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Background & aims: Periconceptional maternal dietary patterns contribute to embryonic growth and
development. No knowledge is available about the impact of periconceptional maternal ultra-processed
food consumption on embryonic growth. Therefore, the aim of the present study is to investigate the
impact of periconceptional maternal ultra-processed food consumption on embryonic growth using
repeated crown-rump length (CRL) and embryonic volume (EV) measurements.
Methods: This study is embedded in the ongoing prospective observational Rotterdam periconceptional
cohort (Predict Study). A total of 701 pregnancies, of which 446 were conceived after natural conception
and 255 after IVF or ICSI treatment were included. Women were at least 18 years of age and were
recruited at the outpatient clinic before 13þ0 weeks of gestation. CRL and EV were measured using three-
dimensional ultrasound datasets and virtual reality techniques at the 7th, 9th and 11th week of gestation.
The food frequency questionnaire of each participant was used to calculate the percentage of maternal
energy consumed from ultra-processed foods (PEI-UPF) for each participant. The association between
PEI-UPF and the first trimester CRL and EV measurements was studied with linear mixed models and
adjusted for potential confounders including maternal factors, gestational age, foetal sex, and total en-
ergy intake.
Results: PEI-UPF ranged from 16% to 88%. In fully adjusted linear mixed models, a 10% increase in
maternal PEI-UPF was significantly associated with smaller growth trajectories of CRL and EV (b �0.041
√mm (95% confidence interval (CI) �0.074 to �0.008), P ¼ 0.02 and b �0.016 ∛cm (95% CI -0.030
to �0.001), P ¼ 0.04, respectively). When additionally adjusted for micronutrient content of diet (vita-
mins B1, B2, B6, B11 and B12, and zinc), the associations for the CRL and EV measurements lost
significance.
Conclusion: Periconceptional maternal consumption of ultra-processed foods is associated with smaller
embryonic growth. Interventions promoting healthy food practices during pregnancy could be beneficial
for embryonic growth.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Embryonic growth trajectories are not identical among preg-
nancies [1,2]. Reduced embryonic growth during the first trimester
is associated with adverse birth outcomes, such as an increased risk
ryonic volume; CRL, Crown-
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of preterm birth, low birth weight, and small for gestational age
[3e5]. Neonates born with these conditions often show catch up
growth, which is associated with increased risks of obesity and
early features of non-communicable diseases in early life [6,7]. To
decrease and minimize these risks, it is important to pinpoint and
study which modifiable factors have an impact on embryonic
growth. Several studies have shown that maternal deficiencies or
excesses of nutrients can impair embryonic growth and develop-
ment, and influence pregnancy outcomes [8]. However, rather than
focusing on the quantity of nutritional components alone,
addressing the dietary quality as a whole may provide a better
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insight in the effect of maternal food consumption as proxy of the
nutritional status on embryonic growth, as a diet is more complex
than the sum of its nutrients. This is supported by our previous
studies demonstrating for example that a periconceptional
maternal ‘high fish and olive oil, low meat’ dietary pattern is
associated with increased embryonic growth and that an energy-
rich dietary pattern is associated with an increased embryonic
size in the first trimester [9,10].

Over the years, western diets have shifted towards an increased
consumption of packaged, ready-to-consume, processed products,
thus replacing traditional dietary patterns based on freshly pre-
pared dishes and meals [11,12]. Between 10% and 50% of household
food purchase in Europe is represented by ultra-processed foods
(UPF) [13]. UPF are products created mostly or entirely from sub-
stances extracted from foods by physical and chemical processes.
They often contain additives to extend their durability and make
them highly palatable. Examples of UPF are chocolate bars, instant
soups, and sweetened breakfast cereals. The share of UPF is nega-
tively related to the overall nutritional quality of diets, as UPF often
contain a large amount of added sugars and saturated fat while
lacking fibres and vitamins [14,15]. In addition, UPF tend to be
consumed in great amounts [11]. High UPF consumption has been
associated with an increased risk of non-communicable diseases
such as obesity, hypertension and cancer [16e18]. Few studies have
investigated the impact of maternal UPF consumption on preg-
nancy course and outcome. However, one study reported an asso-
ciation between maternal percentage of energy intake from ultra-
processed foods (PEI-UPF) during pregnancy and increased gesta-
tional weight gain and neonatal body fat [19].

As maternal food consumption serves as the main source of
nourishment of the embryo, we hypothesize that the UPF domi-
nated diet could exert a negative effect on embryonic growth.
Therefore, this study aimed to investigate whether periconcep-
tional maternal UPF consumption is associated with embryonic
growth using repeated crown-rump length (CRL) and embryonic
volume (EV) measurements.

2. Materials & methods

2.1. Study population

The data used for this study were collected in the Rotterdam
Periconceptional Cohort (Predict) study, a prospective tertiary
hospital-based cohort study conducted at the department of Ob-
stetrics and Gynaecology of the Erasmus Medical Centre in Rot-
terdam, the Netherlands [20]. All participants provided written
informed consent. The rationale and design of the Predict study
were previously published [20,21]. A total of 2693 pregnancies
from women of at least 18 years of age were recruited in the
outpatient clinic before 13þ0 weeks of gestation between
November 2010 and December 2019. In the current study, we
excluded 66 gemelli pregnancies, as embryonic growth in twin
pregnancies differs from singleton pregnancies [22]. An additional
28 pregnancies resulting from oocyte donation were excluded due
to the lack of information on general characteristics, periconcep-
tional lifestyle, and food consumption of the maternal donor. We
excluded 1306 pregnancies due to missing or unreliable ultrasound
measurements. Another 128 pregnancies were excluded due to the
absence of a Food Frequency Questionnaire (FFQ). Dietary under-
reporters were identified with the Goldberg cut-off method as
proposed by Black (SupportingMaterial 1), andwere excluded from
analysis (n ¼ 414) [23]. Another 50 pregnancies were excluded
because their cut-off value could not be calculated due to missing
physical parameters. From the remaining 701 pregnancies, 446
were conceived naturally, and 255 were conceived through in vitro
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fertilisation (IVF) or intracytoplasmic sperm injection (ICSI) treat-
ment (Fig. 1).

2.2. Data collection

2.2.1. Embryonic growth measurements and gestational age
CRL and EV are objective measurements of embryonic growth.

CRL is a parameter that is used to estimate the gestational age of the
embryo, and can be used to determine growth restriction of the
embryo. However, since CRL is one of our outcomes we could not
use the CRL to calculate the gestational age as this would introduce
bias. Therefore, the gestational agewas calculated based on the first
day of the last menstrual period. CRL and EV are measured through
3D ultrasound (3D-US) scans. Initially, all women received weekly
transvaginal 3D-US scans from enrolment up to 13þ0 weeks’
gestation. However, fromDecember 2012 the number of ultrasound
scans was reduced to three, specifically in the 7th, 9th, and 11th
week of gestation, as a pilot study revealed that this was enough to
accurately model the longitudinal embryonic growth curves [20].
All CRL and EV measurements were performed using virtual reality
techniques, by trained research staff. The virtual reality applications
allow real depth perception; and semi-automated analyses of
volumetric measures like the EV. Interobserver and intraobserver
agreement have been reported as excellent, with an inter- and
intraclass correlation coefficient of 0.99 [21,24]. Detailed informa-
tion about the 3D-US scans can be found in “Cohort profile: The
Rotterdam Periconceptional Cohort (Predict Study)” [20,21].

2.2.2. Food frequency questionnaire
All participants received an FFQ at enrolment consisting of 190

food and beverage items, which included questions on frequency of
consumption, portion size and method of preparation over the
previous four weeks. The FFQ was used to estimate habitual food
consumption, during the periconceptional period. The peri-
conceptional period was defined as the period of 14 weeks before
up to 10 weeks after conception [25]. The FFQ has been developed
by the division of Human Nutrition, Wageningen University, the
Netherlands, and validated to estimate, among other micro- and
macronutrient content of diet, the energy intake [26]. Energy and
nutritional intake of each food itemwas determinedwith the Dutch
food composition table. Energy and macronutrient intakes were
validated using three times 24 h recalls (two weekdays and one
weekend day over a three weeks period) and dietary history
[26,27]. For folate and vitamin B12 intakes, the FFQ was validated
using the method of triads [26]. For energy intake, there was dif-
ference of 12% between FFQ and 24 h recall and 5% between FFQ
and dietary history [26,27].

2.2.3. Percentage of energy intake from ultra-processed foods (PEI-
UPF)

Each food and beverage item on the FFQ was categorized ac-
cording to the NOVA food classification into either ‘unprocessed or
minimally processed foods’, ‘processed culinary ingredients’, ‘pro-
cessed foods’ or ‘ultra-processed foods’, independently by a master
student in clinical research, a dietician, and a nutritional epidemi-
ologist (Supporting Material 2) [11]. The classifications were
compared and consensus was reached among the three researchers
in case classifications differed. When uncertainty existed about
whether an item was mostly consumed as homemade or store
bought, nutritional websites and papers about Dutch shopping
behaviour and preparation methods were consulted. After classi-
fication of each food item according to the NOVA classification, the
average nutrient and energy intake by each NOVA group was
calculated for each individual participant. This resulted in the
calculation of the PEI-UPF for each participant.



Fig. 1. Selection of study participants. IVF, in vitro fertilization; ICSI, intracytoplasmic sperm injection.
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2.2.4. Covariates
Data on maternal characteristics (date of birth, parity, ethnicity,

educational level), lifestyle factors (periconceptional smoking and
alcohol consumption, physical exercise, folic acid supplement use),
and mode of conception were collected through questionnaires.
Parity was dichotomised into nulliparous andmultiparous. Ethnicity
was transformed into a dichotomous variable, differentiating
western from non-westernwomen according to the classification of
the Dutch central bureau of statistics (CBS) [28]. Educational level, as
an indicator of socio-economic status, was categorised as either low,
intermediate, or high according to the classification of the CBS [29].
Periconceptional smoking and alcohol consumption were dichoto-
mous variables (yes/no), and a participant was classified as ‘smoker’
or ‘alcohol consumer’ when she was smoking or drinking alcohol 8
weeks before till 4 weeks after conception. Physical exercise was a
dichotomous variable (yes/no). Folic acid supplement use was a
categorised variable with the following categories: ‘yes, with
vitamin’, ‘yes, 0.4/0.5 mg’, ‘yes, 5.0 mg’ and ‘no’. Mode of conception
was either natural or with IVF/ICSI.

Maternal age was calculated by subtracting the maternal date of
birth from her due date as a continuous variable. BMI was a
continuous variable and has been calculated as weight (kg)/height2

(m), which were measured during a visit in the first trimester. In-
formation on the sex of the infant (male/female) was collected
through requested delivery reports and post-partum questionnaires.
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2.3. Statistical analysis
To study whether there are differences in participant charac-

teristics between those who have a high PEI-UPF and those who
have a low PEI-UPF, the participants were categorized according to
PEI-UPF quartiles. The difference in characteristics among the PEI-
UPF groups was tested using chi-square for categorical variables,
and KruskaleWallis or ANOVA for continuous variables with
skewed or normal distribution respectively.

The PEI-UPF was used in mixed model analyses to study its as-
sociation with EV and CRL trajectories (primary analysis). We used
the square root of the CRL measurements and the cube root of the
EV measurements, to approach a linear association of the embry-
onic measurements with gestational age. A Directed Acyclic Graph
was used to determine which covariates should be adjusted for in
the mixed model analyses (Supporting Material 3). Multivitamin
use was excluded for analysis because it turned out to be too het-
erogeneous. A top-down strategy was used for model selection. For
all continuous covariates, we tested the linearity of the association
by adding non-linear terms. We have tested interaction terms be-
tween the exposure and all the maternal covariates to study po-
tential effect modification, and between the covariates (BMI*age,
smoking*alcohol consumption, smoking*age and alcohol*age) to
increase model fit. No effect modification was revealed and none of
the interactions terms improved our model fit, so we restricted our
regression model to a linear model without interaction terms. This
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resulted in linear mixed models adjusted for gestational age, foetal
sex, maternal age, ethnicity, parity, folic acid use (dichotomous),
periconceptional alcohol consumption, periconceptional smoking,
periconceptional physical activity, educational level, and BMI. The
models included a random intercept and a random slope for
gestational age. A nested effect was included to adjust for women
who recurrently participated in the Predict study with different
pregnancies.

To test whether the association between UPF consumption and
embryonic growth could be completely explained by the low
nutritional quality of the diet [30,31], we additionally adjusted the
model for macro- and micronutrients which can play an important
role in this association [8,32e34]. These included saturated fatty
acids and vitamins B1, B2, B6, B11 and B12, and zinc. Additionally, to
study the potential positive effect of consumption of unprocessed
or minimally processed foods (MPF) on embryonic growth (sec-
ondary analysis), the PEI-UPF was replaced by the percentage of
energy intake fromunprocessed orminimally processed foods (PEI-
MPF). To adjust for the potential beneficial effect of the consump-
tion of MPF in respect to the potential detrimental effect of UPF on
embryonic growth, a ratio between the PEI-MPF and the PEI-UPF,
defined as the PEI-MPF divided by the PEI-UPF, was used in
another linear mixed model.

Since mode of conception can affect embryonic growth and
responses to nutritional exposures [35], a sub-analysis was per-
formed after stratification of the study population into either nat-
ural or IVF/ICSI pregnancies.

P values � 0.05 were considered statistically significant. All
analyses were performed using SPSS version 25.0 (IBM SPSS Sta-
tistics) and R version 4.0.3 (R for Windows; R Core Team).
3. Results

3.1. Baseline characteristics

Baseline characteristics of the included and excluded pregnan-
cies are shown in Supporting Material 4. The mothers of the
excluded pregnancies had a higher BMI, reported more often per-
iconceptional alcohol use, were more often of non-Dutch ethnicity,
conceived naturally more often, exercised less, had a lower total
energy intake, age and education level, and used less often folic acid
supplement than included pregnancies.

In the included study population, women had a median age of
33.0 years, 52.4% was nulliparous and the majority was of Western
origin (89.2%) and highly educated (61.9%). The median BMI was
23.5 kg/m2 and the median energy intake was 8567.7 kJ/day. Of the
participants, 63.6% conceived naturally. Periconceptional alcohol
use and smoking was reported by 34.4% and 15.6% of the partici-
pants, respectively. Less than half of the women exercised (46.0%)
and 1.3% of women reported no use of folic acid supplements (Table
1).

The contribution of ultra-processed foods ranged from 16.3% to
88.3%, with a median contribution of 47.5% (Table 1). Among the
four quartiles of PEI-UPF, increased UPF consumption was signifi-
cantly associated with a lower maternal age, lower educational
level, and a lower number of women who practise sport. In addi-
tion, increased PEI-UPF was statistically significant associated with
a higher daily energy intake, higher BMI, and higher number of
women who smoke periconceptionally. Furthermore, there was a
statistically significant difference in periconceptional alcohol use
among the four PEI-UPF quartiles.

The mean CRL at approximately 11 weeks (range 10þ1 to 11þ6)
was 46.55 mm (√CRL 6.79 mm). The mean EV at 11 weeks was 9.31
cm3 (∛EV 2.05 cm3).
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3.2. Primary analyses: associations between PEI-UPF and
embryonic growth

Table 2 shows the associations between PEI-UPF and embryonic
growth. Model 1 shows negative associations between PEI-UPF and
CRL and EV trajectories (b �0.041 (95% CI -0.074; �0.008), P value
0.02; b �0.016 (95% CI -0.030; �0.001), P value 0.04, respectively),
whichmeans that an increase of PEI-UPF by 10% decreases√CRL by
0.041 mm and ∛EV by 0.016 cm3. In essence, these associations
mean that in the total study population, at a gestational age of 11
weeks, the difference in CRL between the first and the last quartile
of PEI-UPF is 1.34 mm, which is a decrease of 3.0%, and the differ-
ence in EV between the first and the last quartile of PEI-UPF is 0.45
cm3, which is a decrease of 5.6% (Fig. 2). When additionally
adjusted for micronutrient content of diet (vitamins B1, B2, B6, B11
and B12, and zinc), the effect size for the association between PEI-
UPF with CRL and EV became smaller and non-significant, partic-
ularly after addition of vitamin B11 to the model (Table 2, model 3).
Adjustment for saturated fatty acids did not change the effect size
between PEI-UPF and CRL and EV, and the association remained
statistically significant (Table 2, model 2).

Table 3 shows the association between PEI-UPF and embryonic
growth in natural and in IVF/ICSI pregnancies. In natural preg-
nancies, the association between PEI-UPF and embryonic growth
remained significant for CRL trajectories (b �0.061 (95% CI -0.116;
�0.006), P value 0.034). Moreover, the effect size between PEI-UPF
and CRL trajectories was larger in natural pregnancies compared to
the effect size in the total study population. In essence, these as-
sociations mean that in natural conceived pregnancies, at a gesta-
tional age of 11 weeks, the difference in CRL between the first and
the last quartile of PEI-UPF is 1.96 mm, which is a decrease of 4.5%.
In IVF/ICSI pregnancies group, no association was present between
PEI-UPF and embryonic growth trajectories.

3.3. Secondary analyses: associations between PEI-MPF and
embryonic growth

The range in PEI-MPF varied from 2.3% to 77.9%. A non-
significant positive association was observed between PEI-MPF
and embryonic growth, in which a ten percentage increase in PEI-
MPF results in a 0.032 mm (95% CI -0.05; 0.068, P value 0.088)
increase of √CRL and a 0.012 cm3 increase of ∛EV (95% CI -0.005;
0.028, P value 0.154) (Table 4). Additionally, there was a positive
association between the ratio of PEI-MPF and PEI-UPF and embry-
onic growthmeasurements, though this associationwas significant
for CRL measurements only (b 0.094 (95% CI 0.013; 0.175), P value
0.025) (Table 4). This model suggests that an increase of this ratio
by 1, increases √CRL by 0.094 mm.

4. Discussion

The findings of this study show that an increased periconcep-
tional PEI-UPF is negatively associated with embryonic growth. In
our study population, at 11 weeks of gestation, CRL and EV were
respectively 3.0% and 5.6% significantly smaller in the last PEI-UPF
quartile compared to the first, when PEI-UPF has an absolute mean
increase of 24.6%. The effects for CRL were even larger in the sub-
group of natural conceived pregnancies (4.5%). When adjusted for
micronutrient content of the diet, the detrimental effect of PEI-UPF
became less strong, and lost significance for CRL and EV.

4.1. Interpretation of findings and comparison with other studies

Two hypotheses could explain the detrimental effect of PEI-UPF
on embryonic growth. First of all, the nutritional value of ultra-



Table 2
Associations between PEI-UPF and embryonic growth measurements from linear mixed models, including the number of mothers, pregnancies and measurements.

Model by outcome measurement Effect size 95% CI P value Mothers (n) Pregnancies (n) Measurements (n)

PEI-UPF (for each 10% increase)
√Crown-rump length (mm)
Model 1 �0.041 �0.074; �0.008 0.017 580 612 1707
Model 2 �0.043 �0.076; �0.009 0.015 580 612 1707
Model 3 �0.038 �0.079; 0.002 0.064 578 610 1701

∛Embryonic volume (cm3)
Model 1 �0.016 �0.030; �0.001 0.039 566 597 1552
Model 2 �0.016 �0.031; �0.001 0.034 566 597 1552
Model 3 �0.015 �0.033; 0.003 0.108 564 595 1546

Model 1 is adjusted for gestational age, foetal sex, maternal age, ethnicity, parity, folic acid use, periconceptional alcohol consumption, smoking and physical activity,
educational level, total energy intake and BMI.
Model 2 is as model 1, but additionally adjusted for saturated fatty acid intake.
Model 3 is as model 1, but additionally adjusted for vitamins B1, B2, B6, B11 and B12, and zinc.

Table 1
Baseline characteristics of the study population (n ¼ 701) of women in the periconception period stratified for PEI-UPF quartiles (Q)*.

Characteristics Total
(n ¼ 701)

Q1
16.26e40.22%
(n ¼ 175)

Q2
40.23e47.53%
(n ¼ 176)

Q3
47.54e54.82%
(n ¼ 175)

Q4
54.83e88.31%
(n ¼ 175)

P valuey

Age, in years <0.001
Measured 33.0 (30.3e36.1) 33.9 (31.3e36.7) 33.7 (31.0e36.2) 32.2 (29.9e35.6) 31.9 (29.4e35.0)
Missing data 0 0 0 0 0

Parity 0.912
Nulliparous 344 (52.4) 84 (52.2) 90 (54.5) 85 (50.6) 85 (52.1)
Missing data 44 14 11 7 12

Ethnicity 0.104
Western 606 (89.2) 146 (84.4) 161 (93.1) 152 (89.4) 152 (89.9)
Missing data 22 4 4 7 7

Educational level <0.001
High 420 (61.9) 136 (78.6) 105 (61.4) 98 (57.6) 84 (49.4)
Intermediate 209 (30.8) 33 (19.1) 56 (32.7) 61 (35.9) 62 (36.5)
Low 49 (7.2) 4 (2.3) 10 (5.8) 11 (6.5) 24 (14.1)
Missing data 23 4 6 7 6

Energy intake (kJ/d) <0.001
Measured 8567.7 8012.5 8535.1 8573.8 9145.4

(7578.6e9755.6) (7389.7e9050.2) (7581.4e9673.7) (7672.3e9921.3) (7916.2e10612.1)
BMI (kg/m2) 0.001
Measured 23.5 (21.5e26.5) 23.2 (21.2e25.7) 22.9 (21.2e25.3) 24.0 (21.7e27.0) 24.2 (22.0e27.7)
Missing data 0 0 0 0 0

Mode of conception 0.376
Natural 446 (63.6) 117 (66.9) 103 (58.5) 115 (65.7) 111 (63.4)
IVF-ICSI 255 (36.4) 58 (33.1) 73 (41.5) 60 (34.3) 64 (36.6)

Alcohol 0.040
Any use 233 (34.4) 63 (37.1) 58 (33.7) 68 (40.5) 44 (26.2)
Missing data 23 5 4 7 7

Smoking <0.001
Any use 106 (15.6) 15 (8.8) 19 (11.0) 33 (19.6) 39 (23.1)
Missing data 22 5 4 7 6

Physical exercise 0.004
Practises 312 (46.0) 95 (55.6) 83 (48.5) 72 (43.1) 62 (36.7)
Missing data 23 4 5 8 6

FA supplement use 0.646
Yes, with vitamin 362 (53.3) 92 (53.8) 90 (52.6) 90 (53.6) 90 (53.3)
Yes, 0.4/0.5 mg 291 (42.9) 73 (42.7) 78 (45.6) 69 (41.1) 71 (42.0)
Yes, 5.0 mg 17 (2.5) 5 (2.9) 3 (1.8) 5 (3.0) 4 (2.4)
No 9 (1.3) 1 (0.6) 0 4 (2.4) 4 (2.4)
Missing data 22 4 5 7 6

Data are presented as number of individuals (%) or as median (IQR). BMI ¼ body mass index; FA ¼ folic acid.
*Q1 includes women with the lowest PEI-UPF (16.26e40.22% of their total energy intake), whereas Q4 includes the women with the highest PEI-UPF (54.83e88.31% of their
total energy intake).
yP value indicates whether the difference in characteristic among the PEI-UPF quartiles was statistically significant.
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processed foods is generally poor, as they often contain a large
amount of added sugars and saturated fat [14,15]. Therefore,
increased consumption of UPF may result in a decreased diet
quality and increased energy intake. Previous reports have associ-
ated deficiencies or excesses in a range of macro- and micro-
nutrients with significant impairment in foetal development
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[8,36]. In the current study, the association between UPF and em-
bryonic growth became less strong and non-significant when
adjusting for the B vitamins (B1, B2, B6, B11, B12) and zinc, partic-
ularly due to vitamin B11, whereas the associations remained after
adjustment for saturated fatty acid. Since we did not examine all
the relevant aspects of diet in relation to UPF (e.g. other macro- and



Fig. 2. Graphical representation of model 1 in Table 2: Predicted embryonic growth trajectories (crown-rump length and embryonic volume), stratified for PEI-UPF quartiles (Q),
with Q1 35.7%, Q2 44.0%, Q3 50.7% and Q4 60.3%.

Table 3
Associations between PEI-UPF and embryonic growth measurements from linear mixed models, including the number of mothers, pregnancies and measurements, stratified
for natural and IVF/ICSI pregnancies.

Model by outcome measurement Effect size 95% CI P value Mothers
(n)

Pregnancies
(n)

Measurements
(n)

PEI-UPF (for each 10% increase)
√Crown-rump length (mm)
Natural �0.061 �0.116; �0.006 0.034 376 395 1116
IVF/ICSI �0.001 �0.041; 0.039 0.94 212 223 585

∛Embryonic volume (cm3)
Natural �0.023 �0.046; 0.001 0.062 367 386 1014
IVF/ICSI 0.004 �0.016; 0.025 0.562 219 230 641

Models for natural pregnancies are adjusted for gestational age, foetal sex, maternal age, ethnicity, parity, folic acid use, periconceptional alcohol consumption, smoking and
physical activity, educational level, total energy intake and BMI.
Models for IVF/ICSI pregnancies are adjusted for gestational age, foetal sex, maternal age, folic acid use, periconceptional alcohol consumption and smoking, educational level,
total energy intake and BMI.

Table 4
Associations between PEI-MPF and embryonic growth measurements from linear mixed models, including the number of mothers, pregnancies and measurements.

Model by outcome measurement Effect size 95% CI P value Mothers (n) Pregnancies (n) Measurements (n)

PEI-MPF (for each 10% increase)
√Crown-rump length (mm)
Model 1 0.032 �0.05; 0.068 0.088 580 612 1707

∛Embryonic volume (cm3)
Model 1 0.012 �0.005; 0.028 0.154 566 597 1552

Ratio (PEI MPF/PEI UPF)
√Crown-rump length (mm)
Model 1 0.094 0.013; 0.175 0.025 580 612 1707

∛Embryonic volume (cm3)
Model 1 0.036 �0.002; 0.072 0.052 566 597 1552

Model 1 is adjusted for gestational age, foetal sex, maternal age, ethnicity, parity, folic acid use, periconceptional alcohol consumption and smoking, physical activity,
educational level, total energy intake and BMI.
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micronutrients), conclusions on which dietary factors might
mediate the effect of PEI-UPF consumption on embryonic growth
cannot be established from this study. In addition, the associations
between the ratio PEI-MPF/PEI-UPF and embryonic growth mea-
surements (Table 4) were comparable to the association between
the results shown for PEI-UPF alone (Table 2). For the PEI-MPF/PEI-
UPF ratio, the difference in CRL between Q1 and Q4 at 11 weeks of
gestational age was 1.22 mm. For EV this difference was 0.42 cm3

(data not shown). These outcomes suggest that PEI-UPF is a key
player in maternal diet affecting embryonic growth, though the
underlying mechanism should be elucidated. A second hypothesis
concerns other properties of UPF beside their nutritional quality,
such as food additives and the physical structure of UPF [37].
Although the levels of food additives are regulated for each
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individual food product to protect the consumers against adverse
effects, the effect of their long-term cumulative consumption on
health are not always completely clear [38]. It has been argued that
additives affect the gut microbiota composition, function and bac-
teriaehost interactions [39]. Furthermore, the physical structure of
the food matrix can be altered during processing, which can
interfere with the nutrient bio-accessibility and absorption ki-
netics. This subsequently affects the gut microbiota composition,
metabolism, and growth [39]. Alterations in the gut microbiome
due to dietary changes could result in dysbiosis and microbiota
encroachment, leading to intestinal inflammation [40]. Further-
more, differences in the gut microbiome have been associated with
gestational weight gain [41] and gestational diabetes [42]. Even
more so, studies in rodents show that the loss of microbiota
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diversity due to a western diet can be transferred to later genera-
tions [43], emphasizing the importance of the maternal diet for the
microbiome of their offspring.

Our results show that the association between PEI-UPF and
embryonic growth in this study is likely driven by naturally
conceived pregnancies. However, there is not sufficient power to
stratify each analysis by mode of conception. The absence of an
effect of PEI-UPF on embryonic growth in IVF/ICSI pregnancies is in
line with our previous findings in the same cohort [9,44]. This
might be explained by the underlying subfertility or the procedure
of IVF and ICSI itself. There is a considerable amount of evidence
that shows the influence of IVF on epigenetic modifications of the
embryo [35]. The underlying cause of subfertility or the IVF/ICSI
procedure might have a larger effect on embryonic growth, there-
fore diminishing the association between PEI-UPF and embryonic
growth.

In comparison to previous found associations betweenmaternal
lifestyle with embryonic growth, the association between peri-
conceptional maternal PEI-UPF and embryonic growth is compa-
rable in effect size to maternal smoking (>10 cigarettes a day)
[1,45]. In addition the effect size is larger than with maternal
alcohol use (any use) [1,45]. Another paper identified a maternal
diet comprising a high consumption of fish and olive oil and a low
consumption of meat as beneficial for embryonic growth in natural
pregnancies [9]. Both fish and meat could fit in multiple NOVA
categories, while olive oil fits in the processed culinary ingredients
category. Considering food processing, we expect that the benefi-
cial association between fish and embryonic growth that has been
found results mostly from fresh, unprocessed fish consumption,
and that the detrimental association between meat and embryonic
growth results mostly from processed meats. However, the lack of
information about the amount of processing in the study by Parisi
et al. [9] makes it difficult to make proper comparisons. Embryonic
growth trajectories in the first trimester of pregnancy associate
with birth weight and risk of delivering small for gestational age
infant [5,46]. Furthermore, decrease in first trimester CRL is asso-
ciated with growth acceleration in early childhood [3].
4.2. Strengths and limitations

Amajor strength of this study is that the Predict cohort provides
a unique collection of many longitudinal high quality 3D US-scans
in the first trimester of pregnancy, which enabled very precise
embryonic growth measurements, performed using state-of-the-
art virtual reality techniques. Additionally, the extensive collec-
tion of participant characteristics reduced the risk of confounding
bias. Besides, women with high intake of UPF might be socially
disadvantaged. However, we considered education level as a proxy
for socio-economic status and adjusted for lifestyle factors highly
associated with socio-economic status. Educational level is
considered the strongest indicator of socio-economic status as it
reflects health literacy and ability to receive and seek for infor-
mation and act on this. As the estimates between the crude and
adjusted model (which included indicators of socio-economic sta-
tus) were quite similar, we think it is unlikely that residual con-
founding explained our results. Another important aspect of our
study is the variation of PEI-UPF in our population (from 16% to
88%), as it allowed us to properly study the effect of PEI-UPF on
embryonic growth throughout the full range of exposure. Though
there are no national data available in the Netherlands, a study by
Monteiro et al. (2018) estimated the median average household
energy availability for UPF in nineteen European countries at 26.4%
[13]. Compared to the previous value, the energy contribution of
UPF to the diet of our population (median 47.5%) seems high.
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However, this number is comparable to the UPF household energy
availability found in North-West European countries [13].

This study has some limitations as well. Firstly, the external
validity of the results might be limited, as participants were
recruited in a tertiary referral hospital, resulting in a study popu-
lation mainly consisting of high-risk pregnancies. Secondly, we
observed differences in BMI, lifestyle and socio-economic factors
between included and excluded pregnancies. As in most observa-
tional cohort studies, included participants are in general healthier,
have a healthier lifestyle and are of higher socio-economic status.
Although we can only speculate about this, as we do not have the
data for the excluded pregnancies, we think it is highly unlikely that
this resulted in selection bias, as the association between peri-
conceptional maternal PEI-UPF and embryonic growth likely has
the same direction in the excluded pregnancies. Thirdly, 37.1% of
the women with a completed FFQ were excluded from analysis for
underreporting of their energy intake, even though the FFQ is a
validated questionnaire for dietary intake. Moreover, sensitivity
analysis using 99% CI for Gold-burg cut-off showed similar out-
comes. Reasons for underreporting can be due to the length of the
FFQ, as well as participants deliberately altering their answers
because they felt embarrassed by their food consumption [47]. In
addition, under reporters had a higher BMI than women who did
not underreport (data not shown). This is consistent with previous
studies that state that underreporting is more common in over-
weight individuals [47]. Fourthly, though eventual agreement was
reached among three researchers, discussions concerning whether
certain food products were mostly bought ready-to-consume or
were more often freshly prepared arouse during the classification.
Therefore some misclassification of food products into NOVA cat-
egories could have occurred. This non-differential misclassification
most likely underestimated the effect, although the possibility of
overestimation cannot be ruled out.
4.3. Implications for research and practice

The high PEI-UPF in our study population shows that there is a
great window of opportunity for interventions discouraging the
consumption of UPF during the periconceptional period and
pregnancy [48]. This can be also achieved through implementing
policies that focus on maintaining the affordability of unprocessed
foods, while increasing the ultra-processed food costs (e.g. by
means of taxes). Future research to study what aspects of UPF in-
fluence embryonic growth and whether the detrimental effect of
PEI-UPF on embryonic growth observed in our population remain
visible after the first trimester of pregnancy is warranted.
5. Conclusion

To our knowledge, this study is the first to show a negative as-
sociation between a high periconceptional maternal consumption
of ultra-processed foods and impaired embryonic growth. Our
findings underline the importance of periconceptional maternal
diet on embryonic growth. Reducing UPF consumption might be a
promising topic to improve pregnancy outcomes and long-term
maternal and neonatal health.
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