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Abstract

Background

Maternal nutrition during pregnancy has been related to intrauterine brain development and

neurodevelopmental disabilities in adult life. We aim to investigate associations between

periconceptional maternal dietary patterns and prenatal cerebellar growth from the first tri-

mester onwards.

Materials and methods

126 women with singleton non-malformed pregnancies were enrolled before 8 weeks of

gestation in the Rotterdam periconceptional cohort between 2013 and 2015. Periconcep-

tional maternal dietary patterns were extracted from food frequency questionnaires and

associated with blood biomarkers and micronutrient intakes. Serial two-dimensional and

three-dimensional ultrasound scans were performed at 9, 11, 22, 26 and 32 weeks of gesta-

tion for transcerebellar diameter (TCD) measurement. Linear mixed models were estimated

to investigate associations between periconceptional maternal dietary patterns and longitu-

dinal TCD measurements as a function of gestational age.

Results

We performed a median of 4 scans per pregnancy, resulting in 570 total datasets. The suc-

cess rate of TCD measurements was 87% (range 65–100%), depending on gestational

age. The Mediterranean, Western, egg-rich and dairy-rich dietary patterns were extracted,

explaining 37.2% of the overall variance of food intake in this population. The dairy-rich die-

tary pattern was positively associated with cerebellar growth trajectories (β = 0.02 (95% CI:

0.01; 0.03)
p

mm, p = 0.01). Maternal strong adherence to this dietary pattern increased

TCD measurements by 0.8 standard deviation scores (SDs) compared to weak adherence,

reflected in increased TCD estimates of 0.44 mm at 9 weeks (+6.8%), 0.88 mm at 22 weeks
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(+3.6%), and 1.17 mm at 32 weeks (+2.8%). No significant associations were detected for

the Mediterranean, Western and egg-rich dietary patterns.

Conclusions

This study shows a positive association between periconceptional maternal adherence to a

dairy-rich dietary pattern and human prenatal TCD measurements as a proxy of cerebellar

growth. Next step is the investigation of the impact on neurodevelopmental outcomes in the

offspring.

Introduction

The traditional paradigm of the cerebellum exclusively as a part of the motor system has been

progressively abandoned in the last decades. It is now clear that the cerebellum plays a crucial

role in human acquisition of cognitive and emotional attributes and abilities [1, 2]. Starting in

the first weeks of pregnancy with the development of the Purkinje cells, cerebellar develop-

ment continues during the third trimester of pregnancy and even postnatally when the cere-

bellum outgrows its dimension more than three times [2, 3]. This prolonged process explains

the wide window of cerebellum sensitivity to environmental insults. Several prenatal exposures

have been related to impaired fetal cerebellar growth, including maternal alcohol consump-

tion, smoking and toxin exposures [4, 5]. Moreover, animal models showed significant associ-

ations between nutritional exposures during pregnancy and impaired intrauterine cerebellar

development, reporting altered growth of Purkinje cells in case of iodine deficiency, modified

methylation profiles after folic acid supplementation and increased cerebellar lipoperoxidation

among low protein-fed offspring [6, 7]. No human data are available on the associations

between maternal dietary patterns and prenatal cerebellar development, despite the well-

known associations with neurodevelopmental outcomes [8–10].

The introduction of high frequency transvaginal and transabdominal probes and three-

dimensional ultrasound (3D US) has dramatically improved the chance of evaluating human

embryonic and fetal structures, and reference curves of cerebellar growth are now available as

early as the embryonic period [11].

In the current study, we aim to investigate associations between periconceptional maternal

dietary patterns and prenatal cerebellar growth trajectories measured by longitudinally col-

lected transcerebellar (TCD) diameters from the first trimester onwards.

Materials and methods

This study was conducted at the Department of Obstetrics and Gynecology, Erasmus MC,

University Medical Center in Rotterdam, the Netherlands, in the setting of the ongoing Rotter-

dam Periconception cohort (Predict Study) [12]. The protocol was approved by the Medical

Ethical and Institutional Review Board at the Erasmus MC, University Medical Center in Rot-

terdam, the Netherlands, and all participants signed a written informed consent on behalf of

themselves and the unborn child (METC Erasmus MC 2004–277).

Eligible for the current study were all women aged at least 18 years old, with an intrauterine

singleton viable pregnancy before 8+0 weeks of gestation between November 2013 and March

2015. We selected pregnancies conceived spontaneously, through intrauterine insemination

(IUI) or assisted reproductive technologies using homologous oocyte(s). Ongoing pregnancies
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complicated with congenital anomalies were excluded from the analysis. Missing or unreliable

periconceptional maternal nutritional evaluations were additional exclusion criteria. The preg-

nancy dating procedure was based on crown-rump length (CRL) measurements before 13

weeks of gestation for spontaneous and IUI pregnancies, on the date of oocyte retrieval plus 14

days for in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI) derived preg-

nancies, or from the day of embryo transfer plus 17–18 days for cryopreserved transfers [13].

At enrolment, baseline anthropometric measurements and general information on age,

geographical origin, educational level, obstetric and medical anamnesis and periconceptional

exposures (smoking, alcohol use, folic acid or multivitamin supplement use) were collected.

Data on birth outcomes were collected from medical records (neonatal gender, birth weight,

gestational age at birth).

The semi-quantitative food frequency questionnaire (FFQ) developed by the division of

Human Nutrition, Wageningen University, the Netherlands, and validated for women of

reproductive age, was used at recruitment to assess maternal nutritional intake over the previ-

ous month [14, 15]. Participants were asked to report the frequency of consumption, portion

size and preparation method of 196 food items structured according to meal patterns. Average

daily nutritional values were calculated using the Dutch food composition table [16] and

reports with implausible energy intakes were considered unreliable and therefore excluded

from the analysis. Based on similar origin and nutrient contents, the 196 FFQ food items were

condensed into 23 food groups and dietary patterns were derived using principal component

analysis (PCA) as extensively described by Hoffmann [17, 18]. PCA automatically assigns all

participants a component score for each dietary pattern representing their adherence to that

specific dietary pattern, meaning that every woman possibly shows high adherence (compo-

nent scores> 0) for two or more dietary patterns at the same time. One fasting venous blood

sample for serum and red blood cell (RBC) folate, serum vitamin B12 and plasma total homo-

cysteine (tHcy) determination was collected at enrolment and the laboratory procedures have

been extensively described elsewhere [19].

All women underwent longitudinal ultrasound examinations performed by one trained

sonographer for TCD measurements (IVK). First trimester 3D US examinations were per-

formed using a high-resolution transvaginal probe (6–12 MHz) of the Voluson E8 system (GE

Medical Systems, Zipf, Australia). All 3D volumes were stored as Cartesian and 4DView vol-

umes and TCD measurements were performed offline using 4D View Version 5.0 (GE Medical

Systems). Due to the low success rate of cerebellar measurements performed before 8 weeks of

gestation, only 3D US volumes at 9 weeks of gestation or later were included in the analysis

[11]. The technique, reliability and protocol used for cerebellar measurements at 9 and 11

weeks of gestation have been previously validated and extensively described by our group [11,

20]. Briefly, first trimester cerebellar measurements were performed manually using a 4D view

software in a coronal section of the head through the rhombencephalon, showing the cerebel-

lum, fourth ventricle, and plexus choroideus of the fourth ventricle. An excellent intra- and

inter-observer reliability was reported, with intraclass correlation coefficients above 0.98. First

trimester cerebellar growth curves and associations with gestational age and CRL were deter-

mined in the same population [11]. Second and third trimester ultrasound scans were per-

formed at 22, 26 and 32 weeks of gestation using 1–7 MHz transabdominal transducer or a

6–12 MHz transvaginal transducer of the Voluson E8 system. Standardized 2D biometric mea-

surements of the TCD were obtained online by slightly rotating the transducer from the trans-

verse cross-section of the thalamic plane to the posterior fossa, enabling the ‘outer-to-outer’

measurement of the cerebellum, as recommended by the ISUOG guidelines. All embryonic

and fetal TCD measurements were performed three times by the same researcher (IVK) and

the mean values were used for the analysis.
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Finally, intrauterine growth trajectories according to estimated fetal weight, birth weight

and corresponding percentiles were considered in order to detect abnormal fetal growth

trajectories.

Statistical analyses

All analyses were performed using IBM SPSS version 21.0 (Armonk, NY: IBM Corp) and R

version 3.2.1 (The R Foundation for Statistical Computing). P-values�0.05 were considered

significant. Maternal characteristics and dietary pattern adherence (component scores) were

compared between excluded and included pregnancies using Chi-square or exact tests for

ordinal variables and Mann-Whitney U test for continuous variables. The basal metabolic rate

(BMR) was calculated using the new Oxford equations stratified by age and gender, as

described and validated elsewhere [21]. Finally, the food intake level (FIL) was obtained as the

ratio of energy intake divided by BMR and compared with the physical activity level (PAL) of a

sedentary lifestyle (cut off 1.35) to estimate underreporting. We compared serum and RBC

folate, vitamin B12, and tHcy concentrations between women with strong (component scores

>0) and weak (component scores <0) adherence to each dietary pattern using the Mann-

Whitney U test. Univariable linear regression was performed to investigate correlations

between nutrient intake and the extracted dietary patterns.

To investigate associations between periconceptional maternal dietary patterns and

repeated cerebellar measurements, we estimated linear mixed models using TCD measure-

ments as response variable and gestational age as predictor. This analysis allows the longitudi-

nal modeling of repeated TCD measurements, taking into account the correlation between

serial measurements within the same pregnancy. Square root transformation of TCD data

resulted in approximate normal distribution of observations with a constant variance, as

required by linear mixed models, and linearity with gestational age. A random intercept and

slope were used to model the within subject correlation. An interaction with gestational age

did not improve the model fit, suggesting a constant and continuous effect of dietary patterns

on longitudinal TCD measurements. First, we estimated a mixed model adjusted for energy

intake (model 1). Model 2 depicts the estimates including additional adjustment for potential

confounding factors (parity, alcohol use, smoking, folic acid/multivitamin supplement use,

age, BMI, conception mode and geographical origin). TCD variance expressed as standard

deviation score (SDs) over gestation was calculated from model 1 as follows: SDs = TCD(x-

mean)/SD to compare the effect of maternal strong versus weak adherence to the dietary pat-

terns significantly associated with cerebellar growth. In order to evaluate the effect of maternal

adherence to the dietary patterns in different trimesters of pregnancy and provide a clear inter-

pretation from a clinical perspective, longitudinal TCD measurements were further trans-

formed back to the original scale and plotted against gestational age by comparing maternal

strong versus weak adherence to the dietary patterns significantly associated with cerebellar

measurements. Finally, due to the association between preterm birth, intrauterine fetal growth

and brain development, we performed a subgroup analysis excluding all pregnancies compli-

cated by preterm birth, intrauterine growth restriction and low birth weight.

Results

A total of 126 viable pregnancies out of 227 were included in the analysis, after exclusion of

pregnancies achieved after egg cell donation (n = 3), missing or unreliable periconceptional

FFQs (n = 94), fetal or neonatal congenital anomalies (n = 3) and missing ultrasound data

(n = 1). Table 1 shows maternal baseline characteristics and the sensitivity analysis comparing
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included and excluded pregnancies. Included and excluded pregnancies were comparable for

all characteristics, except for folic acid supplement use.

Median gestational age at birth was 272 days (range 182–296), birth weight was 3293 g

(range 665–4380) and 50.4% of newborns were males. Preterm births (<37 weeks of gestation)

counted a total of 10 pregnancies, including 6 intrauterine growth restricted fetuses, whereas

one pregnancy ended with a low birth weight baby (LBW, birth weight <2500 g), thus leading

to a total of 115 term pregnancies with normal intrauterine growth trajectory and birth weight.

A median of four scans per pregnancy (range 1–5) was performed, resulting in a total of 570

datasets. The success rate of TCD measurements was 86.8%, depending on gestational age

(71.1% at 9 weeks, 65% at 11 weeks, 100% at 22 weeks, 98% at 26 weeks and 95% at 32 weeks of

gestation). Fig 1 shows cerebellar growth trajectories depicted by longitudinal TCD measure-

ments in the study population.

Based on the scree plot and interpretability of the extracted patterns, four major compo-

nents (dietary patterns) with eigenvalues above 1.5 were identified, explaining 37.2% of the

overall variance in dietary intake (Table 2). We labeled the first component ‘Mediterranean’

because of high loadings on vegetables, olive oil, fish, fruit, nuts and legumes, and relatively

low loading on meat. The second component included high intakes of meat, soups, snacks,

mayonnaise, potatoes and sauces, and low intake of fruit, resembling the ‘Western’ dietary pat-

tern. The third component was highly associated with eggs, nuts, fish, sauces and non-alco-

holic beverage consumption and was labeled ‘egg-rich’. The fourth component yielded a

dietary pattern high in the consumption of dairy products, fruit, cereals, non-alcoholic bever-

age and whole grain and was labeled ‘dairy-rich’.

Women with strong adherence to the Mediterranean dietary pattern (component scores>

0) showed significantly higher serum and RBC folate concentrations compared to women with

weak adherence (component scores< 0) to the same dietary pattern (serum folate: 43.1 (range

16.4–223.0) and 34.6 (range 12.6–451.3) nmol/l, p<0.001; RBC folate: 1429.0 (range 634.0–

2256.0) and 1244 (range 466–2919) nmol/l, p = 0.02 respectively). Strong adherence to the

egg-rich dietary pattern was associated with significantly higher serum and RBC folate

Table 1. Maternal baseline characteristics of the study population and excluded pregnancies.

Maternal characteristics Study population (n = 126) M Excluded pregnancies (n = 100) M p-value

Maternal age, y median (range) 32 (22–45) 4 31 (21–48) 4 0.45

Nulliparous, n (%) 31 (24.8) 1 34 (35.8) 5 0.08

Geographical origin 2 4 0.55

Western, n (%) 98 (79.0) 79 (82.3)

Non Western, n (%) 26 (21.0) 17 (17.7)

Educational level 2 0 0.89

High, n (%) 60 (48.4) 46 (49.5)

Intermediate, n (%) 50 (40.3) 35 (37.6)

Low, n (%) 14 (11.3) 12 (12.9)

BMI, kg/m2 median (range) 24.1

(16.3–39.7)

0 23.1

(15.2–43.4)

5 0.83

Alcohol use, n (%) 36 (29.3) 3 29 (30.9) 6 0.80

Periconception smoking, n (%) 18 (14.5) 2 17 (17.2) 1 0.59

Periconception folic acid/multivitamin use, n (%) 115 (92.7) 2 79 (84.0) 6 0.04

Mode of conception IVF/ICSI, n (%) 32 (25.4) 0 25 (25.0) 0 0.95

The comparison among groups was performed using Chi-square or exact tests for ordinal variables and Mann-Whitney U test for continuous variables.

M = missing values, BMI: body mass index, IVF: in vitro fertilization, ICSI: intracytoplasmic sperm injection.

https://doi.org/10.1371/journal.pone.0197901.t001
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concentrations compared to weak adherence (serum folate: 41.4 nmol/l (range 14.8–223.0)

and 34.8 nmol/l (range 12.6–451.3), p = 0.02; RCB folate: 1468 nmol/l (range 866–2256) and

1258 nmol/l (range 466–2919), p = 0.01 respectively). Strong adherence to the dairy-rich

dietary pattern was associated with significantly lower tHcy concentrations compared to

weak adherence (5.9 μmol/l (range 3.4–11.3) and 6.5 μmol/l (range 3.7–31.4), p = 0.02). Adher-

ence to the Western dietary pattern was not associated with the investigated biomarker

concentrations.

S1 Table shows maternal baseline characteristics according to high adherence to the

extracted dietary patterns. Table 3 shows the correlation coefficients for nutrient intake and

the extracted dietary patterns. Maternal intake of all investigated micronutrients was signifi-

cantly and positively correlated to the dairy-rich dietary pattern, except for the omega-3 fatty

acid intake. The mean FIL of the study population was 1.38.

Table 4 shows the effect estimates from linear mixed models in the study population. No

significant associations were detected between the Mediterranean, Western, egg-rich dietary

Fig 1. Longitudinal transcerebellar diameter (TCD, mm) measurements in the study population. Mean values at 9, 11,

22, 26 and 32 weeks of gestation are reported. Dots and lines represent TCD measurements and trajectories of a single

included pregnancy. n: number; GA: gestational age.

https://doi.org/10.1371/journal.pone.0197901.g001
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patterns and cerebellar growth trajectories, for both model 1 and 2. Conversely, maternal

adherence to the dairy-rich dietary pattern was associated with increased TCD measurements

for both model 1 (β = 0.02
p

mm (95% CI: 0.01; 0.03), p<0.01) and 2 (β = 0.02
p

mm (95% CI:

0.01; 0.03), p<0.01), leading to a difference on TCD variance of about 0.8 SDs over gestation

in case of strong versus weak adherence to the dietary pattern. Additional adjustment for fetal

gender did not modify the detected associations.

The transformation to the original scale showed that strong adherence to this dietary pat-

tern (defined as +2 standard deviation (SD) in component score) increased TCD by 0.44 mm

at 9 weeks (+6.8%), 0.52 mm at 11 weeks (+6%), 0.88 mm at 22 weeks (+3.6%), 1.00 mm at 26

weeks (+3.3%), and 1.17 mm at 32 weeks (+2.8%) compared to weak adherence (-2 SD in com-

ponent score). Fig 2 shows the average regression lines for the dairy-rich dietary pattern in the

study population after transformation to the original scale (model 2).

The subgroup analysis on term newborns with normal intrauterine growth trajectory and

birth weight (5th– 95th percentile, n = 115) did not materially change the associations, showing

increased TCD measurements in association with the dairy-rich dietary pattern for both

model 1 (β = 0.02
p

mm (95% CI: 0.00; 0.03), p<0.05) and 2 (β = 0.02
p

mm (95% CI: 0.00;

0.03), p<0.05).

Table 2. Relation between food groups and extracted dietary patterns expressed by factor loadings.

Food group Mediterranean Western Egg-rich Dairy-rich

Variance explained (%) 11.9 10.2 8.2 6.9

Butter ,066 ,178 ,048 ,112

Cereals -,051 ,041 ,036 ,480

Dairy -,094 ,036 -,049 ,832

Eggs ,094 ,067 ,782 -,095

Fat Liquid -,448 ,188 ,209 -,015

Other fats -,051 ,056 -,052 ,078

Fish ,279 -,276 ,278 -,042

Fruits ,241 -,030 ,129 ,603

Legumes ,732 ,116 ,137 -,019

Margarine -,199 -,013 -,138 ,222

Mayonnaise ,147 ,702 -,004 -,127

Meat -,024 ,750 -,130 ,142

Non-alcoholic -,238 -,133 ,603 ,272

Nuts ,378 -,044 ,584 ,109

Potatoes -,038 ,267 ,140 -,027

Refined Grains ,022 -,058 ,019 ,034

Sauces ,104 ,330 ,379 -,006

Snacks ,066 ,438 ,158 -,052

Soup -,004 ,669 ,119 -,027

Sugars -,002 ,211 -,053 -,018

Vegetables ,760 ,088 ,095 ,188

Olive oil ,665 -,006 -,061 -,104

Whole grains ,020 -,254 -,096 ,395

The factor loadings describe how strong the association between the food groups and each of the extracted dietary patterns is. The factor loadings with the highest

absolute value were used for labeling.

https://doi.org/10.1371/journal.pone.0197901.t002
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Discussion

This study shows a positive association between maternal periconceptional adherence to a

dairy-rich dietary pattern and prenatal cerebellar growth trajectories assessed by longitudinal

TCD measurements from the first trimester onwards. The positive association was confirmed

among the subgroup of term pregnancies with normal intrauterine growth trajectory and

birth weight. The effect of maternal strong compared to weak adherence to the dairy-rich die-

tary pattern was higher in the first trimester than later in pregnancy, possibly meaning that

additional factors and exposures occurring in the second half of pregnancy could reduce the

impact of an early nutritional exposure on cerebellar growth. TCD measurements and trajecto-

ries of the study population (Fig 1) were comparable to the reference curves previously pro-

vided for normal pregnancies [22]. Finally, the association with higher micronutrient intakes

Table 3. Correlations between nutrient intake and the four extracted dietary patterns expressed by correlation coefficients.

Nutrient intake Mediterranean Western Egg-rich Dairy-rich

ALA 0.30 �� 0.41�� 0.32 �� 0.20 �

EPA 0.30 �� -0.10 0.41 �� 0.02

DHA 0.35 �� -0.13 0.32 �� 0.02

Proteins 0.22 � 0.58�� 0.15 0.48 ��

Fats 0.24 �� 0.62 �� 0.18 � 0.20 �

Fiber 0.50 �� 0.09 0.17 0.53 ��

Vitamin B6 0.14 0.35 �� 0.21 � 0.55 ��

Vitamin B12 0.19 � 0.56 �� 0.10 0.27 ��

Folate 0.38 �� 0.17 0.13 0.46 ��

Zink 0.23 �� 0.57 �� 0.16 0.52 ��

Vitamin A -0.04 0.69 �� -0.05 0.14 �

Vitamin B1 0.16 0.61 �� 0.15 0.46 ��

Vitamin B2 0.16 0.39 �� 0.11 0.72 ��

Vitamin C 0.31 �� 0.18 � 0.14 0.38 ��

Vitamin E 0.28 �� 0.40 �� 0.24 �� 0.18 �

Univariable linear regression was performed to evaluate correlations between nutrient intake and dietary patterns

� p<0.05

�� p<0.01.

ALA: alpha-linolenic acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid.

https://doi.org/10.1371/journal.pone.0197901.t003

Table 4. Effect estimates from linear mixed models for the associations between periconceptional maternal dietary patterns and embryonic and fetal cerebellar

growth trajectories, as a function of gestational age.

EFFECT ESTIMATES TCD β (95%CI),
p

mm

Dietary pattern Model 1 p-value Model 2 p-value

Mediterranean 0.00 (-0.01; 0.01) 0.78 0.00 (-0.01; 0.02) 0.94

Western -0.01 (-0.02; 0.00) 0.17 -0.01 (-0.02; 0.01) 0.44

Egg-rich -0.00 (-0.01; 0.01) 0.86 0.00 (-0.01; 0.01) 0.99

Dairy-rich 0.02 (0.01; 0.03) <0.01 0.02 (0.01; 0.03) <0.01

Effect estimates represent the amount of change in square root transcerebellar diameter (TCD,
p

mm) per unit of increase in component score. Model 1 is adjusted for

energy intake. Model 2 is adjusted for additional potential confounding factors (energy intake, conception mode, alcohol, smoke, parity, age, BMI, folic acid

supplement/multivitamin use, geographical origin).

TCD: transcerebellar diameter; CI: confidence interval.

https://doi.org/10.1371/journal.pone.0197901.t004
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and lower tHcy concentrations supports the healthy nature of the dairy-rich dietary pattern.

This is also supported by baseline characteristics of women who highly adhered to the dairy-

rich dietary pattern. In fact, despite we did not perform comparisons among groups with high

adherence to different dietary patterns due to the overlap resulting from the PCA method

itself, women with strong adherence to the dairy-rich dietary patterns (component score>0)

were generally highly educated, often multiparous, older and with a low percentage of smoking

habit.

The major strength of our study is the longitudinal assessment of human embryonic and

fetal cerebellar size with a median of four scans per pregnancy. In this study we collected

maternal FFQs at enrolment in early pregnancy, covering maternal dietary habits during the

Fig 2. Associations between the adherence to the periconceptional maternal dairy-rich dietary pattern and longitudinal

transcerebellar diameter (TCD) measurements after transformation to the original scale (mm) in the study population using model 2.

The adherence to the dietary pattern is expressed as -2 standard deviation (SD) (weak) or +2SD (strong) in component score. Full

adjustment, including energy intake, conception mode, alcohol, smoke, parity, age, BMI, folic acid supplement/multivitamin use and

ethnicity, was performed. GA: gestational age; CI: confidence interval.

https://doi.org/10.1371/journal.pone.0197901.g002
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periconceptional period with the first and most important stages of cerebellar development.

We used PCA in order to extract dietary patterns from FFQs, avoiding hypothesis-driven defi-

nitions of dietary patterns [17]. In this way, this study provides a more complex and compre-

hensive evaluation of periconceptional maternal nutrition, without focusing on single nutrient

or food group intake. Moreover, we checked dietary pattern validity through micronutrient

intake and blood biomarkers. To minimize confounding, we adjusted for maternal confound-

ing factors associated with embryonic and cerebellar growth, showing comparable effects in

both crude and adjusted models. Finally, the subgroup analysis on term, non-LBW babies

allowed to rule out potential cerebellar injuries leading to cerebellar hypoplasia and impaired

growth independently on maternal exposures [23]. Inherent to the observational design of

the study, also some limitations need to be addressed. 3D US scans were performed to obtain

first trimester TCD measurements. We only included ultrasound datasets where the TCD

measurements could be optimally performed, resulting in lower success rate than what would

be expected in clinical practice, where suboptimal measurements are also accepted. Despite

3D US provides highly accurate biometry and volumetry of embryonic structures, a good

quality scan of a lying and still embryo is needed in order to obtain accurate offline TCD mea-

surements. Moreover, the entire embryo was targeted during scanning, without specifically

focusing on the cerebellum and possibly resulting in lower success rate of the outcome mea-

surements. It could be discussed that the moderate success rate of first trimester cerebellar

measurements may compromise the longitudinal setting of the study [11, 20]. Nevertheless,

64% of patients had two first trimester measurements, 98% had at least two measurements dur-

ing the whole study period and 93% three or more measurements, leading to a good modeling

of cerebellar growth trajectories. As outcome measurement, a single cerebellar diameter was

taken into account as a proxy of cerebellar growth and development. Despite additional length

and volume measurements could certainly improve the study method and the detection rate of

growth abnormalities, we decided to focus on the standardized and most used cerebellar mea-

surement in clinical settings, increasing the generalizability of our results. Furthermore, TCD

still represents the most representative brain measurement in case of maternal exposures lead-

ing to cerebellar dysfunction, being for instance an essential part of early strategies for in utero
detection of fetal alcohol spectrum disorders [24]. As dietary surveys could be prone to bias,

we compared the mean FIL of the study population with a PAL cutoff for a sedentary lifestyle

of 1.35, reducing the likelihood of underreporting. Despite advantages of PCA, the labeling of

dietary patterns and the choice of predefined food groups still remain subjective. As we admin-

istered FFQs as early as the first trimester, we cannot exclude subsequent variations in mater-

nal dietary habits possibly impacting late cerebellar growth trajectories. Nevertheless, previous

studies showed an overall stability of maternal dietary patterns before and during pregnancy,

meaning that an early first trimester nutritional assessment may provide a valid representation

of maternal diet over pregnancy [25]. Finally, the setting of this cohort study in a tertiary hos-

pital, with high educational level and high rates of chronic comorbidity, pregnancy complica-

tions and folic acid supplement use, could reduce the external validity of our findings. This

setting also justifies the high percentage of IVF/ICSI pregnancies in the study population and

our decision to include them, as well as preterm and LBW babies, as a reliable and represen-

tative picture of a tertiary hospital population. Adjustment for conception mode and addi-

tional exclusion of preterm/LBW babies were performed to reduce selection bias, but further

research is warranted to confirm the associations among low-risk pregnancies. Finally, our

study showed that a dairy-rich dietary pattern is significantly associated with cerebellar growth

trajectory in a multi-adjusted model including geographical origin. Despite adjustment, fur-

ther research should evaluate how a dairy-rich, north European typical, dietary pattern impacts

on cerebellar development among large non-Caucasian population.
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Our findings are in line with previous results showing significant associations between

maternal preconceptional initiation of folic acid supplements and increased first trimester cer-

ebellar growth as a function of CRL (β = 0.26 mm (95%CI = 0.02–0.49), p<0.05) [20]. Here we

show a first trimester TCD increase by 0.44 mm in case of periconceptional strong adherence

to the dairy-rich dietary pattern, with long-term effects of early nutritional exposures occur-

ring also during the second and third trimesters of pregnancy. Recently, cerebellar growth tra-

jectories have been shown to be significantly associated with maternal preconceptional BMI in

the same population [26]. Compared to the reference group, overweight women had 4.6%,

3.5%, 1.2%, 1.0% and 0.7% smaller TCD at 9, 11, 22, 26 and 32 weeks respectively. Here we

show a double relative difference in case of low versus high adherence to a dairy-rich dietary

pattern, including adjustment for preconceptional BMI and energy intake. In a prospective

study comparing heavy alcohol pregnant consumers to controls, a significant reduction as

high as 14% was shown in a single third trimester routine TCD measurement [27]. To our

knowledge, no other data are available on the association between prenatal maternal nutrition

and human cerebellar growth.

Maternal nutrition has been widely associated with fetal brain development. Animal models

of maternal protein and global nutrient restriction showed volume loss, decreased cortical

myelination and increased post-mitotic cell death in the cerebellum, with long-term subopti-

mal performances on behavioral tasks [28, 29]. Besides proteins, maternal micronutrient

intake has also been shown to play an important role in fetal brain development, including

vitamins B6, B12, E, A, folate and zinc, all significantly associated with the dairy-rich dietary

pattern. Possible mechanisms are direct modulation of cell differentiation, neurotrophic factor

expression and neurotransmitter synthesis, as well as regulation of fetal immune system and

gut microbiota development [30]. Finally, a recent animal model pointed out distinct neonatal

cerebellar DNA methylation patterns and gene expression in association with high maternal

folic acid supplement use during pregnancy [31]. As the dairy-rich dietary pattern was associ-

ated with higher dietary folate intake providing high amounts of substrates and methyl donors,

we speculate that the observed associations may be due to epigenetic modifications impacting

gene expression and eventually cerebellar growth. Impaired cerebellar methylation patterns

and growth have been detected in post-mortem human models of autism disorders, however

the clinical implications of small increases in prenatal cerebellar growth trajectories need fur-

ther investigation [32].

In conclusion, we showed that maternal periconceptional adherence to a dairy-rich dietary

pattern is associated with slightly increased prenatal cerebellar growth trajectories assessed by

longitudinal TCD measurements. We are aware that additional cerebellar measurements and

the investigation of neurodevelopmental outcomes in the offspring will contribute to gain new

insights into pathophysiological mechanisms of cerebellar development. In early future, intra-

uterine programming of the cerebellar epigenome through maternal nutrition and exposures

might be relevant for the pathophysiology and prevention of several neurologic and psychiatric

disorders.

Supporting information

S1 Table. Maternal baseline characteristics according to dietary pattern high adherence.

High adherence to the dietary patters was defined as component score>0. Comparison among

group was not performed due to the overlapping between groups as a result of PCA, meaning

that a single participant can be highly adherent to two or more dietary patterns at the same

time. BMI: body mass index, IVF: in vitro fertilization, ICSI: intracytoplasmic sperm injection.

(DOCX)

Maternal diet and fetal cerebellum

PLOS ONE | https://doi.org/10.1371/journal.pone.0197901 May 23, 2018 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0197901.s001
https://doi.org/10.1371/journal.pone.0197901


Acknowledgments

The authors thank all participating women and the Predict team for the contribution to

recruitment, data collection and cleaning. We gratefully acknowledge Dr Irene A. Groenen-

berg for her contribution to data collection and analysis.

Author Contributions

Conceptualization: Francesca Parisi, Eric A. P. Steegers, Régine P. M. Steegers-Theunissen.

Data curation: Francesca Parisi, Irene V. Koning, Sten P. Willemsen, Jeanne H. M. de Vries.

Formal analysis: Francesca Parisi, Melek Rousian, Sten P. Willemsen, Jeanne H. M. de Vries.

Funding acquisition: Eric A. P. Steegers, Régine P. M. Steegers-Theunissen.

Investigation: Régine P. M. Steegers-Theunissen.

Methodology: Francesca Parisi, Melek Rousian, Sten P. Willemsen, Régine P. M. Steegers-

Theunissen.

Project administration: Régine P. M. Steegers-Theunissen.

Supervision: Eric A. P. Steegers, Régine P. M. Steegers-Theunissen.

Writing – original draft: Francesca Parisi.

Writing – review & editing: Melek Rousian, Irene V. Koning, Eric A. P. Steegers, Régine P.

M. Steegers-Theunissen.

References
1. Allen G, McColl R, Barnard H, Ringe WK, Fleckenstein J, Cullum CM. Magnetic resonance imaging of

cerebellar-prefrontal and cerebellar-parietal functional connectivity. Neuroimage. 2005; 28:39–48.

https://doi.org/10.1016/j.neuroimage.2005.06.013 PMID: 16023375

2. Allin MP. Novel insights from quantitative imaging of the developing cerebellum. Semin Fetal Neonatal

Med. 2016. 21:333–338. https://doi.org/10.1016/j.siny.2016.06.003 PMID: 27357079

3. Knickmeyer RC, Gouttard S, Kang C, Evans D, Wilber K, Smith JK, et al. A structural MRI study of

human brain development from birth to 2 years. J Neurosci. 2008; 28:12176–12182. https://doi.org/10.

1523/JNEUROSCI.3479-08.2008 PMID: 19020011

4. de Zeeuw P, Zwart F, Schrama R, van Engeland H, Durston S. Prenatal exposure to cigarette smoke or

alcohol and cerebellum volume in attention-deficit/hyperactivity disorder and typical development.

Transl Psychiatry. 2012; 2:e84. https://doi.org/10.1038/tp.2012.12 PMID: 22832850

5. Cace IB, Milardovic A, Prpic I, Krajina R, Petrovic O, Vukelic P, et al. Relationship between the prenatal

exposure to low-level of mercury and the size of a newborn’s cerebellum. Med Hypotheses. 2011;

76:514–516. https://doi.org/10.1016/j.mehy.2010.12.005 PMID: 21195558

6. Yu Y, Dong J, Wang Y, Wang Y, Min H, Shan Z, et al. Maternal marginal iodine deficiency limits den-

dritic growth of cerebellar purkinje cells in rat offspring by NF-κB signaling and MAP1B. Environ Toxicol.

2017; 32:1241–1251. https://doi.org/10.1002/tox.22320 PMID: 27444543

7. Bonatto F, Polydoro M, Andrades ME, Conte da Frota ML Jr, Dal-Pizzol F, Rotta LN, et al. Effects of

maternal protein malnutrition on oxidative markers in the young rat cortex and cerebellum. Neurosci

Lett. 2006; 406:281–4. https://doi.org/10.1016/j.neulet.2006.07.052 PMID: 16930840

8. Nuttall JR. The plausibility of maternal toxicant exposure and nutritional status as contributing factors to

the risk of autism spectrum disorders. Nutr Neurosc. 2015; 20:209–218

9. Surén P, Roth C, Bresnahan M, Haugen M, Hornig M, Hirtz D, et al. Association between maternal use

of folic acid supplements and risk of autism spectrum disorders in children. JAMA. 2013; 309:570–577.

https://doi.org/10.1001/jama.2012.155925 PMID: 23403681

10. Steegers-Theunissen RP, Twigt J, Pestinger V, Sinclair KD. The periconceptional period, reproduction

and long-term health of offspring: the importance of one-carbon metabolism. Hum Reprod Update.

2013; 19:640–655. https://doi.org/10.1093/humupd/dmt041 PMID: 23959022

Maternal diet and fetal cerebellum

PLOS ONE | https://doi.org/10.1371/journal.pone.0197901 May 23, 2018 12 / 14

https://doi.org/10.1016/j.neuroimage.2005.06.013
http://www.ncbi.nlm.nih.gov/pubmed/16023375
https://doi.org/10.1016/j.siny.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27357079
https://doi.org/10.1523/JNEUROSCI.3479-08.2008
https://doi.org/10.1523/JNEUROSCI.3479-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/19020011
https://doi.org/10.1038/tp.2012.12
http://www.ncbi.nlm.nih.gov/pubmed/22832850
https://doi.org/10.1016/j.mehy.2010.12.005
http://www.ncbi.nlm.nih.gov/pubmed/21195558
https://doi.org/10.1002/tox.22320
http://www.ncbi.nlm.nih.gov/pubmed/27444543
https://doi.org/10.1016/j.neulet.2006.07.052
http://www.ncbi.nlm.nih.gov/pubmed/16930840
https://doi.org/10.1001/jama.2012.155925
http://www.ncbi.nlm.nih.gov/pubmed/23403681
https://doi.org/10.1093/humupd/dmt041
http://www.ncbi.nlm.nih.gov/pubmed/23959022
https://doi.org/10.1371/journal.pone.0197901


11. Rousian M, Groenenberg IA, Hop WC, Koning AH, van der Spek PJ, Exalto N, et al. Human embryonic

growth and development of the cerebellum using 3-dimensional ultrasound and virtual reality. Reprod

Sci. 2013; 20:899–908. https://doi.org/10.1177/1933719112468950 PMID: 23296036

12. Steegers-Theunissen RP, Verheijden-Paulissen JJ, van Uitert EM, Wildhagen MF, Exalto N, Koning

AH, et al. Cohort Profile: The Rotterdam Periconceptional Cohort (Predict Study). Int J Epidemiol. 2016;

45:374–381. https://doi.org/10.1093/ije/dyv147 PMID: 26224071

13. Robinson HP. Sonar measurement of fetal crown rump length as means of assessing maturity in first tri-

mester of pregnancy. Br Med J. 1973; 4:28–31. PMID: 4755210

14. Siebelink E, Geelen A, de Vries JH. Self-reported energy intake by FFQ compared with actual energy

intake to maintain body weight in 516 adults. Br J Nutr. 2011; 106:274–281. https://doi.org/10.1017/

S0007114511000067 PMID: 21338536

15. Verkleij-Hagoort AC, de Vries JH, Stegers MP, Lindemans J, Ursem NT, Steegers-Theunissen RP. Val-

idation of the assessment of folate and vitamin B12 intake in women of reproductive age: the method of

triads. Eur J Clin Nutr. 2007; 61:610–615. https://doi.org/10.1038/sj.ejcn.1602581 PMID: 17164826

16. Netherlands Nutrition Centre. NEVO-tabel; Nederlands Voedingsstoffenbestand 2011, RIVM/Voe-

dingscentrum, Den Haag. 2011.
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