline, women were interviewed to collect sociode-
mographic information. At 20, 24, 28, 32, 36, and 38
weeks’ gestation women came to the study clinic and un-
derwent electronic fetal monitoring to record patterns of
FHR and fetal movement, and ultrasonograhy to assess
fetal growth. Maternal anthropometry (weight, height,
and mid-upper arm circumference), plasma and urinary
zinc, plasma ferritin, hematocrit, and hemoglobin were
assessed at enrollment, 28 and 36 weeks’ gestation. All
deliveries occurred in hospitals. Weight was assessed at
birth to the nearest 10 g by hospital personnel, and
length and head circumference were assessed to the
nearest 0.1 cm within 12 hours of birth by study person-
nel. At birth, newborn zinc concentration was deter-
mined by obtaining a sample of cord vein blood.

Sample size

A priori sample size calculations, based on the results of
our previous study,'” indicated that a sample size of 94
women in each group would have provided a 0.8 power
with a 0.05 significance level to detect differences in neu-

robehavioral indices by supplement type of the magni-
tude of 0.4 SD.

Enrollment and follow-up

Of the 242 women enrolled in the supplementation trial,
222 (90.1%) completed the protocol and 195 (80.6%)
were included in the presented analysis (Figure 1).
Twenty subjects were lost to follow-up because of
change of address, declination to continue participating
in the study, or travel. We further excluded data from 27
subjects with significant obstetric or medical complica-
tions. The frequency of complications and congenital
malformations are not unusual, and as shown, there
were no significant differences in loss to follow-up or ex-
clusions by supplement type. Exclusion from analysis
for subjects who had complications develop was based
on the review of medical records performed by 2 inves-
tigators (A.F. and M.M.) masked to treatment assign-
ment and was performed before data analysis. Of the
195 women included in the analysis, 94 received zinc
supplements and 101 did not.

Outcome measures

The presented analyses include data from 1136 elec-
tronic fetal monitoring sessions performed at the
scheduled gestational age ( £ 0.5 weeks). One hundred
sixty-two women had 6 evaluations at scheduled times,
32 women had 5, and 1 woman had 4. Nine sessions
were performed outside the scheduled gestational age in-
terval; data from these sessions were not included in the
presented analysis. Characteristics of the monitoring ses-
sions, including time of the recording and fasting status,
were comparable by supplement type.

Women were monitored for 50 minutes, while resting
quietly, with a single array Doppler transducer applied
to the abdomen. A fetal actocardiograph (Toitu,
MT320, Wayne, Pa) simultaneously recorded FHR
and movements. Data were sampled at 1000 Hz, digi-
tized via streaming software, and analyzed offline by
software (GESTATE; James Long Company, Caroga,
NY) developed by 1 of the investigators (J.A.D.) to re-
ject artifact and quantify multiple indices of fetal neuro-
behavioral development.'

The following FHR measures were quantified: mean
FHR, calculated as the average of FHR during each
minute of the recording; fetal HRV, calculated as the av-
erage of the standard deviations for each minute of data;
and number of FHR accelerations, defined as an in-
creases in FHR 10 beats/min above the mean FHR for
at least 15 seconds.

The amplitude of the fetal movement signal produced
by the actocardiograph was output in arbitrary units
ranging between 0 and 100. The validity of this monitor
to accurately detect ultrasound-visualized movements
has been well documented, ranging from 91% to 95%



Merialdi et al

1109

of all fetal movements whether agreement is based on
time intervals or individual movements, and is equally
reliable in detecting periods of quiescence.'®!'> Most
movements undetected by the actograph are small, iso-
lated movements of extremities; virtually all (97% to
98%) trunk and sustained (> 1 second) movements are
detected. A movement bout was defined when the acto-
graph signal attained 15 units or greater and lasted until
the signal fell below 15 units for at least 10 seconds.
Tracings with few movements of high amplitude and
long duration were visually inspected by 1 investigator
(J.A.D.) masked to treatment assignment to assure that
these unusual findings were not related to the default
threshold used to detect movements. Fetal movement
measures included: number, amplitude, and duration
of each movement bout and time spent moving, calcu-
lated by multiplying the total number of movement bouts
times the mean movement duration.

Statistical analysis

We performed the data analysis with Stata 7.0 (Stata
Corporation, College Station, Texas). To assess compa-
rability between the 2 groups, we evaluated differences
in baseline characteristics using 7 test or % analysis.
We also examined the effect of zinc on fetal develop-
mental measures separately at each gestational age, by
comparing fetal developmental measures between the
2 groups using ¢ tests.

We developed a longitudinal data analysis approach
to estimate associations between zinc supplementation
and fetal development outcomes (treatment effects). This
allowed us to take into account the correlation between
repeated measurements on the same subject, and to eval-
uate whether treatment effects varied with gestational
age. To account for the correlation among repeated ob-
servations on the same subjects, we estimated regression
parameters using the generalized estimating equations
method (GEE).'® Correlation structures were chosen on
the basis of the estimated autocorrelation functions of
the residuals.

To estimate an overall treatment effect that does not
vary with gestational age, one can fit a linear regression
model of the form

E[Yiage] = Z Iageﬁoage + BlZinCi + &
age

where I,,, are indicator variables for each gestational
age, Bouge are the corresponding regression coefficients,
zine; 1s the zinc supplementation indicator, B; denotes
the treatment effect, and g; are correlated errors. To
evaluate whether the treatment effect varies with gesta-
tional age and to choose the appropriate modeling ap-
proach, we smoothed each fetal development outcome
with respect to gestational age using lowess curves.'® By
looking at the estimated lowess curves, it appeared that

Table I  Enrollment characteristics of 195 Peruvian women
by supplement type*
Iron + Iron +
folic acid + zinc folic acid

N 94 101
Gestation (wks) 13.4 (1.9) 13.4 (2.0)
Maternal BMI (kg/m?) 23.2 (3.1) 23.6 (3.4)
Maternal height (cm) 152.7 (5.3) 152.3 (5.2)
Hemoglobin (g/L) 121.4 (9.2) 121.9 (10.4)
Plasma zinc (mmol/L) 9.8 (1.7) 10.2 (1.9)
Maternal age (y) 23.5 (4.9) 23.4 (5.0)
Parity (%)

0 58.5 58.4

1 24.5 26.8

2 13.8 8.9

>2 3.2 5.9
Schooling (%)

Primary or less 9.6 5.0

Secondary incomplete  28.7 25.7

Secondary complete 45.7 49.5

Beyond secondary 16.0 19.8

Presented are means (SDs) or percent.
BMI, Body mass index.

* No statistically significant differences by supplement type (P >
.05).

at 28 weeks, HRV and number of accelerations started
to differ markedly by supplement type, thus indicating
that the treatment effect might vary with gestational
age, before or after 28 weeks’ gestation. To evaluate this
possibility, we extended the previous model to:

E[Yiage] - Z IageﬁOage + ﬁlZinCi + 52Zil’1Ci

age

X (age — 28), + ¢

Under this regression approach the treatment effect of
zine (E[Yiuge | zine; = 1] — E[Yiuge | zine; = 0]) is a piece-
wise linear spline of gestational age defined as B; +
B> X (age — 28)  where (age — 28) . is equal to zero where
age <28 and is equal to 1 where age > 28 weeks. In this
model, B; denotes the treatment effect before 28 weeks
and B; + B, denotes the treatment effect after 28 weeks.

The number of heart rate accelerations and number
of movements are count responses, and therefore they
were also analyzed by using Poisson regression. How-
ever, exploratory analyses supported the assumption of
normality, and the statistical significances of the treat-
ment effects were not sensitive to the distributional
assumptions of the outcomes (Normal distribution vs
Poisson distribution). Therefore, to facilitate the inter-
pretation of the results and their comparison across fetal
outcomes, we present the linear regression results only.

Results

Maternal baseline characteristics did not differ statisti-
cally by supplement type (Table I). On average, women
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Figure 2 Fetal heart rate measures as a function of

gestational age. Lowess curve estimates of mean response in
(A) fetal heart rate; (B) heart rate variability; (C) number of
fetal heart rate accelerations by type of prenatal supplement.
black line: iron + folic acid, red line: zinc + iron + folic acid.
Black circles represent individual data points of fetuses of
mothers taking prenatal supplements containing iron + folic
acid, and red circles pertain to fetuses of mothers taking
supplements that also contained zinc.

took 157 £ 27 tablets during pregnancy, with no differ-
ence by supplement type. Overall, the median level of
compliance (10th, 90th percentiles), based on the num-
ber of days in the study, was 87% (71%, 97%), being
86% (68%, 97%) in the iron + folic acid + zinc group,
and 88% (72%, 97%) in the iron + folic acid—only
group. No statistically significant differences by sup-
plement type were noted for duration of pregnancy,
fetal sex, or birth weight (39.8 + 1.1 vs 39.7 £ 1.0

weeks; 51% female vs 50% female; 3351 + 427 vs
3319 + 389 g).

Lowess curves of mean FHR as a function of gesta-
tional age by supplement type suggested that mean FHR
was consistently lower in the zinc supplemented group,
and that treatment effects were approximately constant
over the gestational period (Figure 2, 4). Lowess curves
of mean fetal HRV and number of accelerations sug-
gested that the outcomes become progressively greater
in the iron + folic acid + zinc group after 28 weeks’ ges-
tation (Figure 2, B and C). No differences in fetal move-
ments were observed by supplement type.

Presented in Table I are the average responses by sup-
plement type at 28 and 38 weeks’ gestation. As shown,
fetuses of mothers receiving supplemental zinc exhibited
lower mean FHR at both 28 and 38 weeks’ gestation. At
28 weeks, there was no evidence of greater HRV and
more accelerations, but differences were observed at
38 weeks’ gestation. No differences were evident by sup-
plement type in the total number of movement bouts,
mean amplitude of movements, or fetal activity level.

The estimated differences in average responses (treat-
ment effects) during gestation for fetuses of zinc-
supplemented women compared with those of nonzinc
supplemented women are summarized in Table III.
Compared with fetuses of nonzinc-supplemented
women, fetuses of women taking zinc supplements had
lower mean heart rate (estimated difference: —1.13
beats/min, 95% CI —2.24 to —0.01), greater HRV (esti-
mated difference: 0.24 beats/min, 95% CI —0.03 to
0.53), and more heart rate accelerations (estimated dif-
ference: 0.62, 95% CI 0.20-1.03). Average differences
in fetal movement by supplement type were not statisti-
cally significant. Because differences in fetal HRV and
number of accelerations by supplement type became
more pronounced from 28 to 32 weeks onward, we
tested for statistically significant differences in average
responses before and after these time points using spline
regression. The results indicate that differences in aver-
age responses are not significant before 28 weeks: 0.10
beats/min (95% CI —0.26 to 0.46) for HRV and 0.13
(95% CI —0.40 to 0.65) for accelerations, but are statis-
tically significant after 28 weeks’ gestation: 0.40 beats/
min (95% CI 0.04-0.76) for HRV, and 1.09 (95% CI
0.57-1.62) for accelerations. In contrast, this same ap-
proach suggested that zinc supplement-associated differ-
ences in mean FHR were similar before and after
28 weeks’ gestation (—1.15 95% CI —2.51 to 0.13 vs
—1.10 95% CI —2.53 to 0.12).

Comment

The results indicate that trends in FHR development are
affected by maternal zinc status. We observed statisti-
cally significant differences by supplement type in the
development of FHR patterns during pregnancy. In
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Table II  Comparisons in indices of fetal development in late pregnancy by type of prenatal supplement
28 wks 38 wks
Iron + folic acid + zinc  Iron + folic acid  Iron + folic acid + zinc  Iron + folic acid
(n=94) (n=99) (n=285) (n=91)
Heart rate (beats/min) 142.6 (5.0)* 144.6 (7.0) 142.0 (7.0) 143.2 (7.3)
HRV (beats/min) 6.3 (1.8) 6.4 (1.9) 7.3 (2.0)* 6.7 (1.8)
Number of accelerations 1.7 (1.8) 1.9 (2.1) 5.0 (3.9)* 3.1 (2.6)
Number of movements 59.5 (12.8) 59.3 (14.5) 50.2 (14.4) 48.5 (14.2)
Activity level (min) 18.1 (7.2) 18.1 (8.6) 12.9 (7.8) 13.2 (8.2)
Movement amplitude (arbitrary units) 27.3 (3.7) 26.8 (2.8) 27.3 (3.1) 27.1 (3.6)

Presented are means (SDs).

* Statistically significant difference by supplement type assessed using a t test (P<.05).

a previous study'® we observed effects of maternal zinc
supplementation on fetal HRV and accelerations and
on fetal motor activity. The current study confirmed
our preliminary results on fetal cardiac patterns of var-
iability and accelerations, and also demonstrated an ef-
fect of zinc supplementation on the development of
mean FHR. In contrast to the prior study, we did not
detect differences in measures of fetal movement by sup-
plement type. This may be due to the use of different
methods, including a higher threshold for defining
movements in the previous study. If zinc affects only
larger, gross body movements, a lower threshold may
have obscured detection of this effect. Alternatively, it
may be more difficult to consistently detect differences
in fetal motor activity given the many factors that can
interfere with its expression, making it a less reliable in-
dicator of neurobehavioral development than heart rate
patterns.'”!8

The effect of zinc supplementation on heart rate be-
came more apparent after 28 weeks’ gestation. This ob-
servation may have functional implications because the
gestational period between 28 and 32 weeks has been
previously identified as a period of stabilization of mat-
uration in several neurobehavioral systems, including
heart rate."® This is also the period in gestation when
the central nervous system (CNS) becomes more in-
volved at progressively higher levels above the medulla
oblongata in influencing FHR patterns. The develop-
ment of heart rate patterns in anencephalic fetuses pro-
vide some of this evidence.'*> Mean FHR is higher in
fetuses with no medulla oblongata than in fetuses in
whom the medulla oblongata is conserved. HRV is con-
served in anencephalic fetuses with cortex, but progres-
sively disappears with the extension caudally of the
brain defect. Accelerations are observed in anencephalic
fetuses in whom the midbrain is conserved, but few are
observed in fetuses with only the medulla oblongata and
are absent in fetuses with no medulla oblongata.'®?!
Moreover, the brain cephalad to the medulla oblongata
becomes involved in the control of FHR after 29 to 30
weeks’ gestation.”> These observations are suggestive

Table IIT  Estimated differences in average response during
gestation for fetuses of zinc-supplemented women compared
with those of nonzinc supplemented women

Difference (95% CI)

—1.13 (—2.24 to —0.01)
0.24 (—0.03 to 0.53)
0.62 (0.20 to 1.03)

—0.36 (—2.14 to 1.41)
0.71 (—0.55 to 2.00)
0.01 (—0.43 to 0.45)

Mean FHR (beats/min)
Fetal HRV (beats/min)
Number of accelerations
Number of movements
Time spent moving (min)
Movement amplitude
(arbitrary units)

Presented are linear regression coefficients B, and 95% CIs for the
model: E[Yjqge] = Zage lage Boage 1+ B1ZiNC; + &;. To take into account of
the correlation between repeated measurements, we estimated the
regression coefficients using GEE with a lag1-autoregressive correlation
for the first 3 variables, and with an unstructured correlation for the
other variables.'® The correlation structures were chosen on the basis
of the estimated autocorrelation function of the residuals.

of an upward shift in the level of brain control of
FHR during this part of gestation.

How zinc may influence developmental changes in
neural control of FHR is not clear at present. Fetal zinc
status is a function of maternal zinc status'! and supple-
mental zinc ingested by the mother may have increased
zinc transfer to the fetus making more available for CNS
development. Zinc plays multiple critical roles in CNS
functioning,'? including the role of neuromodulator in
the zinc-containing neurons of the cortex and limbic sys-
tem (hippocampus, amygdala, hypothalamus, thalamus)
and the neural circuits providing cortico-cortico, corti-
co-limbic, and thalamo-cortical connections. Because
these areas of the brain are responsible for cognitive, be-
havioral, and emotional responses to environmental
stimuli, our finding that zinc nutriture influences related
neurobehaviors is provocative. Moreover, an emerging
literature indicates that individual differences in fetal au-
tonomic function predict aspects of autonomic function-
ing” and behavioral performance in childhood.?**’
Thus, the results of this study may have implications
for postnatal autonomic and cognitive development. Al-
though we speculate on the mechanism through which
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zinc affects fetal cardiac function, it is true that zinc has
broad biologic activity, playing multiple roles in cell
function and steroid hormone production and function.
Thus, our results may be attributable to the effects of
zinc on other modulators of cardiac function, indepen-
dent of effects on overall size or maturity at birth, which
were not affected by supplementation in this or our ear-
lier studies.'®*® Further research with animal models is
needed to identify the specific mechanism(s) of action.

It is important to note that although in this study we
began supplementing women with 25 mg/d zinc at 10 to
16 weeks’ gestation, we previously demonstrated effects
of supplemental zinc on heart rate parameters in late
pregnancy when 15 mg/d supplemental zinc was initi-
ated at 10 to 24 weeks’ gestation (17 weeks on average).
Although the results across the 2 studies are not directly
comparable, it appears that the observed effects are not
particularly sensitive to dose or timing of initiation of
zinc supplementation. This may be an important consid-
eration for those working with obstetric populations
with delayed first visit for prenatal care or with access
to specific formulations of zinc supplements.

In summary, the results indicate that trends in FHR
development are affected by maternal zinc status. This
study was conducted in a population with marginal zinc
intake, similar to intakes in low socioeconomic status
populations in the United States. Although our results
are not strictly generalizable to other populations, they
may be of broad interest to health practitioners, and cer-
tainly indicate the need for further research.
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