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Abstract: Multiple micronutrient supplementation (MMS) in pregnancy has previously been
associated with positive effects on fetal growth, but its value in high-income countries remains
controversial. In this study, we investigated effects of pregnancy MMS on offspring size at birth
and adiposity, along with risks of various maternal outcomes of pregnancy, using the prospective
Cambridge Baby Growth Study. Maternal MMS was reported in 528 out of 970 women who completed
pregnancy questionnaires. Gestational diabetes (GDM) was assessed using results from 75 g oral
glucose tolerance tests at week 28 of pregnancy. Offspring size at birth was assessed using standard
anthropometric measurements and adiposity using skinfold calipers. MMS was associated with
increased risk of developing GDM (risk ratio = 1.86 (1.13–3.08), p = 0.02), as well as increased offspring
size at birth in terms of weight (p = 0.03), head circumference (p = 0.04), and flank, and subscapular
and triceps skinfold thicknesses (p = 0.04, 0.03, and 0.003, respectively). There was no association
with quadriceps skinfold thickness (p = 0.2), suggesting that the increased adiposity was partially
regionalized. In women who underwent oral glucose tolerance testing, nearly all of these associations
were attenuated by adjusting for GDM. These results suggest that the increased offspring size at birth,
including (regionalized) adiposity associated with pregnancy, and MMS may be partially related to
the development of GDM.
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1. Introduction

Multiple micronutrient supplementation in pregnancy, as shown in a recent Cochrane review
covering clinical trials that included a total of over 141,000 participants [1], leads to a number of positive
effects in pregnancy, including a lowering of the prevalence of low birth weight babies, numbers born
small for gestational age (SGA), and the prevalence of preterm deliveries. Nineteen of the twenty
clinical trials included in this analysis took place in low- or middle-income countries where multiple
micronutrient deficiencies are prevalent during pregnancy. The remaining trial was conducted in
the UK, where a low-income population with nutritional deficiencies was studied, despite being in
a high-income country [2]. This trial found no effect of supplementation on low birth weight, SGA,
or preterm birth rates. However, it did report a reduced prevalence of anemia in pregnancy [2].
In contrast to the numbers of studies in low- and middle-income countries [3], formal studies are
rarely undertaken in high-income countries [4], such as the UK, where pregnant women may be better
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nourished [5]. Women from these countries may be more likely to be nutrient replete, running the
risk of adverse consequences arising from supplementation due to nutrient overload [6]. However,
individual women from such countries can still be undernourished or micronutrient deficient [7].

In this analysis, we investigated the potential effects of multiple micronutrient supplementation
on adverse maternal outcomes and offspring growth in a relatively contemporary pregnancy and birth
cohort recruited from a single center in Cambridge, UK [8]. This cohort came from a high-income
country, and indeed, the participants were generally less deprived than the national average for this
country [8]. The maternal participants also appeared to consume varied diets [9]. In the absence of
having detailed records of the nutritional status for this cohort, it should be noted that, in the UK
as a whole, at the start of recruitment in this cohort, younger adults (particularly women with low
socioeconomic statuses) showed relative trends for low micronutrient intakes [10].

2. Materials and Methods

2.1. Cambridge Baby Growth Study

The longitudinal Cambridge Baby Growth Study (CBGS) recruited women (and their partners and
offspring) attending early pregnancy ultrasound clinics at the Rosie Maternity Hospital, Cambridge,
UK between 2001–2009 [8]. This observational study was run prospectively (e.g., the collection of data
relating to size at birth and gestational diabetes (GDM)). However, in order to gain as much useful
information as possible, the measurements were supplemented with data collected retrospectively
(by one of the co-authors) from the participants’ hospital notes (e.g., those relating to blood pressure
outcomes). In addition, the index of multiple deprivation was derived from the postcode of the
participants’ home addresses as described [11]. In this cohort, 95.3% of the offspring were white,
1.7% were mixed race, 1.3% were black (African or Caribbean), and 1.7% were Asian.

Although 2229 pregnant women were originally recruited to the cohort, all of whom were over
16 years of age and able to give consent, 571 of them withdrew prior to the birth of their baby and
self-excluded from the study. From all of the women recruited to the CBGS during the years 2001–2009,
the following were excluded from the present analysis: those who gave birth to twins (because of
the impact of multifetal pregnancies on offspring size at birth), those that had already withdrawn
from the study before the birth of their baby, and those that did not fill in and return their pregnancy
questionnaire (specifically the question about supplement intake during pregnancy).

2.2. Ethical Approval

The CBGS was granted ethical approval by the Cambridge Local Research Ethics Committee,
Addenbrooke’s Hospital, Cambridge, UK (00/325). All procedures followed were in accordance with
the institutional and international guidelines. Written informed consent was obtained from all women
(on their own behalf and on behalf of their baby).

2.3. Assessment of Multiple Micronutrient Supplementation in Pregnancy

Each of the pregnant women were given an extensive questionnaire at recruitment to
fill in as pregnancy progressed (with assistance from trained research nurses if required) [9].
These questionnaires were collected by the research nurses after the birth of the babies. The questions
that were asked were wide-ranging, but as part of a section about lifestyle there was a question that
read “Have you taken any dietary supplements during the pregnancy?” If this was answered in the
affirmative, there was a table to fill in with “Name of Product”, “Frequency”, and “Gestational Weeks.”
Multiple micronutrient tablets (defined as tablets containing at least three micronutrients) were entered
as brand names; internet searches were subsequently performed (August–December 2019) by one
of the investigators to confirm brand constituent vitamins and minerals. The questionnaires were
completed by 1239 of the CBGS recruits, although not all participants provided unequivocal responses
to the question about dietary supplementation (these women were excluded from the present analysis).
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Where a brand making multiple micronutrient supplements was listed without the full micronutrient
tablet name being entered onto the questionnaire, an assumption was made that the supplement
taken was the best-selling one from that brand. Exposed women were those who self-reported taking
multiple micronutrients at any stage of pregnancy. Non-exposed women were those who did not
supplement their diets with multiple micronutrients; they may either have not taken any dietary
supplements, or they may have taken single micronutrients, such as folic acid and/or iron.

2.4. Food Frequency Intakes in Pregnancy

Food frequency intakes were also collected from the pregnancy questionnaires [9]. As part of a
section of the questionnaire about lifestyle, there was a short (specific) food frequency questionnaire
which covered most of the major food and drink types. Regarding food, the participants were asked,
“How often did you eat the following foods during pregnancy?” and the response involved ticking one
of the following options: “never”, “1–3 times per month”, “1–3 times per week”, “4–6 times per week”,
or “once or more per day.” Regarding drinks, the participants were asked the number of times they
drank a particular drink per day or per week (depending upon the likely consumption frequency of
that drink).

2.5. Assessment of Pregnancy Outcomes

GDM was classified following overnight fasting and a standard 75 g oral glucose tolerance test
(OGTT) around week 28 of pregnancy in 1074 of the women [12] using the International Association of
Diabetes in Pregnancy Study Group diagnostic criteria [12,13]. Pre-eclampsia was classified using the
terms “preeclampsia”, “pre-eclampsia”, “PET”, or “pre-eclamptic toxemia”, and was recorded from
the hospital notes. It was clinically diagnosed using a combination of new-onset hypertension (systolic
blood pressure > 140 mmHg and/or diastolic blood pressure > 90 mmHg) after week 20 of pregnancy
and proteinuria (> 300 mg/day). Gestational hypertension was classified using a combination of hospital
notes and blood pressure measurements in the second half of pregnancy, as described previously [14].
This was achieved in 720 of the women. In other women, the hospital notes were either not available
to us or the hospital notes did not include blood pressure measurements from these pregnancies.
Low birth weight was defined as an unadjusted birth weight of less than 2.5 kg. SGA was defined as a
birth weight that was below the tenth percentile for gestational age against UK growth charts [15].
Premature birth was defined as one occurring before 37 weeks of gestation.

2.6. Assessment of Offspring Size at Birth

Birth weight was recorded from the hospital notes. Other newborn measurements (length,
head circumference, and skinfold thickness at four sites) were made by trained pediatric nurses as soon
as possible after birth (at a median (inter-quartile range) age of two (1–16) days). Each measurement
was made three times and the mean value was used. Body length was measured (to the nearest
0.1 cm) using a SECA 416 Infantometer. Head circumference was measured using a tape measure.
Triceps (posterior midline of upper left arm, halfway between the acromial process and the olecranon),
quadriceps (also known as thigh, found using a vertical line over the quadriceps muscle at midline of
the left thigh, halfway between the top of the patella and the inguinal crease), flank (also known as
supra-iliac, the diagonal plane in line with the natural angle of the iliac crest taken in the posterior
axillary line immediately posterior to the iliac crest), and subscapular (the oblique angle below the left
scapula) skinfold thicknesses were measured in triplicate on the left side of the body using Holtain
calipers (Chasmors Ltd., London, UK) [16]. Intra-observer technical errors of measurement were
0.4–2.8% for the skinfold thicknesses. Equivalent inter-observer values were 2.0–3.2%.

Body mass indexes (BMIs) were calculated as the height (or length for the newborn babies) divided
by the (pre-pregnancy for the mothers) weight squared. Ponderal indexes at birth were calculated as
the body length divided by the weight cubed.
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2.7. Data Availability

The dataset generated and/or analyzed during the current study is available in the Apollo
repository (https://doi.org/10.17863/CAM.54014).

2.8. Statistical Analysis

Risk ratios/relative risks (RRs) of adverse pregnancy outcomes by multiple micronutrient
supplementation were analyzed using logistic regression. Potential confounding of significant
associations by dietary intakes were investigated by adjusting these models for food frequency
intakes. Continuous variables were analyzed in statistical models using linear regression, adjusted for
confounders where appropriate. Where the dependent variable residuals were skewed, the models
were analyzed with prior transformation of the data so that the residuals were normally distributed.
Other categorical variables were analyzed using a χ2-test, Fisher’s exact test (as appropriate), or logistic
regression. RRs were calculated using the Stata binreg function. Missing data were dealt with
using case or listwise deletions, and p < 0.05 was considered statistically significant throughout.
The statistical analyses were performed using either Stata (version 13.1; Stata Corp., from Timberlake
Consultants Ltd., Richmond, Surrey, UK) or R (version 3.6.1; The R Foundation for Statistical Computing,
Vienna, Austria).

2.9. Sensitivity Analyses

Women who were diagnosed with anemia supplemented their diets with (presumably prescribed)
iron or folic acid. The various statistical analyses were also performed with women with anemia
excluded to test whether the evident trends were also present in those women whose multiple
micronutrient supplementation was unprescribed. Further sensitivity analyses were performed by
excluding women over 30 years of age to assess whether evident trends had an age-related basis,
and by excluding those women whose multiple micronutrient supplementation only began after they
had undergone OGTTs, assess whether it was associated with the development of GDM rather than
partially relating to a response to a diagnosis of GDM.

3. Results

3.1. Clinical Characteristics and Multiple Micronutrient Supplement Constituents

This analysis included 970 study participants (442 of whom did not supplement their diets
with multiple micronutrients and 528 that did). Of those that did supplement, 293 participants took
Vitabiotics Pregnacare, 206 took Sanatogen Pronatal, and 67 took Tesco Multiplus Pregnancy (some
women supplemented with more than one type; the constituents of these multiple micronutrient
supplements are shown in Table S1). A wide variety of other brands of supplements were taken by a
smaller number of participants (data not shown).

Those women included in the analysis were largely representative of the CBGS study participants
as a whole (Table S2). With the exception of the number of twin pregnancies, which were specifically
excluded from the analysis, only smoking during pregnancy differed in prevalence (in this case being
less common) between those included in the analysis than in those excluded from it. Smoking during
pregnancy, however, which was uncommon in this cohort of mothers [8], was not associated with any
key phenotype (data not shown).

Women who supplemented their diets with multiple micronutrients had very similar clinical
characteristics to those who did not supplement their diets with multiple micronutrients (Table 1).
The only trait that differed was the height, where the mean height was 1 cm taller in women who
supplemented their diets with multiple micronutrients.

https://doi.org/10.17863/CAM.54014
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Table 1. A comparison of the characteristics of CBGS maternal participants who supplemented their
diets with multiple micronutrients during pregnancy and those that did not.

Maternal Characteristic No Multiple
Micronutrients

Multiple
Micronutrients p-Value

Age (years)
33.5 33.5

0.7(33.1–33.8) (33.2–33.9)
(n = 408) (n = 477)

Height (m)
1.65 1.66

0.04(1.65–1.66) (1.66–1.67)
(n = 410) (n = 493)

Pre-pregnancy weight (kg)
65.8 66.7

0.3(64.4–67.1) (65.5–68.0)
(n = 476) (n = 403)

Pre-pregnancy BMI (kg/m2)
24 24.1

0.9(23.6–24.5) (23.7–24.5)
(n = 391) (n = 468)

Weight gain in pregnancy (kg)
8.1 8.8

0.2(7.3–8.8) (8.1–9.5)
(n = 289) (n = 351)

Index of multiple deprivation
8.8 8.7

0.6(8.5–9.1) (8.5–9.0)
(n = 439) (n = 526)

Smoked during pregnancy (yes/no) 15/419 15/502 0.6
Anemia (n yes/no) 7/406 16/407 0.2

Length of Pregnancy (weeks)
39.8 40

0.1(39.7–40.0) (39.8–40.1)
(n = 434) (n = 517)

Data are mean (95% confidence interval) or number of participants.

3.2. Associations with Maternal Micronutrient Supplementation in Pregnancy

Of those women who supplemented their diets with multiple micronutrients, the majority of
them started supplementing either before or at the start of pregnancy, and continued supplementing
throughout pregnancy (Figure S1). Multiple micronutrient supplementation was strongly associated
with parity, with proportionally fewer women supplementing as the parity increased (no/yes,
in increasing order of parity: 163/258, 181/193, 67/55, 21/7, 1/2, and 1/1; p = 7.6 × 10−5).
Supplementing with multiple micronutrients was also associated with an increased risk of developing
GDM (p = 0.015; Figure 1). Excluding those participants whose multiple micronutrient supplementation
did not start until after the OGTTs took place did not substantially alter the statistical relationship
(RR = 1.87 (1.07–3.28); p = 0.03; n = 643). None of the food frequency intakes confounded this
relationship to any great extent (Table S3). With the exception of GDM, multiple micronutrient
supplementation was not associated with adverse pregnancy conditions or outcomes, such as
pre-eclampsia (p = 0.4), gestational hypertension (p = 0.7), low birth weight (p = 0.8), SGA (p = 0.8),
or premature birth (p = 0.2) (Figure 1).
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Figure 1. Relative risks of various adverse conditions of pregnancy in women who supplemented their
diets with multiple micronutrients in pregnancy (* p < 0.05).

Maternal multiple micronutrient supplementation in pregnancy was associated with a number
of factors relating to increased size at birth and adiposity in the offspring (Table 2). This included
increased birth weight, head circumference, and various skinfold thicknesses. Even the associations with
measurements where statistical significance was not reached (e.g., with offspring BMI, ponderal index,
and body length) were all in the same direction, that of an increased size at birth.

Table 2. Associations between maternal micronutrients supplementation status in pregnancy and
indices of offspring size at birth.

Measure N Standardized β p-Value

Weight 855 0.063 (0.005–0.123) 0.03
Length * 833 0.032 (−0.018–0.081) 0.2

Head Circumference * 834 0.053 (0.002–0.100) 0.04
BMI * 831 0.050 (−0.006–0.101) 0.08

Ponderal Index * 831 0.038 (−0.015–0.088) 0.2
Flank skinfold thickness * 833 0.067 (0.003–0.127) 0.04

Quadriceps skinfold thickness * 834 0.042 (−0.010–0.095) 0.2
Subscapular skinfold thickness * 833 0.068 (0.005–0.127) 0.03

Triceps skinfold thickness * 833 0.095 (0.030–0.155) 3.0 × 10−3

Standardized βs are presented as means (95% confidence intervals). All models adjusted for gestational age at birth,
parity, smoking during pregnancy, offspring sex, and maternal pre-pregnancy BMI. * Models additionally adjusted
for age at assessment.

3.3. Subgroup Analysis in Women Who Underwent OGTTs

In women for whom OGTT data were available, except for the association with head circumference,
all of the associations appeared attenuated by adjusting for GDM (Table 3). Even prior to this adjustment,
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all of the associations were already attenuated relative to those using the full dataset in this smaller
subset of study participants.

Table 3. Subgroup comparison assessing the effect of GDM on associations between multiple
micronutrient supplementation in pregnancy and size at birth.

Measure N
Unadjusted for GDM Adjusted for GDM

Standardized β p-Value Standardized β p-Value

Weight 600 0.048 (−0.021–0.112) 0.2 0.031 (−0.037–0.095) 0.4
Length * 583 0.009 (−0.050–0.067) 0.8 0 (−0.058–0.059) 1.0

Head Circumference * 584 0.035 (−0.022–0.097) 0.3 0.036 (−0.022–0.098) 0.3
BMI * 582 0.046 (−0.021–0.109) 0.2 0.034 (−0.032–0.097) 0.3

Ponderal Index * 582 0.042 (−0.022–0.104) 0.2 0.034 (−0.029–0.097) 0.3
Flank skinfolds thickness * 584 0.040 (−0.038–0.112) 0.3 0.022 (−0.055–0.093) 0.6

Quadriceps skinfolds thickness * 585 0.042 (−0.022–0.106) 0.3 0.034 (−0.030–0.099) 0.4
Subscapular skinfolds thickness * 584 0.061 (−0.015–0.128) 0.1 0.052 (−0.025–0.119) 0.2

Triceps skinfolds thickness * 584 0.058 (−0.021–0.123) 0.1 0.050 (−0.029–0.116) 0.2

Values in the table only include data from pregnancies where GDM status was available. Standardized βs
are presented as means (95% confidence intervals). All models adjusted for gestational age at birth, parity,
smoking during pregnancy, offspring sex, and maternal pre-pregnancy BMI. * Models additionally adjusted for age
at assessment.

3.4. Sensitivity Analyses

Significant associations with maternal GDM and increased offspring size at birth and adiposity
were still evident even when women with anemia were excluded from the analyses (Table 4).

Table 4. Associations of micronutrient supplementation in pregnancy with (a) outcomes of pregnancy
and (b) offspring size at birth and adiposity in women and babies without anemia.

(a)
Pregnancy Outcome N (yes/no) Risk Ratio p-Value

GDM 63/556 1.85 (1.11–3.10) 0.02
Pre-eclampsia 14/879 0.63 (0.22–1.79) 0.4

Gestational Hypertension 24/420 0.99 (0.45–2.15) 1.0
Low Birth Weight 23/859 0.91 (0.41–2.04) 0.8

SGA 4/878 2.50 (0.26–23.95) 0.4
Premature Birth 15/869 0.56 (0.20–1.56) 0.3

(b)
Measure N Standardized β p-Value

Weight 796 0.065 (0.004–0.118) 0.04
Length * 776 0.041 (−0.011–0.092) 0.1

Head Circumference * 776 0.045 (−0.001–0.099) 0.08
BMI * 774 0.043 (−0.014–0.096) 0.1

Ponderal Index * 774 0.027 (−0.027–0.080) 0.3
Flank skinfolds thickness * 776 0.074 (0.008–0.137) 0.03

Quadriceps skinfolds thickness * 776 0.055 (−0.003–0.108) 0.07
Subscapular skinfolds thickness * 776 0.066 (0.002–0.128) 0.045

Triceps skinfolds thickness * 776 0.098 (0.032–0.161) 3.3 × 10−3

Data are mean (95% confidence interval) or number of participants. All models in (b) adjusted for gestational age at
birth, parity, smoking during pregnancy, offspring sex, and maternal pre-pregnancy BMI. * Models additionally
adjusted for age at assessment.

The increased risk of developing GDM associated with multiple micronutrient supplementation
in pregnancy was still evident in mothers less than 30 years of age (Table 5). The number of women
with adverse pregnancy outcomes who were less than 30 years of age were very low, as only a minority
of pregnancies in the CBGS involved women in this age category. The only measure of adiposity that
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still showed a statistically significant association with multiple micronutrient supplementation in this
small number of pregnancies was the subscapular skinfold thickness. Apart from associations with the
offspring BMI and ponderal indexes, the standardized effect sizes of the other associations increased
(in the same direction) relative to those in the full analysis, albeit without statistical significance in the
small number of women tested.

Table 5. Associations of micronutrient supplementation in pregnancy with (a) outcomes of pregnancy
and (b) offspring size at birth and adiposity in women and babies where the mother was less than
30 years of age.

(a)
Pregnancy Outcome N (yes/no) Risk Ratio p-Value

GDM 17/99 3.03 (1.05–8.75) 0.04
Pre-eclampsia 2/159 1.12 (0.07–17.57) 0.9

Gestational Hypertension 6/79 1.58 (0.34–7.35) 0.6
Low Birth Weight 3/158 0.56 (0.05–6.04) 0.6

SGA 1/160 N/A
Premature Birth 2/159 N/A

(b)
Measure N Standardized β p-Value

Weight 144 0.071 (−0.074–0.211) 0.3
Length * 141 0.067 (−0.056–0.184) 0.3

Head Circumference * 140 0.098 (−0.023–0.211) 0.1
BMI * 141 0.006 (−0.125–0.136) 0.9

Ponderal Index * 141 −0.021 (−0.139–0.100) 0.7
Flank skinfolds thickness * 141 0.090 (−0.057–0.233) 0.2

Quadriceps skinfolds thickness * 141 0.097 (−0.035–0.218) 0.2
Subscapular skinfolds thickness * 141 0.173 (0.029–0.314) 0.02

Triceps skinfolds thickness * 141 0.131 (−0.019–0.251) 0.09

Data are mean (95% confidence interval) or number of participants. N/A = not available. All models in (b) adjusted
for gestational age at birth, parity, smoking during pregnancy, offspring sex, and maternal pre-pregnancy BMI.
* Models additionally adjusted for age at assessment.

4. Discussion

In this analysis, maternal multiple micronutrient supplementation in pregnancy in a population
from a high-income country was associated with increased risk of GDM in the mother. It was
also associated with results that are suggestive of increased offspring size at birth and adiposity.
The consensus from previous studies in this area is that such supplementation is associated with
reduced risk of offspring low birth weight and possibly reduced risk of the offspring being born
SGA [1]. Consistent with a randomized trial that also took place in the UK [2], we could not replicate
these associations in our population, which only had a relatively small number of low birth weight and
SGA pregnancies. However, our associations are at least consistent with the idea that a generalized
increased size at birth across a whole population could lead to a lower proportion of low birth weight
and SGA pregnancies in offspring that otherwise would be close to the boundaries of definitions for
these adverse outcomes of pregnancy.

Deficiencies in specific micronutrients, such as selenium, chromium, and zinc, have previously
been shown to be associated with an increased risk of developing GDM [17]. Multiple micronutrient
supplementation in pregnancy might therefore be expected to reduce the incidence of GDM, although it
appears not to have been investigated before. In our population, however, it was associated with
an increased incidence of GDM. As our supplementation data was grouped to cover the whole of
pregnancy, it is possible that the association partially relates to women with diagnosed GDM wanting
to try to improve their diets, and supplementing with multiple micronutrient was part of this. However,
the vast majority of the women who supplemented their diets with multiple micronutrients in this
analysis started this either prior to or early in pregnancy, and the significant association was still evident



Nutrients 2020, 12, 3466 9 of 13

when excluding women who only started supplementing after their OGTTs had taken place. It seems,
therefore, that the association with GDM, rather than resulting from the GDM, actually relates to its
development. Although this analysis was limited by not having access to highly detailed nutritional
status records, as far as we can tell, the risk that we observed was not confounded by diet, as the food
frequency intakes (specific and limited as they were [9]) did not substantially change the relationship
between multiple micronutrient supplementation in pregnancy and GDM development. Whilst we
are not aware of any studies that have previously assessed the risk of GDM development in those
women supplementing their diets with multiple micronutrients (in high-income countries), some of
the individual micronutrients (such as folic acid and iron) have been associated with the development
of GDM in other studies [18–21], or even with protection against its development (vitamin D [22] and,
in contrast to other studies [20,21], folic acid [23]). Although links between multiple micronutrient
supplementation and GDM in pregnancy have not been investigated previously, one study found a
lack of association with pregnancy-induced hypertension [24], which we were able to confirm in the
present analysis in terms of both pre-eclampsia and gestational hypertension.

Previous studies have shown associations between multiple micronutrient supplementation
in pregnancy and increased size at birth, particularly birth weight and head circumference [25–28].
Results from the present analysis are consistent with these. Along with increases in birth weight and
head circumference in women supplementing their diets with multiple micronutrients, for the first time,
this analysis has shown increases in adiposity through skinfolds thickness measurements, albeit with
possible regionalized differences due to the lack of association with quadriceps skinfolds thicknesses.
Previously, no changes in offspring adiposity have been observed with maternal multivitamin
supplementation [29], suggesting that the increased adiposity observed in the present analysis may
relate to one or more of the minerals commonly found in multiple micronutrient preparations.
The mechanism of how multiple micronutrient supplementation may lead to increased adiposity
is not fully understood. However, results from the present analysis in the subset of women who
underwent OGTTs suggest that it may involve the same mechanisms that lead to increased offspring
size at birth in GDM pregnancies in this cohort [30], as nearly all of the associations between multiple
micronutrient supplementation and increased size at birth appeared attenuated by adjustment for GDM.
This attenuation was not evident for the association with head circumference, suggesting that other
mechanisms may also be involved, although the overall effect sizes of these alternative mechanisms
are likely to have been smaller.

This analysis was not able to, nor was it designed to, distinguish which of the constituents of
multiple micronutrient preparations caused the increased size at birth and GDM risk, or whether
there was an interactive effect of two or more of the micronutrients that did this. It also grouped
together different multiple micronutrient brands, all of which contained at least three micronutrients
and most of which contained at least 15 of them. The various preparations contained different
micronutrients, different salts of the same micronutrients, or these micronutrients at different amounts.
However, most pregnancy multiple micronutrient preparations are somewhat similar, and by grouping
them together in this analysis, we had enough statistical power in the present analysis to detect
differences in various indices of offspring size at birth and risk of maternal GDM. This analysis
did not have access to whether the micronutrient supplementation was prescribed or unprescribed.
However, sensitivity analyses that excluded women reporting anemia in pregnancy (who would have
been prescribed with iron or folic acid) showed similar trends to those observed in the full analysis,
suggesting that this may not have biased the results.

Another potential limitation of the analysis could be possible biases introduced by its recruitment
and analytical strategies. However, while the participants of the current analysis were not individually
matched, the clinical characteristics of the group that supplemented with multiple micronutrients
were very similar to those that did not supplement. The clinical characteristics of the whole group of
participants in the present analysis were also very similar to those of women recruited to the CBGS
who were excluded from it. In turn, the clinical characteristics of women recruited to the CBGS were
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representative of the whole population of women attending the Rosie Maternity Hospital, Cambridge,
with the exception that they tended to be a little bit older and were more likely to be primiparous [8].
The relatively older age may not have affected our analysis, however, as sensitivity analyses that
excluded women above 30 years of age showed increased effect sizes of associations with skinfold
thicknesses, as well as a significantly increased risk of GDM development in the younger women.
Whilst the associations with skinfold thicknesses did not reach statistical significance, this may have
been due to a lack of statistical power in the small number of younger women tested. A further
limitation of the analysis could relate to biases introduced by missing data, the extent of which varied
by measurement, as well as the unavailability of data pertaining to familial history of diabetes or
previous GDM, both risk factors for the development of GDM. In this analysis, missing data were dealt
with by case or listwise deletions in order to prevent the introduction of inaccuracies resulting from
data imputation. However, this may have introduced biases which are unfortunately common in this
type of cohort study [31].

Other limitations of the current analysis include the facts that the micronutrient supplementation
was self-reported, and that limited account was taken as to when in pregnancy and for how long
supplementation took place. However, at least as far as supplementation specifically with folic acid in
pregnancy, self-reporting has been validated as accurate [32,33]. In women with at least 12 years of
education, one cohort also found that self-reporting of iron supplementation in pregnancy displayed
high specificity [34]. In the present analysis, all 566 participants who responded to a question about
their education in their pregnancy questionnaire reported that they had at least 12 years of education
(data not shown), suggesting that for self-reporting of iron supplementation at least, high specificity
could also have been achieved in the present analysis. Although only limited use of the timing and
length of multiple micronutrient supplementation was made in this study, more than 80% of the
respondents who supplemented with multiple micronutrients did so for more than half the pregnancy,
which suggests that misclassification (due to only supplementing for a short period of time) is unlikely
to have significantly affected the results. Finally, the cohort was recruited at the beginning of this
century, and differences in dietary trends between then and now may limit the relevance of the results
to the present age. Indeed, we previously observed some temporal trends in pregnancy dietary habits
over the course of the recruitment period in the women studied in the present analysis [9]. However,
the effect sizes of these trends were very small, and even if they continued at the same rate after
the recruitment period, would not have severely limited the relevance of the current analysis to the
present age.

5. Conclusions

In conclusion, in this analysis, we found evidence that maternal micronutrient supplementation
in pregnancy is associated with increased size at birth and adiposity in the offspring in a population
from a high-income country. It was also associated with increased risk of developing GDM in the
mother, and the mechanisms that link GDM with increased size at birth may be partially responsible
for the increased size at birth and adiposity resulting from maternal micronutrient supplementation
in pregnancy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/11/3466/s1,
Figure S1: Histograms showing the distributions of (a) when multiple micronutrient supplementation began
relative to the start of pregnancy, and (b) the length of time that multiple micronutrient supplementation was
taken during (and before) pregnancy, Table S1: Published nutrient constituents of the most commonly used
multiple micronutrient supplements in this population, Table S2: Comparison of characteristics of those that were
included in this present analysis and those that were excluded from it, Table S3: Effect of food frequency intakes as
confounders in the logistic regression models describing the relationship between multiple micronutrient intake
during pregnancy and risk of gestational diabetes in the Cambridge Baby Growth Study.

http://www.mdpi.com/2072-6643/12/11/3466/s1


Nutrients 2020, 12, 3466 11 of 13

Author Contributions: Conceptualization, C.J.P. and D.B.D.; methodology, C.J.P., K.K.O., I.A.H. and D.B.D.;
formal analysis, C.J.P.; investigation, C.J.P.; resources, K.K.O., I.A.H. and D.B.D.; data curation, C.J.P.;
writing—original draft preparation, C.J.P. and D.B.D.; writing—review and editing, K.K.O., I.A.H. and D.B.D.;
project administration, K.K.O., I.A.H. and D.B.D.; funding acquisition, K.K.O., I.A.H. and D.B.D. All authors have
read and agreed to the published version of the manuscript.

Funding: This study received funding from the European Union Framework 5 (QLK4-1999-01422); the Medical
Research Council (7500001180, G1001995, U106179472); Newlife Foundation for Disabled Children (07/20);
the Mothercare Charitable Foundation (RG54608) and the World Cancer Research Fund International (2004/03).
We also acknowledge support from National Institute for Health Research Cambridge Biomedical Research Centre.
KKO receives support from the Medical Research Council (Unit Programme number: MC_UU_12015/2).

Acknowledgments: The authors are indebted to Carlo Acerini, who was the Principal Investigator of the
Cambridge Baby Growth Study prior to his death in May 2019. We acknowledge the excellent technical assistance
for this project that was provided by Dianne Wingate, Karen Whitehead and Angie Watts (all University of
Cambridge, Department of Paediatrics). The authors would like to thank all the families that took part in the
Cambridge Baby Growth Study, and acknowledge the crucial role played by the research nurses especially Suzanne
Smith, Ann-Marie Wardell, and Karen Forbes (all University of Cambridge, Department of Paediatrics), staff at the
Addenbrooke’s Wellcome Trust Clinical Research Facility, and midwives at the Rosie Maternity Hospital.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Keats, E.C.; Haider, B.A.; Tam, E.; Bhutta, Z.A. Multiple-micronutrient supplementation for women during
pregnancy. Cochrane Database Syst. Rev. 2019, 3, CD004905. [CrossRef] [PubMed]

2. Brough, L.; Rees, G.A.; Crawford, M.A.; Morton, R.H.; Dorman, E.K. Effect of multiple-micronutrient
supplementation on maternal nutrient status, infant birth weight and gestational age at birth in a low-income,
multi-ethnic population. Br. J. Nutr. 2010, 104, 437–445. [CrossRef] [PubMed]

3. Oh, C.; Keats, E.C.; Bhutta, Z.A. Vitamin and mineral supplementation during pregnancy on maternal, birth,
child health and development outcomes in low- and middle-income countries: A systematic review and
meta-analysis. Nutrients 2020, 12, 491. [CrossRef] [PubMed]

4. James-McAlpine, J.M.; Vincze, L.; Vanderlelie, J.J.; Perkins, A.V. Effect of micronutrient supplements on
low-risk pregnancies in high-income countries: A systematic quantitative literature review. Public Health Nutr.
2020, 23, 2434–2444. [CrossRef] [PubMed]

5. Vitamin supplementation in pregnancy. Drug Therapeut. Bull. 2016, 54, 81–84. [CrossRef]
6. Parisi, F.; di Bartolo, I.; Savasi, V.M.; Cetin, I. Micronutrient supplementation in pregnancy: Who, what and

how much? Obstet. Med. 2019, 12, 5–13. [CrossRef]
7. International Food Policy Research Institute. Global Nutrition Report 2014: Actions and accountability to

accelerate the world’s progress on nutrition. J. Nutr. 2015, 145, 663–671. [CrossRef]
8. Prentice, P.; Acerini, C.L.; Eleftheriou, A.; Hughes, I.A.; Ong, K.K.; Dunger, D.B. Cohort Profile:

The Cambridge Baby Growth Study (CBGS). Int. J. Epidemiol. 2016, 45, 35.a-g. [CrossRef]
9. Petry, C.J.; Ong, K.K.; Hughes, I.A.; Acerini, C.L.; Dunger, D.B. Temporal trends in maternal food intake

frequencies and associations with gestational diabetes: The Cambridge Baby Growth Study. Nutrients 2019,
11, 2822. [CrossRef]

10. Swan, G. Findings from the latest National Diet and Nutrition Survey. Proc. Nutr. Soc. 2004, 63, 505–512.
[CrossRef]

11. de Lauzon-Guillain, B.; Wijndaele, K.; Clark, M.; Acerini, C.L.; Hughes, I.A.; Dunger, D.B.; Wells, J.C.;
Ong, K.K. Breastfeeding and infant temperament at age three months. PLoS ONE 2012, 7, e29326. [CrossRef]
[PubMed]

12. Petry, C.J.; Mooslehner, K.; Prentice, P.; Hayes, M.G.; Nodzenski, M.; Scholtens, D.M.; Hughes, I.A.;
Acerini, C.L.; Ong, K.K.; Lowe, W.L., Jr.; et al. Associations between a fetal imprinted gene allele score and
late pregnancy maternal glucose concentrations. Diabetes Metab. 2017, 43, 323–331. [CrossRef] [PubMed]

13. International Association of Diabetes and Pregnancy Study Groups Consensus Panel; Metzger, B.E.;
Gabbe, S.G.; Persson, B.; Buchanan, T.A.; Catalano, P.A.; Damm, P.; Dyer, A.R.; de Leiva, A.; Hod, M.; et al.
International association of diabetes and pregnancy study groups recommendations on the diagnosis and
classification of hyperglycemia in pregnancy. Diabetes Care 2010, 33, 676–682. [CrossRef]

http://dx.doi.org/10.1002/14651858.CD004905.pub6
http://www.ncbi.nlm.nih.gov/pubmed/30873598
http://dx.doi.org/10.1017/S0007114510000747
http://www.ncbi.nlm.nih.gov/pubmed/20412605
http://dx.doi.org/10.3390/nu12020491
http://www.ncbi.nlm.nih.gov/pubmed/32075071
http://dx.doi.org/10.1017/S1368980020000725
http://www.ncbi.nlm.nih.gov/pubmed/32515722
http://dx.doi.org/10.1136/dtb.2016.7.0414
http://dx.doi.org/10.1177/1753495X18769213
http://dx.doi.org/10.3945/jn.114.206078
http://dx.doi.org/10.1093/ije/dyv318
http://dx.doi.org/10.3390/nu11112822
http://dx.doi.org/10.1079/PNS2004381
http://dx.doi.org/10.1371/journal.pone.0029326
http://www.ncbi.nlm.nih.gov/pubmed/22253712
http://dx.doi.org/10.1016/j.diabet.2017.03.002
http://www.ncbi.nlm.nih.gov/pubmed/28392167
http://dx.doi.org/10.2337/dc10-0719


Nutrients 2020, 12, 3466 12 of 13

14. Petry, C.J.; Sanz Marcos, N.; Pimentel, G.; Hayes, M.G.; Nodzenski, M.; Scholtens, D.M.; Hughes, I.A.;
Acerini, C.L.; Ong, K.K.; Lowe, W.L., Jr.; et al. Associations between fetal imprinted genes and maternal
blood pressure in pregnancy. Hypertension 2016, 68, 1459–1466. [CrossRef] [PubMed]

15. Freeman, J.V.; Cole, T.J.; Chinn, S.; Jones, P.R.; White, E.M.; Preece, M.A. Cross sectional stature and weight
reference curves for the UK, 1990. Arch. Dis. Child. 1995, 73, 17–24. [CrossRef] [PubMed]

16. De Lucia Rolfe, E.; Modi, N.; Uthaya, S.; Hughes, I.A.; Dunger, D.B.; Acerini, C.; Stolk, R.P.; Ong, K.K.
Ultrasound estimates of visceral and subcutaneous-abdominal adipose tissues in infancy. J. Obes. 2013,
2013, 951954. [CrossRef] [PubMed]

17. McKeating, D.R.; Fisher, J.J.; Perkins, A.V. Elemental metabolomics and pregnancy outcomes. Nutrients 2019,
11, 73. [CrossRef] [PubMed]

18. Bo, S.; Menato, G.; Villois, P.; Gambino, R.; Cassader, M.; Cotrino, I.; Cavallo-Perin, P. Iron supplementation
and gestational diabetes in midpregnancy. Am. J. Obstet. Gynecol. 2009, 201, 158.e1-6. [CrossRef]

19. Zhang, C.; Rawal, S. Dietary iron intake, iron status, and gestational diabetes. Am. J. Clin. Nutr. 2017,
106, 1672S–1680S. [CrossRef]

20. Cheng, G.; Sha, T.; Gao, X.; He, Q.; Wu, X.; Tian, Q.; Yang, F.; Tang, C.; Wu, X.; Xie, Q.; et al. The associations
between the duration of folic acid supplementation, gestational diabetes mellitus, and adverse birth outcomes
based on a birth cohort. Int. J. Environ. Res. Public Health 2019, 16, 4511. [CrossRef]

21. Huang, L.; Yu, X.; Li, L.; Chen, Y.; Yang, Y.; Yang, Y.; Hu, Y.; Zhao, Y.; Tang, H.; Xu, D.; et al. Duration of
periconceptional folic acid supplementation and risk of gestational diabetes mellitus. Asia Pac. J. Clin. Nutr.
2019, 28, 321–329. [PubMed]

22. Palacios, C.; Kostiuk, L.K.; Peña-Rosas, J.P. Vitamin D supplementation for women during pregnancy.
Cochrane Database Syst. Rev. 2019, 7, CD008873. [CrossRef] [PubMed]

23. Li, M.; Li, S.; Chavarro, J.E.; Gaskins, A.J.; Ley, S.H.; Hinkle, S.N.; Wang, X.; Ding, M.; Bell, G.;
Bjerregaard, A.A.; et al. Prepregnancy habitual intakes of total, supplemental, and food folate and
risk of gestational diabetes mellitus: A prospective cohort study. Diabetes Care 2019, 42, 1034–1041. [CrossRef]

24. Chen, S.; Li, N.; Mei, Z.; Ye, R.; Li, Z.; Liu, J.; Serdula, M.K. Micronutrient supplementation during pregnancy
and the risk of pregnancy-induced hypertension: A randomized clinical trial. Clin. Nutr. 2019, 38, 146–151.
[CrossRef] [PubMed]

25. Quinn, M.K.; Smith, E.R.; Williams, P.L.; Urassa, W.; Shi, J.; Msamanga, G.; Fawzi, W.W.; Sudfeld, C.R.
The effect of maternal multiple micronutrient supplementation on female early infant mortality is fully
mediated by increased gestation duration and intrauterine growth. J. Nutr. 2020, 150, 356–363. [CrossRef]

26. Lu, W.P.; Lu, M.S.; Li, Z.H.; Zhang, C.X. Effects of multimicronutrient supplementation during pregnancy
on postnatal growth of children under 5 years of age: A meta-analysis of randomized controlled trials.
PLoS ONE 2014, 9, e88496. [CrossRef]

27. Ramakrishnan, U.; Grant, F.K.; Imdad, A.; Bhutta, Z.A.; Martorell, R. Effect of multiple micronutrient versus
iron-folate supplementation during pregnancy on intrauterine growth. Nestle Nutr. Inst. Workshop Ser. 2013,
74, 53–62.

28. Fall, C.H.; Fisher, D.J.; Osmond, C.; Margetts, B.M.; Maternal Micronutrient Supplementation Study Group.
Multiple micronutrient supplementation during pregnancy in low-income countries: A meta-analysis of
effects on birth size and length of gestation. Food Nutr. Bull. 2009, 30 (Suppl. S4), S533–S546. [CrossRef]

29. Sauder, K.A.; Starling, A.P.; Shapiro, A.L.; Kaar, J.L.; Ringham, B.M.; Glueck, D.H.; Dabelea, D. Exploring the
association between maternal prenatal multivitamin use and early infant growth: The Healthy Start Study.
Pediatr. Obes. 2016, 11, 434–441. [CrossRef]

30. Prentice, P.M.; Olga, L.; Petry, C.J.; Simmons, D.; Murphy, H.R.; Hughes, I.A.; Acerini, C.L.; Ong, K.K.;
Dunger, D.B. Reduced size at birth and persisting reductions in adiposity in recent, compared with earlier,
cohorts of infants born to mothers with gestational diabetes mellitus. Diabetologia 2019, 62, 1977–1987.
[CrossRef]

31. Ramirez-Santana, M. Limitations and biases in cohort studies. In Cohort Studies in Health Sciences;
Mauricio Barría, R., Ed.; InTech Open: London, UK, 2018. [CrossRef]

32. Burton, A.; Wilson, S.; Gillies, A.J. Folic acid: Is self reported use of supplements accurate? J. Epidemiol.
Community Health 2001, 55, 841–842. [CrossRef] [PubMed]

http://dx.doi.org/10.1161/HYPERTENSIONAHA.116.08261
http://www.ncbi.nlm.nih.gov/pubmed/27777362
http://dx.doi.org/10.1136/adc.73.1.17
http://www.ncbi.nlm.nih.gov/pubmed/7639543
http://dx.doi.org/10.1155/2013/951954
http://www.ncbi.nlm.nih.gov/pubmed/23710350
http://dx.doi.org/10.3390/nu11010073
http://www.ncbi.nlm.nih.gov/pubmed/30609706
http://dx.doi.org/10.1016/j.ajog.2009.04.049
http://dx.doi.org/10.3945/ajcn.117.156034
http://dx.doi.org/10.3390/ijerph16224511
http://www.ncbi.nlm.nih.gov/pubmed/31192561
http://dx.doi.org/10.1002/14651858.CD008873.pub4
http://www.ncbi.nlm.nih.gov/pubmed/31348529
http://dx.doi.org/10.2337/dc18-2198
http://dx.doi.org/10.1016/j.clnu.2018.01.029
http://www.ncbi.nlm.nih.gov/pubmed/29428785
http://dx.doi.org/10.1093/jn/nxz246
http://dx.doi.org/10.1371/journal.pone.0088496
http://dx.doi.org/10.1177/15648265090304S408
http://dx.doi.org/10.1111/ijpo.12084
http://dx.doi.org/10.1007/s00125-019-4970-6
http://dx.doi.org/10.5772/intechopen.74324
http://dx.doi.org/10.1136/jech.55.11.841
http://www.ncbi.nlm.nih.gov/pubmed/11604442


Nutrients 2020, 12, 3466 13 of 13

33. Roth, C.; Bjørke-Monsen, A.L.; Reichborn-Kjennerud, T.; Nilsen, R.M.; Smith, G.D.; Stoltenberg, C.; Surén, P.;
Susser, E.; Ueland, P.M.; Vollset, S.E.; et al. Use of folic acid supplements in early pregnancy in relation to
maternal plasma levels in week 18 of pregnancy. Mol. Nutr. Food Res. 2013, 57, 653–660. [CrossRef] [PubMed]

34. Miranda, V.I.A.; Santos, I.S.; Silveira, M.F.D.; Silveira, M.P.T.; Pizzol, T.D.S.D.; Bertoldi, A.D. Validity of
patient-reported anemia and therapeutic use of iron supplements during pregnancy: 2015 Pelotas (Brazil)
birth cohort. Cad Saude Publica 2018, 34, e00125517. [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/mnfr.201200116
http://www.ncbi.nlm.nih.gov/pubmed/23065724
http://www.ncbi.nlm.nih.gov/pubmed/30184019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cambridge Baby Growth Study 
	Ethical Approval 
	Assessment of Multiple Micronutrient Supplementation in Pregnancy 
	Food Frequency Intakes in Pregnancy 
	Assessment of Pregnancy Outcomes 
	Assessment of Offspring Size at Birth 
	Data Availability 
	Statistical Analysis 
	Sensitivity Analyses 

	Results 
	Clinical Characteristics and Multiple Micronutrient Supplement Constituents 
	Associations with Maternal Micronutrient Supplementation in Pregnancy 
	Subgroup Analysis in Women Who Underwent OGTTs 
	Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

