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Abstract

Purpose Maternal nutrition during pregnancy is key for offspring neurodevelopment. Given the role of glucose in brain
function, assessing carbohydrate quantity and quality, including glycemic index (GI), glycemic load (GL) and carbohydrate
quality index (CQI), may provide insights into early brain development. This study examined the associations between
maternal dietary carbohydrate intake and neurodevelopmental outcomes in early childhood.

Methods The prospective cohort study included 1080 mother—child pairs from the Barcelona Life Study Cohort. Maternal
dietary carbohydrate intake, GI, GL and CQI were assessed during mid-pregnancy using a food frequency questionnaire.
Child neurodevelopment was evaluated at 8 and 28 months using the Developmental Profile 3 (DP-3) and at 18 months using
the Bayley Scales of Infant and Toddler Development (BSID-III). Associations were analyzed using multivariable linear
regression models adjusted for relevant maternal and child covariates.

Results Increased maternal carbohydrate intake, GI, and GL were inversely associated with language development (B (95%
CI): —2.67 (—5.13,-0.21), — 2.73 (— 5.21, — 0.26), — 3.51 (— 5.96, — 1.07) respectively) and receptive language (B (95%
CI): — 0.58 (- 1.07, — 0.08), — 0.54 (— 1.04, — 0.04), — 0.70 (— 1.20, — 0.21) respectively) at 18 months, as measured by the
BSID-III, although these associations were attenuated after adjustment for maternal and child covariates. Increased GI and
lower CQI were associated with lower gross motor scores (B (95% CI): — 0.49 (— 0.84, — 0.15), 0.39 (0.06, 0.71) respec-
tively) at 18 months (BSID-III), as well as reduced motor development (f (95% CI): — 3.2 (= 5.50,—0.76),2.22 (— 0.1, 4.54)
respectively) at 8 and 28 months (DP-3).

Conclusions Maternal carbohydrate quality during pregnancy may influence early neurodevelopment, particularly motor
outcomes. Emphasizing low-GI, low-GL and high-CQI carbohydrate sources during pregnancy could support favorable
developmental trajectories in offspring.

Keywords Maternal nutrition - Neurodevelopment - Carbohydrate intake - Glycemic index - Early childhood

Introduction The in-utero period is fundamental for neurogenesis and
synaptogenesis. Consequently, the brain is particularly vul-
The prenatal environment exerts a pivotal influence in shap- nerable to environmental influences, including maternal

ing postnatal cognitive performance, particularly during  nutrition, which can exert long-term effects on cognitive
critical windows of brain development, characterized by = outcomes [1, 2].
accelerated brain growth and heightened neural plasticity.
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Extensive literature has documented the importance of
several key nutrients, such as folate, iron, zinc, iodine and
choline, which deficiencies during pregnancy are associated
with significant offspring cognitive impairments [3, 4]. In
addition to developmental disorders resulting from specific
nutrient deficiencies during pregnancy, recent studies have
suggested that maternal dietary patterns significantly influ-
ence offspring developmental abilities. Diets rich in docosa-
hexaenoic acid, arachidonic acid and polyunsaturated fatty
acids have been associated with improved neuromotor and
language development, while higher trans fatty acid intake
is associated with lower social-emotional and language
scores [5]. Moreover, diets characterised by high protein
and micronutrient density during pregnancy have been
associated with enhanced gross motor skills and problem-
solving abilities [6]. Furthermore, high adherence to the
Mediterranean Diet is associated with higher cognitive and
language scores, as well as a reduced likelihood of commu-
nication delays in infants [7].

Despite extensive evidence linking various macro and
micronutrients to neurodevelopment, few studies have
examined the relation with [8, 9] dietary carbohydrates,
even though they contribute to more than half of the total
energy intake in a balanced diet. Carbohydrates are the pri-
mary energy source for pregnancy, supporting fetal growth
and development [10]. Glucose is essential for synthesizing
compounds required for brain signalling, structural devel-
opment and remodelling [11]. In adults, carbohydrates can
have both beneficial and detrimental effects on cognitive
health, depending on their quality. Minimally processed
carbohydrates, such as whole grains, seeded bread, pulses,
legumes, fruits and nuts, have been associated with a lower
risk of cognitive impairment [12], while diets high in refined
grains, added sugars and sweetened beverages are positively
associated with an increased rate of cognitive decline [13].
Taken these findings together, we hypothesize that both the
quantity and quality of maternal carbohydrate intake dur-
ing pregnancy may influence early neurodevelopmental
outcomes in infants. Dietary glycemic index (GI), glycemic
load (GL) and carbohydrate quality index (CQI) emerge as
important tools for evaluating both the amount and qual-
ity of maternal carbohydrate intake on child neurodevelop-
ment. GI measures the rate at which glucose is released after
consuming a carbohydrate containing food, relative to a ref-
erence intake such as glucose or white bread. GL comple-
ments GI by considering the available carbohydrate content
per serving, providing a more comprehensive assessment of
food’s impact on blood glucose level [14]. CQI evaluates
carbohydrate quality by considering GI, fiber, the ratio of
whole grains to total grains, and the ratio of solid carbo-
hydrates to total carbohydrates consumed [15]. Together,
GI, GL, and CQI offer a comprehensive evaluation of
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carbohydrate quality and its impact on glucose metabolism.
Therefore, the present study aims to explore the association
between the amount of maternal dietary carbohydrate intake
and its quality, assessed by dietary GI, GL and CQI during
pregnancy, and neurodevelopmental outcomes in children,
with follow-up assessments at 8, 18 and 28 months of age.

Methods
Study population

The present study was conducted within the Barcelona Life
Study Cohort (BiSC), which recruited 1080 mother—child
pairs from the Barcelona metropolitan area between 2018
and 2021. Participants were enrolled at their first routine
prenatal visit, between 11 and 15 weeks of gestation). The
inclusion criteria included a singleton pregnancy, maternal
age between 18 and 45 years, the ability to communicate
in Spanish or Catalan, residency within the study area, and
the intention to deliver at one of the three main university
hospitals in Barcelona. We excluded those women residing
outside the catchment area, aged<18 years or>45 years,
illiterate, with a multiparous pregnancy or having a fetus
with known congenital anomalies. The study was approved
by the institutional Ethical Committees from the Parc de
Salut Mar (2018/8050/1), Medical Research Committee of
the Fundacié de Gestio Sanitaria del Hospital de la Santa
Creu i Sant Pau de Barcelona (EC/18/206/5272) and Ethics
Committee of the Fundacié Sant Joan de Déu (PIC-27-18).
All participants provided informed consent before partici-
pating [16].

The present analysis was carried out on a subset of
800 mother—child pairs, selected based on the availability
of maternal dietary data assessed from completed Food
Frequency Questionnaires (FFQ) and neurodevelopmen-
tal assessments of the children at different ages. Women
with incompleted FFQ or implausible total energy intakes
(<500 kcal/day or>3500 kcal/day) were excluded from the
analysis [17] (Fig. 1).

Measurements
Maternal carbohydrate consumption

Maternal dietary intake was assessed using a self-adminis-
tered 114-item semiquantitative FFQ, specifically modified
and calibrated for pregnant women and administered during
the 2nd trimester of pregnancy, which collected informa-
tion on dietary intake during the previous year[18]. Daily
nutrient intake was estimated by multiplying the reported
frequency of consumption by the standard portion size and
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Fig. 1 Flowchart of study popula-
tion. Abbreviations: FFQ, food
frequency questionnaire; BSID-III,

Mother-child pairs enrollled

n=1080

Bayley Scales of Infant and Tod-
dler Development; DP-3, Develop-
mental Profile 3

No data on BSID-III at 18
months

n =205

Women without FFQ n=255

—| Women with <500 or >3500 kcal/day n=25

\4

Mother-child pairs with data on
carbohydrate intake

n=3800

No data on DP-3 at 8 and/or
28 months

n=474

JV 4

Mother-infant pairs with BSID-III at 18 months

n=595

Mother-infant pairs with DP-3 at 8 and 28 months

n=326

its nutrient content, based on the Spanish food composition
tables [19-21].

GI values for each FFQ item were assigned using inter-
national GI tables [22], with glucose as the reference and
assigning GI values following a previously described step-
based method [23]. GL was calculated by multiplying the
net carbohydrate intake of each item (in grams per day) by
its GI and dividing the result by 100. The total GL for each
participant was the sum of the GL values across all FFQ
items. Dietary GI was then determined by multiplying the
total GL by 100 and dividing the result by the participant’s
total carbohydrate intake (grams per day) [23]. The CQI for
each participant was determined based on four components:
dietary fiber intake (grams per day), dietary GI, the ratio of
whole grains to total grains, and the ratio of solid carbohy-
drates to total carbohydrates. For each component, partici-
pants were categorized into quintiles and were given a value
(score 1 to 5) according to each quintile, except GI, where
high GI received lower score. Then, the overall CQI was
calculated as the sum of the scores for the four components
(from 4 to 20) [15].

Outcomes: child neurodevelopment

Child neurodevelopment was assessed using the Spanish
validated version of two standardized psychometric scales:
the Bayley Scales of Infant and Toddler Development, Third
Edition (BSID-III) [24], and the Developmental Profile 3
(DP-3) [25]. At the 18-month follow-up hospital visit, the

BSID-III was individually administered by a experienced
neuropsychologist, trained in the standardized use of the
Bayley scales, and blinded to maternal dietary data. This
assessment evaluates three key domains of development: (i)
the cognitive scale; (ii) the language scale, which includes
both receptive and expressive communication; and (iii) the
motor scale, measuring fine and gross motor skills [5, 26].
Raw scores for each primary scale (cognitive, language, and
motor) were standardized to a mean of 100 and a standard
deviation of 15, while subscales (receptive and expres-
sive communication, and fine and gross motor skills) were
standardized to a mean of 10 and a standard deviation of
3, following commonly accepted standardization practices.
The DP-3 was completed by parents at the 8 and 28-month
follow-ups. This DP-3 is designed to assess developmental
strengths and weaknesses across five key domains: adaptive
behaviour, socioemotional development, cognition, com-
munication, and motricity. It also provides a global index
of child development. Raw scores for each domain were
standardised to a mean of 100 and a standard deviation of
1527, 28].

Statistical analysis

The general characteristics of the study population are pre-
sented as the mean and standard deviation (SD) for nor-
mally distributed variables, while non-normally distributed
variables are reported as the median and interquartile range
(IQR). Categorial variables are expressed as percentages.

@ Springer
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Maternal and child characteristics across tertiles of mater-
nal dietary GI, GL and CQI were analyzed using either the
Kruskal-Wallis or chi-squared test, depending on the type
of variable.

Participants were categorized into tertiles based on
maternal dietary carbohydrate intake, GI, GL and CQI. The
associations between these maternal dietary exposures and
child neurodevelopment were evaluated using multivariate
linear regression analysis. Specifically, child performance
on the BSID-IIT at 18 month was analyzed using a classi-
cal linear model, while a linear mixed-effects model was
used to assess DP-3 performance across 8- and 28-month
evaluations. The p-trend for the model was calculated by
incorporating the median value of each tertile in the multi-
variate model. In addition, the exposures were also analyzed
as continuous variables to assess linear associations across
the full range of values.

To examine the influence of covariates on effect esti-
mates, results are presented across multiple models. Covari-
ates were obtained from a combination of face-to-face
interviews, online questionnaires, hospital records and clini-
cal and physical examinations, all of them collected during
pregnancy and early childhood. Missing data for covariates
was handled using multiple imputations by chained equa-
tions (MICE). The quality of the imputation process was
assessed by comparing observed and imputed data through
density plots.

Model 1 assessed the crude association between expo-
sure and outcome. Model 2 was adjusted for maternal age
at enrolment, as well as child sex and age at the time of
cognitive assessment. Model 3 included additional adjust-
ments for a range of maternal factors; including body mass
index (BMI; kg/m?) at enrolment, total energy intake (kcal/
day) assessed at 2nd trimester of pregnancy, smoking habits
during pregnancy (yes, no), socioeconomic status (medium
to low and high) and education level (primary or less, sec-
ondary, university studies). Furthermore, Model 3 was also
adjusted for maternal adherence to Mediterranean Diet,
evaluated using the Mediterranean Diet Adherence Screener
(MEDAS; categorized as a score of <8 or>8) [29], physical
activity level, assessed using the Pregnancy Physical Activ-
ity Questionnaire (PPAQ); expressed in metabolic equivalent
task hours per week (MET-h/week)) [30], and the presence
of gestational diabetes. Additionally, Model 3 also incorpo-
rated child-related variables, including birth weight, pre-
maturity (yes, no), type of feeding (breastfeeding, infant
formula, mixed) and delivery type (caesarean, vaginal).

Further sensitivity analysis was conducted to explore
the impact of adjustment for maternal ethnicity. A second-
ary analysis was performed on the subset of participants
with available information regarding the type of feeding
at 18 months of age (breastfeeding, infant formula, mixed)
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(n=565). Results from multivariate regression analysis are
reported as P coefficients and their 95% confidence inter-
val (CI). Statistical significance was set at p-value<0.05.
All statistical analyses were conducted using the R software
(version 4.2.3; R Foundational for Statistical Computing in
Vienna, Austria).

Results
Characteristics of study population

A total of 800 pregnant women completed the FFQ and
had plausible energy intake estimates (Fig. 1). The median
maternal age was 35 years old, with a BMI within the nor-
mal range (median of 23 kg/m?). Most women were col-
lege-educated (75.5%), non-smokers (94.7%), reported
medium to low financial status (64.1%), were from Cauca-
sian ethnicity (79.9%) and did not develop gestational dia-
betes (92.6%). The majority of children in the cohort were
delivered vaginally (75.9%), born at term (96.5%), and had
a birth weight within the normality (median of 3320 g). In
the first 15 days of life, most of the children were breastfed
(71.3%), while a smaller percentage were fed by infant for-
mula (5.6%) (Table 1, S1 and S2). The median maternal car-
bohydrate intake was 199 g/day, contributing to 42% of the
total energy intake. The median GI was 45, the GL was 91
and the CQI was 14. Among food groups, bread and cere-
als were the main contributors to total carbohydrate intake,
dietary GI and dietary GL (Fig. S1).

Associations of maternal carbohydrate quantity
and quality consumption with child BSID-lII
performance at 18 months of age

Increased carbohydrate consumption was inversely associ-
ated with language development and receptive language in
both the crude (B coefficient (p-trend): — 2.59 (0.03), — 0.56
(0.02) respectively) and minimally adjusted models (B coef-
ficient (p-trend): — 2.67 (0.03), — 0.58 (0.02) respectively).
However, in the fully adjusted model, which included
maternal and child-related variables, these associations
were no longer significant, although the inverse direction
of the association remained (Table 2). A sensitivity analy-
sis that included maternal ethnicity revealed similar results,
remaining non-significant (Tables S4). In a secondary anal-
ysis, replacing the type of lactation during the first 15 days
of life with the type of lactation at 18 months of age did not
affect the results, which remained non-statistically signifi-
cant (Table S5).

Dietary GI was negatively associated with both lan-
guage development and receptive language in the crude
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Table 1 Characteristics of study population

Maternal characteristics, n=3800

Carbohydrate intake (g/day)

Carbohydrate contribution to energy intake (%)
Protein contribution to energy intake (%)

Fat contribution to energy intake (%)
Glycemic index (%)

Glycemic load

Carbohydrate Quality Index

Age (years)

Body Mass Index (kg/m?)

Total energy intake (kcal/day)

Smoking during pregnancy, n (%)

Yes

No

Financial status, n (%)

High

Medium to low

Education level, n (%)

Secondary school or below

University studies

Ethinicity, n (%)

Caucasian

Other

Mediterranean Diet Adherence Screener, n (%)
High adherence (>8)

Low adherence (<8)

Pregnancy Physical Activity Questionnaire (MET-h/week)
Gestational diabetes, n (%)

199.23 [161.09, 245.69]
42.97 [38.51, 47.45]

17.97 [16.15, 19.97]

18.25 [16.57, 19.85]

44.72 [40.87, 50.06]
91.25[69.25, 118.14]

14 [12, 16]

34.78 [31.85, 37.20]

23.16 [21.18, 25.60]
1893.91 [1535.28, 2277.44]

42 (5.25)
758 (94.75)

287 (35.87)
513 (64.13)

196 (24.50)
604 (75.50)

639 (79.88)
161 (20.12)

478 (59.75)
322 (40.25)
163.11 [119.63, 219.16]

Yes 59 (7.37)
No 741 (92.62)
Child characteristics, n=800

Sex, n (%)

Male 403 (50.37)
Female 397 (49.62)
Birth weight (g) 3320 [3030, 3584]
Prematurity, n (%)

Yes 28 (3.50)
No 772 (96.5)
Type of lactation at 15 days, n (%)

Breastfeeding 571 (71.37)
Infant formula 45 (5.62)
Mixed 184 (23)
Delivery type, n (%)

Caesarean 193 (24.12)
Vaginal 607 (75.87)

Data are expressed as median [IQR] for continuous variables, or number (percentage) for categorical variables

(B coefficient (p-trend): — 2.58 (0.04), — 0.53 (0.04)
respectively) and minimally adjusted models (B coeffi-
cient (p-trend): — 2.73 (0.03), — 0.54 (0.04) respectively)
(Table 3). However, the fully adjusted model and sensitivity
analyses adjusting for maternal ethnicity or accounting for
infant feeding type at 18 months showed that these associa-
tions were no longer statistically significant (Tables S4-5).

In contrast, GI showed a consistent inverse association with
gross motor development across crude, minimally and fully
(B coefficient (p-trend): — 0.49 (0.01)) adjusted models
(Table 3). These findings remained statistically significant
in sensitivity analyses controlling for maternal ethnicity or
infant feeding type at 18 months (Tables S4-5). Dietary GL
was also negatively associated with language development

@ Springer
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Table 2 Associations between dietary carbohydrate intake during pregnancy and BSID-III infant performance at 18 months

Outcome model® Tertiles of carbohydrate intake' Ptrend Carbohydrate intake' P-value
T1 (n=202) T2 (n=202) T3 (n=191) n=>595
146.86 [132.94, 161.84] 200.02 [188.40, 214.19] 272.56 [246.73, 307.34] 199.05 [161.29, 245.30]
Cognitive development
Model 1 Ref 1.61 (—0.63, 3.85) 0.10 (-2.17,2.37) 0.967 8-107*(—0.01,0.01) 0.915
Model 2 Ref 1.46 (—0.77, 3.70) —0.01 (—2.28,2.26) 0.898  1-107*(-0.01, 0.01) 0.989
Model 3 Ref 0.76 (—1.76, 3.28) —0.75(—4.41,2.92) 0.658  —2-107(—0.03, 0.03) 0.891
Language development
Model 1 Ref 0.15(=2.27,2.58) —-2.59(=5.05,-0.13)  0.030 —0.01(—0.03,4-107% 0.055
Model 2 Ref 0.03 (=2.39, 2.45) —-2.67(-5.13,-021)  0.026 —0.01(-0.03,1-107% 0.051
Model 3 Ref —0.24 (—2.95,2.47) —2.31(—6.26, 1.64) 0.239  —-0.01(—0.04, 0.02) 0.567
Expressive language
Model 1 Ref 0.03 (—0.35, 0.42) —-0.18 (-0.57,0.21) 0328 —1-102(—4-1073,1-107%) 0.362
Model 2 Ref 0.01 (=0.37, 0.40) —0.20 (—0.58, 0.20) 0291 —1-103(—=4-107,1-107%) 0.348
Model 3 Ref —0.01 (—0.44, 0.42) —0.13 (=0.76, 0.50) 0.666 —3-107*(—=5-107,5-107%) 0.908
Receptive language
Model 1 Ref —0.01 (—0.50, 0.48) —-0.56 (—1.06,—0.06)  0.022 —3-1073(-0.01,1-10%  0.060
Model 2 Ref —0.04 (—0.53,0.44) —-0.58 (-1.07,-0.08)  0.018 —3-1073(-0.01,2:10)  0.051
Model 3 Ref —0.15 (=0.69, 0.39) —0.59 (-1.37,0.20) 0.137 —2-103(-0.01,4-107)  0.480
Motor development
Model 1 Ref —0.19 (—1.83, 1.46) —-0.60 (—2.27, 1.07) 0472 —1-1073(-0.01,0.01) 0.822
Model 2 Ref -0.12 (-1.77,1.53) —0.54 (-2.22,1.13) 0.513  —8-107(-0.01,0.01) 0.881
Model 3 Ref —0.60 (—2.48, 1.28) —0.87 (—3.61, 1.87) 0.542  6-107°(=0.01, 0.03) 0.559
Fine motor
Model 1 Ref 0.22 (=0.14,0.57) 0.01 (=0.35,0.38) 0.974 3-107*(—0.01,0.01) 0.792
Model 2 Ref 0.21 (=0.14,0.57) 0.01 (=0.35,0.37) 0.955 3-107*(-2:1073,3-107)  0.799
Model 3 Ref 0.04 (—0.37, 0.46) —0.27 (—0.87, 0.33) 0364 —9-1074(=0.01,4-107%)  0.706
Gross motor
Model 1 Ref —0.26 (—0.59, 0.07) —0.25 (—0.59, 0.08) 0.160 —8:107*(—=3-107,1-107%) 0.450
Model 2 Ref —0.24 (—0.56, 0.09) —-0.23 (-0.57,0.10) 0.198 —7-107*(=3-1073,1-107) 0.521
Model 3 Ref —0.28 (—0.65, 0.10) —0.20 (—0.74, 0.35) 0514 2:1073(—2:1072,6:107)  0.346

! Carbohydrates intake (g/day) is represented as median [IQR]

2 Results are expressed as f coefficients and 95% confidence interval estimated using linear model. Model 1: crude model; Model 2: adjusted
for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, pregnancy body
mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and maternal
gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: BSID-III, Bayley Scales of Infant

and Toddler Development

and receptive language, although the association showed a
non-significant trend (p coefficient (p-trend): — 3.13 (0.08),
— 0.58 (0.11) respectively) in the fully adjusted model
(Table 4). Additionally, adjusting for maternal ethnicity
rendered the association non-significant (Table S4), while
accounting for infant feeding at 18 months yielded similar
results (Table S5).

Maternal CQI showed a positive association with gross
motor development in all crude, minimally and fully (B
coefficient (p-trend): 0.39 (0.01)) adjusted models (Table 5).
This association remained statistically significant in sen-
sitivity analysis that included maternal ethnicity (Table
S4). However, when adjusting for infant feeding type at
18 months, similar positive trends were observed but did
not reach statistical significance (B coefficient (p-trend):
0.31 (0.07)) (Table S5).

@ Springer

Overall, higher maternal GI and GL were associated with
poorer language and receptive language outcomes in the
crude and minimally adjusted models, while GI and CQI
showed consistent negative and positive associations with
gross motor development, respectively. These associations
were attenuated or lost after adjusting for ethnicity or infant
feeding at 18 months, although the direction generally
remained.

Associations of maternal carbohydrate quantity and
quality consumption with child DP-3 performance
at 8 and 28 months of age

A weak positive association between total carbohydrate
intake and adaptive behaviour was observed in the crude
and minimally adjusted models, but this association was no
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Table 3 Associations between dietary GI during pregnancy and BSID-III infant performance at 18 months

Outcome model®>  Tertiles of dietary GI' Ptrend  Dietary GI' P-value
T1 (n=200) T2 (n=201) T3 (n=194) n=>595
39.19[37.12,40.80]  44.74 [43.65,46.03]  53.27 [50.45, 58.14] 44.69 [40.78, 49.92]
Cognitive development
Model 1 Ref 0.35(—1.90, 2.59) —1.48 (—3.75,0.78) 0.160 —0.05 (—=0.16, 0.07) 0.428
Model 2 Ref 0.37 (—1.88,2.61) —1.35(—3.64,0.93) 0.200 —0.04 (—0.16, 0.08) 0.490
Model 3 Ref 0.61 (—1.63,2.58) —1.44 (—3.76, 0.87) 0.173 —0.03 (—0.15, 0.09) 0.582
Language development
Model 1 Ref -0.76 (-3.20, 1.67)  —2.58(—5.04,-0.12)  0.036 —0.09 (-0.22, 0.33) 0.149
Model 2 Ref —0.88 (—3.32,1.56) —2.73(-5.21,-0.26)  0.028 —0.10 (-0.23, 0.02) 0.111
Model 3 Ref —0.84(=3.26,1.57)  —2.36(—4.86, 0.14) 0.061 —0.06 (—0.19, 0.07) 0.366
Expressive language
Model 1 Ref 0.08 (—0.30, 0.46) —0.20 (—0.59, 0.18) 0.252 —0.01 (—=0.03, 0.01) 0.413
Model 2 Ref 0.05(=0.33,0.43) —0.23 (-0.61, 0.16) 0.213 —0.01 (=0.03, 0.01) 0.332
Model 3 Ref 0.04 (-0.34,0.43) —0.23 (-0.63,0.17) 0.220 —0.01 (=0.03, 0.01) 0.495
Receptive language
Model 1 Ref -0.35(-0.84,0.15)  —0.53(—1.03,-0.03)  0.043 —0.02 (—0.04,0.01) 0.172
Model 2 Ref -0.35(-0.84,0.14)  —0.54(—1.04,—-0.04)  0.038 —0.02 (—0.04,0.01) 0.144
Model 3 Ref -0.33(-0.81,0.15)  —0.41(-0.91, 0.08) 0.120 —0.01 (—=0.03, 0.02) 0.601
Motor development
Model 1 Ref -0.28 (-1.93,1.36) —1.42(-3.08,0.24) 0.084 —0.04 (—0.12, 0.05) 0.393
Model 2 Ref -0.31(-1.96,1.34) —1.57(-3.25,0.10) 0.057 —0.04 (—0.13,0.04) 0.313
Model 3 Ref —0.56 (—2.24, 1.11) —1.51(—3.24,0.22) 0.085 —0.02 (—0.11, 0.07) 0.624
Fine motor
Model 1 Ref 0.15(=0.21,0.51) 0.01 (=0.35,0.37) 0.964 3-107 (—0.02, 0.02) 0.771
Model 2 Ref 0.14 (-0.22, 0.50) 0.01 (-=0.36, 0.37) 0.955 3-107 (—0.02, 0.02) 0.788
Model 3 Ref 0.14 (—0.23, 0.50) 0.04 (—0.34, 0.42) 0.881 0.01 (-0.01, 0.03) 0.482
Gross motor
Model 1 Ref -0.21(-0.54,0.12)  —0.43 (—0.77,—0.10)  0.011 —0.02 (—0.03,9-107% 0.063
Model 2 Ref -0.21 (-0.53,0.12)  —0.47 (-0.80,—0.14)  0.006 —-0.02 (—-0.03,-7-107%  0.042
Model 3 Ref —0.29 (-0.62,0.05)  —0.49 (—0.84,—0.15)  0.006 —0.02 (—0.03,2:107%) 0.078

'Dietary GI is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear model. Model 1: crude model; Model 2: adjusted
for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, pregnancy body
mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and maternal
gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: GI, glycemic index; BSID-III,

Bayley Scales of Infant and Toddler Development

longer significant in the fully adjusted model (Table 6). In
contrast, GI was negatively associated with motor develop-
ment in both the minimally and fully adjusted models (B
coefficient (p-trend): — 3.21 (0.01)), while the crude model
showed only a tendency toward statistical significance (B
coefficient (p-trend): — 2.20 (0.09)) (Table 7). This associa-
tion remained after further adjustment for maternal ethnic-
ity, or when considering the type of feeding at 18 months
(Tables S6-7). No statistically significant associations were
found between GL with child DP-3 performance (Tables 8).

Similarly, CQI was positively associated with motor
development in the minimally adjusted model (B coefficient
(p-trend): 2.29 (0.04)) (Table 9). Sensitivity analysis further
adjusting for maternal ethnicity showed similar significant
positive associations, whereas adjustment for infant feeding
type at 18 months showed a positive but non-statistically

significant association (f} coefficient (p-trend): 2.30 (0.06))
(Tables S6-7).

Considering all results together, GI showed consistent
negative associations with childhood motor development,
while CQI showed this association only in the minimally
adjusted model. Total carbohydrate intake and GL were not
associated with any outcome.

Discussion

In this prospective cohort study, increased maternal dietary
glycemic index (GI) and glycemic load (GL) during preg-
nancy were associated with lower language and receptive
language scores in children at 18 months, as measured by
the BSID-III, in the crude and minimally adjusted models.

@ Springer
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Table 4 Associations between dietary GL during pregnancy and BSID-III infant performance at 18 months

Outcome model? Tertiles of dietary GL! P trend Dietary GL! P-value
T1 (n=201) T2 (n=201) T3 (n=193) n=>595
62.5[53.5,69.9] 91.1[82.4,97.7] 132 [118, 156] 90.84 [69.80, 116.73]
Cognitive development
Model 1 Ref -0.52 (-2.77, 1.73) —0.81 (—3.08, 1.46) 0.491 —4-1073(—0.03, 0.02) 0.725
Model 2 Ref —0.56 (—2.81, 1.68) —0.84 (—-3.11, 1.42) 0.474 -4-1073 (-0.03, 0.02) 0.724
Model 3 Ref —0.99 (—3.46, 1.47) —1.58 (—4.72, 1.56) 0.337 —0.01 (—0.05, 0.03) 0.579
Language development
Model 1 Ref —1.84 (-4.27,0.59) —3.45(-5.91,-1.00) 0.006 —0.03 (-0.06,—5-107%) 0.019
Model 2 Ref —1.93 (-4.36, 0.49) —3.51 (-5.96,—-1.07) 0.005 —0.03 (-0.06,—0.01) 0.016
Model 3 Ref —1.95(—4.60, 0.71) —3.13(-6.48,0.27) 0.080 —0.02 (—0.06, 0.01) 0.199
Expressive language
Model 1 Ref —0.26 (—0.64, 0.12) —0.36 (—0.75, 0.03) 0.075 -3-1073(=0.01, 1-107%) 0.193
Model 2 Ref —0.27 (-0.66, 0.11) —0.37 (=0.75, 0.01) 0.067 -3-1073(=0.01, 1-107%) 0.169
Model 3 Ref —0.30 (-0.73,0.12) —0.42 (-0.96, 0.11) 0.140 -3-1073(-0.01, 3-107%) 0.378
Receptive language
Model 1 Ref —0.39 (- 0.88,0.10) —0.69 (—1.19,—-0.19) 0.007 —0.01 (—0.01,—6-107%) 0.029
Model 2 Ref —0.41 (—0.90, 0.08) —0.70 (—-1.20,—0.21) 0.006 —0.01 (—0.01,—8-107%) 0.024
Model 3 Ref —0.43 (-0.96, 0.10) —0.58 (—1.25,0.09) 0.107 —4-1073(—0.01, 4-107%) 0.335
Motor development
Model 1 Ref —0.45 (-2.10, 1.20) —0.84 (—2.50, 0.83) 0.328 -3-1073(-0.02, 0.01) 0.701
Model 2 Ref —0.45 (—2.10, 1.20) —0.83 (—2.50, 0.84) 0.332 -4-1073 (-0.02, 0.01) 0.685
Model 3 Ref —0.66 (—2.51, 1.18) —0.83 (—3.18, 1.51) 0.511 -3-1073 (-0.02, 0.03) 0.836
Fine motor
Model 1 Ref 0.13 (=0.23, 0.49) —0.01 (—0.38,0.35) 0.884 9:107*(—3-107%,5-107) 0.642
Model 2 Ref 0.13 (=0.23, 0.49) —0.13 (-0.38,0.35) 0.876 9-107*(—3-1073,5-107) 0.653
Model 3 Ref 0.03 (—0.37, 0.44) —0.12 (- 0.64, 0.39) 0.593 1:1073 (=5:1073, 0.01) 0.694
Gross motor
Model 1 Ref —0.29 (—0.62, 0.04) —0.31 (—0.64, 0.02) 0.082 -2:1073(=0.01, 1-107%) 0.209
Model 2 Ref —0.28 (- 0.61, 0.05) —0.30 (—0.64, 0.03) 0.086 -2:1073(=0.01, 1-107%) 0.207
Model 3 Ref —0.29 (= 0.66, 0.07) —0.29 (-0.76, 0.18) 0.271 —1-1073(—0.01, 4-107%) 0.661

'Dietary GL is represented as median [IQR]

Results are expressed as B coefficients and 95% confidence interval estimated using linear model. Model 1: crude model; Model 2: adjusted for
child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2+financial status, education, pregnancy body mass
index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and maternal gesta-
tional diabetes, child weight at birth, prematurity, type of lactation and type of deliveryAbbreviations: GL, glycemic load; BSID-III, Bayley

Scales of Infant and Toddler Development

In addition, higher maternal GI and lower carbohydrate
quality index (CQI) were consistently linked to reduced
motor development scores, as assessed by the BSID-III at
18 months and the DP-3 at 8 and 28 months. These associa-
tions remained robust across adjusted models, suggesting a
sustained influence of maternal dietary glycemic quality on
motor developmental trajectories in early childhood.

The receptive communication subscale of the BSID-
IIT assesses a broad range of early communication skills,
including preverbal behavior, vocabulary acquisition, social
referencing, and verbal comprehension. Lower scores in
this subscale indicate difficulties in fundamental develop-
mental areas such as recognizing familiar words, identifying
objects, understanding spoken instructions, following direc-
tions, and understanding fundamental concepts [31]. Thus,
the observed associations between GI, GL and language

@ Springer

outcomes on the BSID-III scale may reflect early challenges
in critical cognitive and communicative abilities influenced
by maternal dietary carbohydrate quality during pregnancy.
The gross motor subscale of the BSID-III evaluates several
aspects of early movement and play, including head con-
trol, rolling, sitting, walking and balance, all fundamental
for further neuromotor and cognitive development [31].
Similarly, the motor domain from the DP-3 assesses muscle
coordination, strength, endurance, flexibility, and the execu-
tion of sequential motor tasks [27]. The observed negative
association between GI and the positive association of CQI
with motor development scores highlights the clinical rel-
evance of these findings as impaired motor development at
these early stages may indicate delayed neuromuscular mat-
uration and could predict longer-term developmental chal-
lenges. Our findings are supported by previous research. A
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Table 5 Associations between dietary CQI during pregnancy and BSID-III infant performance at 18 months

Outcome model? Tertiles of dietary CQI P trend Dietary CQI' P-value
T1 (n=193) T2 (n=134) T3 (n=268) n=>595
11 [10, 12] 14 [14, 15] 16 [16, 17] 14 [12, 16]
Cognitive development
Model 1 Ref 0.76 (—1.77,3.29) 1.82 (=0.30, 3.95) 0.111 0.28 (—0.04, 0.61) 0.088
Model 2 Ref 0.42 (-2.13,2.97) 1.67 (—0.47,3.81) 0.162 0.26 (—0.07, 0.59) 0.128
Model 3 Ref 0.49 (—2.09, 3.07) 1.42 (—0.81, 3.58) 0.247 0.25 (= 0.09, 0.59) 0.157
Language development
Model 1 Ref —0.07 (—2.82, 2.68) 0.86 (—1.45,3.17) 0.537 0.21 (=0.15, 0.56) 0.249
Model 2 Ref —0.16 (—2.93, 2.62) 0.92 (—1.40, 3.25) 0.515 0.23 (-0.13, 0.58) 0.217
Model 3 Ref 0.27 (—2.51, 3.05) 1.37 (-1.07,3.67) 0.327 0.34 (—0.03,0.71) 0.074
Expressive language
Model 1 Ref 0.02 (—0.41, 0.45) 0.20 (—0.17, 0.56) 0.345 0.02 (—0.03, 0.08) 0.391
Model 2 Ref 0.02 (—-0.42, 0.45) 0.21 (=0.15,0.57) 0.318 0.03 (—0.03, 0.08) 0.347
Model 3 Ref 0.12 (-0.32,0.57) 0.29 (=0.09, 0.66) 0.162 0.05 (=0.01, 0.10) 0.128
Receptive language
Model 1 Ref —0.05 (=0.60, 0.51) 0.18 (—0.28, 0.65) 0.530 0.04 (—0.03,0.11) 0.302
Model 2 Ref —0.10 (—0.66, 0.46) 0.18 (—0.29, 0.65) 0.566 0.04 (—0.03,0.11) 0.301
Model 3 Ref —0.09 (—0.64, 0.47) 0.21 (—0.28, 0.67) 0.523 0.05 (—0.03,0.12) 0.208
Motor development
Model 1 Ref 1.67 (-0.18, 3.53) 0.82 (=0.73,2.38) 0.189 0.16 (—0.07, 0.40) 0.176
Model 2 Ref 1.93 (0.05, 3.80) 0.99 (—0.58, 2.56) 0.126 0.11 (-0.05, 0.44) 0.113
Model 3 Ref 1.89 (—0.03, 3.82) 0.88 (—0.76, 2.52) 0.183 0.19 (—0.06, 0.45) 0.139
Fine motor
Model 1 Ref 0.19 (=0.21, 0.60) —0.01 (=0.35,0.32) 0.879 (=0.05, 0.06) 0.833
Model 2 Ref 0.20 (=0.21, 0.60) —0.01 (-0.35,0.33) 0.877 (=0.05, 0.06) 0.828
Model 3 Ref 0.12 (=0.30, 0.55) —0.10 (—0.45, 0.26) 0.746 —0.01 (- 0.06, 0.05) 0.754
Gross motor
Model 1 Ref 0.33 (—0.04, 0.70) 0.29 (—0.02, 0.60) 0.047 0.05 (1-1073,0.10) 0.045
Model 2 Ref 0.40 (0.03, 0.78) 0.33(0.02, 0.65) 0.022 0.06 (0.01, 0.11) 0.020
Model 3 Ref 0.46 (0.08, 0.85) 0.39 (0.06, 0.71) 0.011 0.07 (0.02, 0.12) 0.005

'Dietary CQI is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear model. Model 1: crude model; Model 2: adjusted
for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, pregnancy body
mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and maternal
gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: CQI, carbohydrate quality index;

BSID-I11, Bayley Scales of Infant and Toddler Development

prospective cohort study published in 2024 identified a pos-
itive association between maternal dietary GI and the risk
of neurodevelopmental delay in children [32]. Furthermore,
the maternal consumption of moderate to high GI food dur-
ing pregnancy, such as sucrose, sugar-sweetened beverages,
low consumption of wholefoods and high processed diets,
has been associated with poorer problem-solving abilities,
deficits in verbal and visual memory, and impaired learn-
ing capacities, affecting both verbal knowledge and non-
verbal skills [8, 32, 33]. In contrast, the consumption of
fiber during pregnancy, a known modulator of postprandial
glycemic response, reduced the risk of neurodevelopmental
delay and improved the motor performance at 5—6 years old
[9, 34]. Together, these findings highlight the relevance of
our results, suggesting that early motor delays observed in

our cohort may reflect slower neuromuscular development
influenced by maternal dietary patterns during pregnancy.
One potential biological mechanism underlying these
associations could involve the insulin response required to
manage higher postprandial glycemia after consuming high-
GI and high-GL foods. Chronic exposure to elevated glu-
cose and insulin levels can trigger systemic inflammation,
which may affect fetal brain and immune system develop-
ment through epigenetic changes and inflammatory path-
ways, particularly during critical periods of central nervous
system, microglial and immune maturation [35-37]. Mater-
nal conditions characterized by systemic inflammation and
insulin resistance, such as pre-pregnancy overweight and
gestational diabetes, have been associated to an increased
risk of neurodevelopmental delays in offspring [38—40].
Additionally, compared to high-GI/GL foods, low-GI/GL

@ Springer
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Table 6 Associations between dietary carbohydrate intake during pregnancy and DP-3 infant performance at 8 and 28 months

Outcome model® Tertiles of carbohydrate intake! Ptrend Carbohydrate intake' P-value
T1 (n=100) T2 (n=119) T3 (n=107) n=326
141.72 [125.25, 157.67] 199.05 [188.78, 211.96] 270.62 [246.73, 296.08] 199.77 [162.51, 246.10]
Global Development Index
Model 1 Ref 1.52 (—1.15, 4.19) 2.64 (—-0.09, 5.37) 0.063  0.01 (—0.01, 0.03) 0.291
Model 2 Ref 1.73 (—0.86, 4.32) 2.60 (—0.05, 5.26) 0.064  0.01(-0.01, 0.03) 0.326
Model 3 Ref 0.51 (—2.50, 3.53) 1.26 (—2.94, 5.46) 0.562  —0.02 (—0.06, 0.01) 0.245
Adaptive Behavior
Model 1 Ref 0.90 (—=1.29, 3.09) 2.32(0.08, 4.57) 0.041  0.01(-5-107,0.02) 0.196
Model 2 Ref 0.95(-1.17,3.07) 2.26 (0.09, 4.43) 0.041  0.01(-5-107,0.02) 0.232
Model 3 Ref 0.10 (—2.38,2.59) 1.85(1.60, 5.30) 0.260  —0.01(—0.03,0.02) 0.684
Social-Emotional
Model 1 Ref 1.54 (—0.87, 3.96) 2.21(—0.27,4.68) 0.093  0.01 (—0.01, 0.02) 0.254
Model 2 Ref 1.46 (—0.93, 3.84) 2.03 (—0.41,4.48) 0.119  0.01 (=0.01, 0.02) 0.344
Model 3 Ref 0.80 (—2.11, 3.50) 0.69 (—3.30,4.51) 0.809  —0.02 (-0.05,0.02) 0.319
Cognitive
Model 1 Ref 2.23(—-0.21, 4.66) 2.08 (—0.42,4.58) 0.138  0.01(-0.01, 0.03) 0.206
Model 2 Ref 242 (—<0.01,4.84) 2.11(-0.37,4.59) 0.140  0.01 (-0.01, 0.03) 0.215
Model 3 Ref 0.83 (—2.00, 3.66) —0.07 (—4.01, 3.86) 0.886  —0.02 (—0.05,0.01) 0.180
Communication
Model 1 Ref 1.91 (-0.91, 4.72) 1.71 (—1.18, 4.60) 0296 5-1073(-0.01, 0.02) 0.621
Model 2 Ref 1.93 (=0.71, 4.57) 1.50 (—1.20, 4.20) 0.347  3-1073(-0.01,0.02) 0.761
Model 3 Ref 1.53 (—1.64, 4.56) 0.83 (—3.54, 5.08) 0.830  —0.02 (—0.06, 0.02) 0.292
Motor development
Model 1 Ref —1.40 (—4.09, 1.29) 0.84 (—1.92, 3.59) 0.437  —3-107(-0.02,0.01)  0.776
Model 2 Ref —0.86 (—3.27, 1.55) 1.10 (-1.37,3.57) 0298 —1:107(-0.02,0.01)  0.897
Model 3 Ref —1.53(—4.23,1.16) 1.12 (—2.62, 4.87) 0.405  —0.02 (—0.05, 0.02) 0.358

ICarbohydrates intake (g/day) is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear mixed-effects model. Model 1: crude model; Model
2: adjusted for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, preg-
nancy body mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and
maternal gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: DP3, Developmental

Profile 3

foods typically have a healthier nutritional profile, being
richer in vitamins and minerals. These micronutrient differ-
ences could also support fetal brain development and con-
tribute to improved health outcomes [5, 41]. In this context,
higher dietary CQI has been associated with lower risk of
inadequacy in meeting micronutrient recommendations
[15]. However, in our study, the associations between higher
maternal GI and lower CQI with lower child neurodevel-
opment scores remained statistically significant even after
adjusting for adherence to a Mediterranean dietary pattern,
which is itself typically rich in micronutrients. This sug-
gests that the benefits extend beyond simply adhering to a
generally healthy diet and highlights that GI, GL and CQI
can serve as useful indicators of maternal intake of nutrient-
dense foods that promote optimal fetal brain development.
Regarding total carbohydrate intake, we found no
beneficial or adverse associations with childhood neu-
rodevelopmental outcomes. The Recommended Dietary
Allowance (RDA) for carbohydrates, as established by the
institute of Medicine (IOM) Food and Nutrition Board, is
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set at>175 g/d or 45-65% of total energy intake [42]. In
the BiSC population, the median carbohydrate intake was
approximately 200 g/d, which meet these recommendations
but was at the lower range of the recommended percent-
age intake. Taken together, our findings suggest that when
carbohydrate intake is within the recommended range, total
quantity alone may not significantly influence in neurode-
velopmental outcomes. However, our results emphasize
the importance of managing GI, GL and CQI during preg-
nancy, even if carbohydrate intake is at the lower end of
the recommended levels. Prioritizing low-GI/GL and high-
CQI carbohydrate sources, such as whole grains, pulses,
legumes, fruits, and nuts, over refined grains, added sugars,
and sugar-sweetened beverages, may help to promote child
neurodevelopment.

This study has several strengths, including its prospec-
tive design and a robust sample size. Moreover, the com-
prehensive assessment of maternal diet and lifestyle using
validated questionnaires enhances the reliability and accu-
racy of the results. However, certain limitations should be
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Table 7 Associations between dietary GI during pregnancy and DP-3 infant performance at 8§ and 28 months

Outcome model®>  Tertiles of dietary GI' Ptrend  Dietary GI' P-value
T1 (n=116) T2 (n=104) T3 (n=106) n=326
39.40 [37.27,41.26]  44.73 [43.62,45.83]  53.60 [50.49, 58.08] 44.65 [40.92, 50.45]
Global Development Index
Model 1 Ref 0.55(=2.11,3.22) —0.18 (—2.83,2.48) 0.853 —0.03 (-0.17,0.11) 0.688
Model 2 Ref 0.86 (—1.71,3.43) —1.00 (—3.57,1.57) 0.391 —0.07 (=0.21, 0.06) 0.277
Model 3 Ref 0.97 (—1.65, 3.44) —1.77 (—4.05, 1.28) 0.279 —0.07 (-0.22, 0.07) 0.313
Adaptive Behavior
Model 1 Ref 0.57 (-1.62,2.77) —0.19 (-2.37, 2.00) 0.814 —0.05 (—=0.16, 0.07) 0.434
Model 2 Ref 0.91 (-1.19, 3.02) —0.85(—2.95, 1.26) 0.367 —0.09 (—0.20, 0.02) 0.128
Model 3 Ref 0.78 (—1.32,2.88) —1.18 (—3.38, 1.01) 0.262 —0.09 (—0.20, 0.03) 0.153
Social-Emotional
Model 1 Ref 0.65 (—1.77, 3.06) 0.29 (—2.11, 2.70) 0.851 —0.01 (—=0.13, 0.12) 0.891
Model 2 Ref 0.85(—1.52,3.22) —0.25 (-2.62,2.11) 0.772 —0.04 (—0.17, 0.08) 0.492
Model 3 Ref 0.61 (—1.44,3.31) —0.92 (-2.84,2.12) 0.727 —0.04 (-0.17, 0.09) 0.534
Cognitive
Model 1 Ref 0.79 (—1.65, 3.22) 0.95 (—1.48,3.38) 0.466 0.06 (—0.07, 0.18) 0.372
Model 2 Ref 0.93 (—1.48,3.34) 0.51 (—1.90, 2.92) 0.724 0.03 (—0.09, 0.16) 0.593
Model 3 Ref 1.02 (-1.60, 3.19) —0.83 (-2.79,2.22) 0.779 0.01 (-0.12,0.14) 0.884
Communication
Model 1 Ref 0.57 (—2.24, 3.38) 0.38 (—2.42,3.18) 0.816 0.01 (-=0.14, 0.15) 0.933
Model 2 Ref 0.67 (—1.95, 3.30) —0.33 (—2.95,2.29) 0.759 —0.03 (=0.17, 0.10) 0.618
Model 3 Ref 1.25(—1.43,3.82) —0.44 (—2.87,2.61) 0.878 —0.01 (—-0.16, 0.13) 0.840
Motor development
Model 1 Ref -0.29 (-2.97,2.37)  —2.20 (—4.86, 0.46) 0.095 —0.11 (=0.25, 0.03) 0.113
Model 2 Ref -0.01 (-2.38,2.37) —2.76(-5.13,-0.39) 0.018 —0.14 (-0.26,—0.01) 0.031
Model 3 Ref -0.19(-2.47,2.07) —-3.21(-5.50,-0.76)  0.010 —0.13 (—0.26,—4-107)  0.044

lDietary GI is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear mixed-effects model. Model 1: crude model; Model
2: adjusted for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, preg-
nancy body mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and
maternal gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: GI, glycemic index; DP3,

Developmental Profile 3

acknowledged. First, neurodevelopmental assessments
were limited to the first 28 months of life, and longer fol-
low-up periods would be valuable for evaluating the long-
term associations of maternal dietary patterns on child
neurodevelopment. Furthermore, parental reporting of DP-3
could potentially induce a bias. Second, although FFQ pro-
vide a valuable tool to comprehensively assess dietary pat-
terns, they remain prone to recall bias and misreporting; and
nutrient estimations also rely on food composition tables,
which may not fully capture variability in nutrient content.
Furthermore, as an observational study, causality cannot be
established, and the biological mechanisms underlying the
observed associations remain unclear. Another relevant lim-
itation of this study is the potential influence of residual con-
founding. Although extensive adjustment for a wide range
of maternal, perinatal, and sociodemographic variables did
not substantially alter the direction of the associations, in
some cases, particularly after further adjusting for mater-
nal ethnicity and the type of infant feeding at 18 months of
age, the associations lost statistical significance. The uneven

distribution of participants across ethnicity categories may
partly explain this attenuation. Furthermore, the subset of
participants with available information on the type of infant
lactation at 18 months of age was limited. All these factors
could lead to a reduction of statistical power and stability
of the estimates. Although multiple testing can increase
the risk of Type I error, our analyses were limited to pre-
specified hypotheses, and reporting uncorrected results
allows the observed effect sizes and confidence intervals
to be fully appreciated. Sensitivity analyses confirmed that
the main findings are robust, though marginally significant
associations should still be interpreted with caution. Future
research involving larger and more diverse cohorts will be
essential to validate these findings and to better clarify the
biological mechanisms underlying the relationship between
maternal carbohydrate quality and child neurodevelopment.

In conclusion, our study provides novel evidence show-
ing that the quality of maternal dietary carbohydrates dur-
ing pregnancy, particularly diets high in GI and GL and low
in CQI, is associated with poorer offspring development,
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Table 8 Associations between dietary GL during pregnancy and DP-3 infant performance at 8 and 28 months

Outcome model? Tertiles of dietary GL! P trend Dietary GL! P-value
T1 (n=108) T2 (n=109) T3 (n=109) n=326
60.1 [51.4, 69.3] 91.1[82.4,97.0] 132 [118, 154] 91.09 [69.28, 117.79]
Global Development Index
Model 1 Ref 3.34 (0.68, 6.00) 1.69 (=0.97, 4.35) 0.304 0.01 (=0.02, 0.03) 0.680
Model 2 Ref 3.44 (0.87, 6.01) 1.15(—1.42,3.73) 0.535 1-107*(-0.3, 0.03) 0.994
Model 3 Ref 1.86 (—1.04, 4.70) —1.18 (—4.82,2.42) 0.382 —0.03 (—0.08, 0.01) 0.106
Adaptive Behavior
Model 1 Ref 2.74 (0.56, 4.93) 1.13 (-1.05, 3.32) 0.431 0.01 (=0.02, 0.03) 0.637
Model 2 Ref 2.81(0.70,4.91) 0.64 (—1.46,2.75) 0.740 2:107*(—0.02, 0.02) 0.988
Model 3 Ref 1.33 (—1.04, 3.69) —1.40 (—4.39, 1.58) 0.255 —0.02 (—0.06, 0.01) 0.162
Social-Emotional
Model 1 Ref 3.59(1.19, 5.99) 1.32 (—1.08, 3.72) 0.425 0.01 (=0.02, 0.03) 0.621
Model 2 Ref 3.54 (1.19, 5.90) 0.85(—1.51,3.21) 0.686 9-107* (—0.02, 0.03) 0.943
Model 3 Ref 2.38 (—0.32, 5.00) —1.20 (—4.59, 2.12) 0.309 —0.03 (-0.07, 0.01) 0.151
Cognitive
Model 1 Ref 3.87 (1.45, 6.28) 2.18 (—0.23, 4.60) 0.136 0.02 (—0.01, 0.04) 0.236
Model 2 Ref 3.96 (1.57, 6.36) 1.93 (—0.47,4.33) 0.204 0.01 (—=0.01, 0.04) 0.324
Model 3 Ref 2.67 (0.01, 5.35) —0.33 (—3.71, 3.05) 0.620 —0.02 (—0.06, 0.02) 0.381
Communication
Model 1 Ref 1.49 (-1.33,4.31) 1.07 (= 1.75, 3.90) 0.504 4-107(—0.03, 0.03) 0.786
Model 2 Ref 1.40 (—1.23,4.04) 0.52 (-2.12,3.17) 0.772 —-2-1073(=0.03, 0.03) 0.879
Model 3 Ref 0.70 (—2.28, 3.66) —0.35 (—4.10, 3.40) 0.792 —0.02 (—0.06, 0.02) 0.345
Motor development
Model 1 Ref -0.22 (-2.91,2.47) 0.13 (—2.56,2.83) 0.905 —0.01 (—=0.04, 0.01) 0.350
Model 2 Ref 0.09 (-2.32,2.51) —0.03 (—2.45,2.39) 0.976 —0.01 (—=0.04, 0.01) 0.265
Model 3 Ref —0.91 (—3.50, 1.69) —1.03 (—4.30, 2.25) 0.583 —0.04 (-0.07,2:107%) 0.066

lDietary GL is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear mixed-effects model. Model 1: crude model; Model
2: adjusted for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, preg-
nancy body mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and
maternal gestational diabetes, child weight at birth, prematurity, type of lactation and type of deliveryAbbreviations: GL, glycemic load; DP3,

Developmental Profile 3

especially with lower motor, and to a lesser extent, language
development scores in offspring. These findings highlight
the importance of incorporating dietary counselling into pre-
natal care, emphasizing not only the quantity but especially
the quality of carbohydrates. Such measures, combined
with structured nutritional follow-up and evidence-based
policy recommendations, such guidance can serve as prac-
tical strategy to support optimal child neurodevelopmental
outcomes. However, given the small differences in beta
coefficients and the attenuation of some associations after

@ Springer

adjusting for socio-demographic factors such as ethnic-
ity, further studies in larger and more diverse cohorts are
needed to confirm these findings across multicultural and
ethnically varied populations. Overall, our results represent
a significant public health opportunity to improve child neu-
rocognitive outcomes by prioritizing high-quality carbohy-
drate sources with low GI, low GL, and high CQI during
pregnancy.
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Table 9 Associations between dietary CQI during pregnancy and DP-3 infant performance at 8 and 28 months

Outcome model? Tertiles dietary CQI' P trend Dietary CQI P-value
T1 (n=99) T2 (n=175) T3 (n=152) n=326
11 [10, 12] 14 [14, 15] 16 [16, 17] 1412, 16]
Global Development Index
Model 1 Ref 0.08 (—2.95, 3.10) 0.62 (—1.93,3.17) 0.669 0.19 (=0.20, 0.57) 0.337
Model 2 Ref 0.94 (—2.00, 3.88) 1.55(=0.93, 4.03) 0.231 0.33 (=0.04,0.71) 0.085
Model 3 Ref 0.69 (—2.31, 3.69) 1.05 (—1.54, 3.65) 0.443 0.23 (—0.18, 0.63) 0.271
Adaptive Behavior
Model 1 Ref -0.13 (-2.61, 2.35) 0.88 (—1.21,2.97) 0.488 0.14 (=0.17, 0.46) 0.377
Model 2 Ref 0.66 (—1.75, 3.06) 1.62 (—0.41,3.64) 0.142 0.26 (—=0.05,0.57) 0.098
Model 3 Ref 0.75 (—1.72,3.22) 1.27 (- 0.87,3.41) 0.267 0.18 (—0.15, 0.52) 0.279
Social-Emotional
Model 1 Ref —1.28 (—4.01, 1.46) —0.50 (—2.81, 1.81) 0.568 0.09 (—0.26, 0.44) 0.630
Model 2 Ref 0.81 (—3.52,1.90) —0.02 (—2.31, 2.26) 0.889 0.17 (=0.17,0.52) 0.326
Model 3 Ref —1.56 (—4.35,1.22) —0.85(—3.27, 1.56) 0.415 0.04 (-0.34,0.42) 0.838
Cognitive
Model 1 Ref -0.75(=3.51,2.01) 3-1073 (—2.33,2.33) 0.910 0.04 (-0.32,0.39) 0.837
Model 2 Ref —0.31 (—3.06, 2.45) 0.51 (—1.81,2.84) 0.739 0.11 (-=0.24, 0.47) 0.529
Model 3 Ref 0.13 (—3.03,2.59) 0.51 (—2.12,2.75) 0.857 0.09 (-=0.29, 0.47) 0.632
Communication
Model 1 Ref 1.31 (-1.87,4.50) 0.29 (—2.39,2.98) 0.718 0.10 (-=0.30,0.51) 0.618
Model 2 Ref 1.81 (—1.18, 4.80) 0.96 (—1.56, 3.49) 0.370 0.21 (=0.17, 0.59) 0.284
Model 3 Ref 1.45 (—1.63,4.54) 0.70 (—1.97,3.37) 0.528 0.13 (—0.28, 0.55) 0.534
Motor development
Model 1 Ref 1.12 (-1.91, 4.16) 1.42 (—1.14,3.98) 0.269 0.30 (=0.09, 0.68) 0.133
Model 2 Ref 1.94 (—=0.78, 4.66) 229 (-3-1073, 4.59) 0.047 0.41 (0.06, 0.76) 0.022
Model 3 Ref 2.12 (—=0.56, 4.80) 2.22(=0.10, 4.54) 0.057 0.37 (0.01, 0.73) 0.047

lDietary CQI is represented as median [IQR]

ZResults are expressed as B coefficients and 95% confidence interval estimated using linear mixed-effects model. Model 1: crude mode; Model
2: adjusted for child sex and age at behavioral assessment and mother age at enrollment; Model 3: Model 2 +financial status, education, preg-
nancy body mass index, physical activity, pregnancy smoking status, adherence to Mediterranean diet (MEDAS), maternal energy intake and
maternal gestational diabetes, child weight at birth, prematurity, type of lactation and type of delivery. Abbreviations: CQI, carbohydrate qual-

ity index; DP3, Developmental Profile 3
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