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Background & aims: Transitioning to more plant-based diets promotes environmental sustainability and
has health benefits for adults. However, associations with nutrient intake adequacy and growth in
children remain unknown. This study aimed to examine associations of plant-based diets with nutrient
intake levels among children, and with longitudinal growth and body composition up to adolescence.
Method: We included 3340 children in the Generation R Study, a population-based cohort. Food and
nutrient intake were assessed at the age of 8 years, and anthropometrics and body composition (using
dual-energy X-ray absorptiometry) were measured at the ages of 10 and 13 years. Plant-based diets were
quantified using three plant-based diet indices (PDIs): overall plant-based diet index (PDI), healthful PDI
(hPDI), and unhealthful PDI (uPDI). Modified Poisson regression and linear mixed models were used to
estimate the associations of PDIs with nutrient intake levels, and with sex- and age-standardized
measures of anthropometrics and body composition.
Results: Higher scores on each of the three PDIs were associated with lower intake of vitamin B2, B12,
and calcium, while higher hPDI score was associated with higher intake levels of fiber, vitamin C,
magnesium, and copper. Higher hPDI score was also associated with higher fat-free mass index (FFMI) z-
score (0.05 per 10-hPDI score increment, 95 % CI: 0.01, 0.10), and with lower body fat percentage z-score
(�0.05, 95 % CI: �0.09, �0.01), while higher uPDI score was associated with lower height, weight, and
FFMI z-score (FFMI: �0.08, 95 % CI: �0.12, �0.03) up to age of 13 years.
Conclusions: In this cohort study, higher adherence to healthful plant-based diets, rather than un-
healthful ones, was associated with better nutrient intakes, and subsequent healthy body composition
throughout childhood to adolescence. Our findings suggest that consuming healthful plant-based
foods may contribute to children's diets' nutrient quality and subsequent body composition. Still,
attention should be given to ensuring balanced and adequate nutrient intake for optimal plant-based
eating.
© 2025 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

Adequate and balanced nutrition is crucial for optimal growth
and development during childhood and adolescence [1], and di-
etary habits during childhoodmay track into adulthood [2,3]. Plant-
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based diets (PBDs), defined by greater amounts of plant-based
foods and lower amounts of animal-based foods, have been
shown to promote health in adults [4]. Additionally, even gradual
shifts to diets higher in healthy plant-based foods and lower in
animal-based foods may promote lower greenhouse gas emissions
and energy demand, supporting environmental sustainability [5].
However, not much is known about potential health effects or risks
of transitioning to more plant-based eating during childhood. Most
studies on PBDs during childhood to date are limited to comparing
vegetarian (excluding meat and fish, but allowing dairy and/or
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eggs), or vegan (excluding all animal-based foods) versus other
diets. High nutritional demands for rapid growth and development
in children may render vegetarian and vegan diets vulnerable to
inadequate nutritional intake, due to lower content or bioavail-
ability of specific nutrients from plant-based foods [6e8]. Indeed,
compared to children following omnivorous diets, vegetarian
children have been linked to higher odds of underweight [9], and
vegan children have shorter height and lower body fat indices [10].
However, vegetarian or vegan diets are consumed by only a rela-
tively small subset of children, and this dichotomous measure of
plant-based eating may not fully capture nutritional or health ef-
fects of a more gradual shift toward plant-based diets in the general
pediatric population.

To comprehensively understand PBDs reflecting shifts to more
plant-based and less animal-based foods without completely
excluding animal-based foods, Satija et al. [11] developed three
versions of plant-based diet indices: an overall plant-based diet
index (PDI), a healthful plant-based diet index (hPDI), and an un-
healthful plant-based diet index (uPDI), emphasizing dietary shifts
towardsmore overall, healthful, and unhealthful plant-based foods,
respectively. Those PDIs have been extensively studied in relation
to health in adults, andmeta-analyses of cohort studies have shown
that a higher hPDI score is associatedwith lower risk of obesity [12],
type 2 diabetes [13], cardiovascular disease [14,15], cancer [13,16],
and mortality [17]. Two small cross-sectional studies
(n ¼ 330e452) have separately investigated the PDIs on growth
and body composition in children, and found beneficial associa-
tions with hPDI [18,19]. However, the associations of PDIs with
longitudinal growth and body composition in children remain
unknown.

This study aims to extensively investigate associations of
adherence to different types of plant-based dietary patterns with
nutrient intake levels, and with longitudinal growth and body
composition up to adolescence in a large population-based pedi-
atric cohort.
2. Methods

2.1. Study design and population

This study was embedded in the Generation R Study, a
population-based prospective cohort study in Rotterdam, the
Netherlands. A total of 9778 pregnant women with expected de-
livery dates between April 1, 2002, and January 31, 2006 were
included [20]. All participants provided written informed consent
and the study obtained approval from the medical ethical com-
mittee of Erasmus University Medical Center, Rotterdam [20].

At the children's age of 8 years, parents of 7662 children
received a food-frequency questionnaire, the questionnaire was
returned for 4787 children. After exclusion of children with
extremely energy intake (n ¼ 54), defined as a reported energy
intake below 650 (n¼ 47) or above 3700 kcal/day (n¼ 7) [21], valid
dietary data were available for 4733 children. From this group, we
included children for whom we had anthropometric or body
composition data at ages 10 and 13 years, resulting in a population
for analysis of 3340 children for anthropometrics and 3140 children
for body composition (Supplementary Fig. 1).
2.2. Dietary assessment and plant-based diet indices

Dietary intake at age of 8 years was assessed with a validated
food frequency questionnaire (FFQ) [22]. The FFQ comprised
questions on frequency and amount of consumption of 71 food
items and 27 additional food questions about specific types or
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brands and preparation methods over the past 4 weeks. More de-
tails of the FFQ are provided elsewhere [21,22].

We constructed three plant-based diet indices (PDIs): an
overall plant-based diet index (PDI), a healthful PDI (hPDI), and an
unhealthful PDI (uPDI), based on previously created indices for
adults [11,23], and slightly modified to reflect dietary habits
among Dutch children (e.g., we excluded coffee and alcoholic
beverages). Food items were categorized into 20 food groups,
including eight healthful plant-based food groups (whole grains,
fruits, vegetables, nuts, legumes, vegetable oil, tea, and low sugar
beverages), four unhealthful plant-based food groups (refined
grains, potatoes, sugar-containing beverages, and sweets and
desserts) and eight animal-based food groups (animal fat, milk
and yogurt, cheese, sugary dairy, unprocessed white meat, pro-
cessed meat and red meat, fish and seafood, and eggs)
(Supplementary Table 1). Food items that were not clearly animal
or plant-based (e.g. pizza) were excluded from the indices, but
were grouped in a miscellaneous food group and adjusted for in
statistical models. Children's intakes for each food group were
scored from 0 to 4 based on quintiles of the population distribu-
tion. For constructing the overall PDI, all plant-based food groups
were scored positively, i.e. with 0 representing the lowest and 4
the highest intake levels in this study population. Animal-based
food groups were scored reversely, i.e. ranging from 4 for lowest
intake levels to 0 for highest intake levels. For constructing the
hPDI, positive scores were given to healthful plant-based food
groups only, while unhealthful plant-based food groups and ani-
mal food groups were both scored reversely. For constructing the
uPDI, positive scores were assigned to unhealthful plant-based
food groups, while healthful plant-based food groups and
animal-based food groups were both scored reversely. Finally, the
scores for each food group were summed for each participant to
create three indices, in which higher scores reflect diets contain-
ing relatively more plant-based (PDI), healthful plant-based
(hPDI), or unhealthful plant-based (uPDI) foods and lower intake
of animal-based foods. Detailed intakes of the 20 food groups are
shown in Supplementary Table 2.
2.3. Nutrient intake

Intakes of macronutrients and micronutrients were computed
using the Dutch Food Composition Tables (NEVO 2006). The dietary
intake of a wide range of available nutrients related to children's
growth and development was evaluated, including energy, carbo-
hydrate, dietary fiber, total fat, saturated fatty acids (SFA), n-3 fish
fatty acids (EPA þ DHA), protein, plant protein, animal protein, vi-
tamins B1, B2, B3, B6, B12, C, and calcium, phosphorus, magnesium,
total iron, haem iron, zinc, selenium and copper. Macronutrients
(except for n-3 fish fatty acids and fiber) were analyzed as per-
centages of energy (E%).

To investigate associations between PDI scores and risk ratios of
not meeting recommended nutrient intake levels, we used dietary
reference values for 8-year-olds from the European Food Safety
Authority (EFSA) [24]. Population Reference Intake (PRI) values
were used, reflecting the nutrient intake level is adequate for
virtually everyone (97.5 %). Adequate Intake (AI) values were used
when PRIs were not available. Additionally, we used the Estimated
Average Requirements (EAR) as a more stringent cut-off point,
reflecting nutrient intake levels assumed to be adequate for at least
half of the individuals. Children's nutrient intake level below the
PRI or AI values were defined as not meeting recommended intake
levels (Supplementary Table 3). Children's nutrient intake below
the EAR values was defined as not meeting EAR-level intake
(Supplementary Table 3).
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2.4. Anthropometrics and body composition

During follow-up, children were invited to our dedicated
research center at Erasmus Medical Center for detailed measure-
ments at ages 10 and 13 years. Height measurements were taken
using Harpenden stadiometer (Holtain Limited, Crosswell, Cry-
mych, U.K.) to the nearest 0.1 cm. Weight was measured using an
electronic scale (Seca 888; Almere, The Netherlands) to the nearest
0.1 kg. BodyMass Index (BMI) was calculated as weight (kg) divided
by the height squared (m2). Age- and sex-specific standard devia-
tion scores (SDS) for height, weight, and BMI were obtained from
Dutch reference growth charts [25].

Total body fat, lean and bone mass were measured using dual-
energy X-ray absorptiometry (iDXA scanner, GE Healthcare, Madi-
son, WI, USA). Fat mass index (FMI) was calculated as total fat mass
(kg) divided by height squared (m2), fat-free mass index (FFMI) as
total fat-free mass (kg) divided by height squared (m2), body fat
percentage (BF%) as the ratio of fat mass (kg) to weight (kg)
multiplied by 100 and expressed as percentage. For all body
composition outcomes, age- and sex-specific standard deviation
scores [(observed value � mean)/SD] were calculated on available
data in the Generation R Study population at 10 and 13 years.

2.5. Covariates

Potential confounders were considered based on previous
literature [26e29], and we plotted a simplified Directed Acyclic
Graph (DAG) to determine confounders to adjust in the statistical
models (Supplementary Fig. 2). Baseline characteristics and life-
style factors were collected from pregnancy to childhood. Maternal
age at birth, child's live birth, and sex were retrieved from medical
records and hospital registries. Parental countries of birth were
obtained with questionnaires and child's ethnicity was categorized
according to the classification of Statistics Netherlands, and further
recoded into Dutch and non-Dutch groups. Data on maternal
educational levels were collected by questionnaire and categorized
into three groups according to the Standard Education Classifica-
tion in the Netherlands (1): low/intermediate education, which
includes low educations (no education, primary school, lower
vocational training, or intermediate general school, and up to 3
years of general secondary school) and intermediate educations
(more than 3 years of general secondary school, intermediate
vocational training, or the first year of higher vocational training)
(2); higher professional education (higher vocational training), and
(3) high education (university degree) [30]. Household income
(<2800; �2800 Euros/month), maternal smoking status (never
smoked; past smoker; current smoker), children's exercise time
(<2 h/week; �2 h/week, based on predefined questionnaire op-
tions) and screen time (<2 h/day; �2 h/day) were collected using
questionnaires. Maternal height and weight were measured at our
research center.

2.6. Statistical analyses

Multiple linear regression models were used to investigate the
associations between PDIs and nutrient intake. We subsequently
fitted modified Poisson regression with a robust (sandwich) error
variance to investigate the associations between PDIs and the risk
ratios of not meeting recommended nutrient intake levels [31]. This
approach was chosen when the proportions of not meeting rec-
ommended intake levels were common (Supplementary Table 3)
[32,33]. We adjusted for energy intake, sex, age at dietary assess-
ment, ethnicity, and the miscellaneous food group.

To study the associations between PDIs and longitudinal
anthropometric and body composition outcomes, we used linear
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mixed models (with random intercept for each child). Model 1 was
the basic model, only minimally adjusted for child's sex, energy
intake, ethnicity, and age at dietary assessment; Model 2 addi-
tionally adjusted for identified potential confounders: maternal
age, BMI, educational level, smoking; household income; children's
exercise, screen time, and the miscellaneous food group. Given the
differences in growth velocity and trajectories between girls and
boys during the transition from childhood to puberty [34,35], we
additionally tested an interaction term (each PDI � sex), and
stratified models by sex. To address missing values on covariates
(ranging from 2.4 % to 18.3 %), multiple imputation (n ¼ 10 impu-
tations) was employed, and pooled estimates of the imputed
datasets were presented.

Several sensitivity analyses were conducted. First, we calculated
Pearson's correlations between PDIs and a diet quality score
reflecting adherence to current dietary guidelines [21]. Second, the
association between plant-based indices and the risk ratios of not
meeting EAR-level nutrient intakes was investigated to test if the
associations remained in more stringent nutrient cut-offs. Thirdly,
we performed cross-sectional analyses for anthropometric and
body composition outcomes at age 10 and age 13 separately to test
the robustness of our results. Fourthly, given that 231 pairs of
children in our cohort were siblings, we randomly excluded one
child from each mother to repeat the analysis, testing the robust-
ness of our results. Statistical significance was determined at
P < 0.05 (two-sided alpha error). The analyses were conducted
using SPSS Statistics version 28.0 (IBM Inc., Armonk, NY, USA) and R
version 4.2.1 (The R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

3.1. Population characteristics

A total of 3340 children (1709 [51.2 %] girls and 1631 [48.8 %]
boys, median baseline age 8.1 [IQR 8.0e8.2] years) were followed
up for a mean of 5.4 (SD, 0.3) years. Characteristics of the children
and their parents are presented in Table 1. The majority of children
had a Dutch ethnic background and exercised more than 2 h per
week. At both 10 and 13 years, boys were on average taller and had
a higher fat-freemass index (FFMI) than girls, and girls had a higher
fat mass index (FMI) and body fat percentage (BF%). The majority of
mothers had a high household income and were highly educated.
Ranges of the overall PDI, hPDI and uPDI score in our study popu-
lation were 17e60, 17 to 65, and 18 to 68 respectively, within a
theoretical score of 0e80. Mean (SD) overall PDI, hPDI and uPDI
were 39.6 (6.2), 39.6 (7.2), and 40.0 (7.7) respectively. The differ-
ences in the percentage (by weight) of total animal foods, healthy
plant foods, and unhealthy plant foods from the lowest quintile
(Q1) to the highest quintile (Q5) within each of the plant-based
diets is shown in Supplementary Fig. 3, For example, the percent-
age of healthy plant foods within the hPDI in Q5 is 60 % compared to
35 % in Q1. Also, in Q5 level, the hPDI showed the greatest pro-
portion of healthy plant foods and the smallest proportion of un-
healthy plant foods. Information on nutrient intakes of children in
the top and bottom quintiles of PDIs is shown in Supplementary
Table 4. Characteristics before and after multiple imputation are
presented in Supplementary Table 5.

3.2. Association between the plant-based diet indices and intake of
nutrients

After adjustment for sex, age, ethnicity, and the miscellaneous
food group, higher overall PDI scores were associated with higher
energy intake, while higher hPDI and uPDI scores were associated



Table 1
Demographic characteristics of the study population.

Characteristicsa Total population
(n ¼ 3340)

Girls
(n ¼ 1709)

Boys
(n ¼ 1631)

Child characteristics
Age at dietary assessment, y 8.1 (8.0, 8.2) 8.1 (8.0, 8.2) 8.1 (8.0, 8.2)
Girls 1709 (51.2) NA NA
Energy intake, kcal/d 1463.2 (1245.6, 1703.9) 1399.1 (1192.1, 1616.4) 1544.8 (1315.5, 1769.1)
Ethnicity
Dutch 2343 (70.1) 1204 (70.5) 1139 (69.8)
Non-Dutch 997 (29.9) 505 (29.5) 492 (30.2)

Exercise
<2 h/week 1047 (31.3) 644 (37.7) 404 (24.8)
�2 h/week 2293 (68.7) 1065 (62.3) 1227 (75.2)

Screen time
<2 h/d 1657 (49.6) 919 (53.8) 738 (45.2)
�2 h/d 1682 (50.4) 790 (46.2) 893 (54.8)

Total plant-based diet index 39.6 (6.2) 39.5 (6.2) 39.7 (6.2)
Healthful plant-based diet index 39.6 (7.2) 39.9 (7.1) 39.3 (7.2)
Unhealthful plant-based diet index 40.0 (7.7) 40.7 (7.5) 39.4 (7.7)
Anthropometrics and body composition at 10-y visit
Weight, kg 33.4 (30.0, 37.6) 33.2 (30.0, 37.8) 33.4 (30.2, 37.6)
Height, cm 141.3 (137.2, 145.7) 141.0 (136.9, 145.8) 141.4 (137.4, 145.7)
BMI, kg/m2 16.7 (15.5, 18.2) 16.7 (15.5, 18.3) 16.7 (15.6, 18.1)
FMI, kg/m2 4.1 (3.3, 5.4) 4.5 (3.7, 5.8) 3.7 (3.4, 8.0)
FFMI, kg/m2 12.5 (11.8, 13.2) 12.1 (11.6, 12.7) 12.8 (12.2, 13.4)
BF% 25.1 (20.9, 30.2) 27.0 (23.5, 32.0) 22.3 (18.9, 27.4)
Overweight/obese 447 (13.4) 245 (14.3) 202 (12.4)
Anthropometrics and body composition at 13-y visit
Weight, kg 51.4 (45.6, 58.6) 52.0 (46.6, 58.6) 50.8 (44.6, 58.8)
Height, cm 164.5 (159.4, 169.6) 163.9 (159.4, 168.4) 165.3 (159.3, 171.1)
BMI, kg/m2 18.8 (17.3, 20.9) 19.2 (17.7, 21.2) 18.4 (17.0, 20.4)
FMI, kg/m2 4.4 (3.4, 5.9) 5.1 (4.1, 6.5) 3.6 (2.9, 5.0)
FFMI, kg/m2 14.2 (13.3, 15.3) 14.0 (13.1, 14.9) 14.5 (13.4, 15.7)
BF% 24.1 (19.4, 29.4) 26.7 (23.2, 31.0) 20.3 (16.9, 25.7)
Overweight/obese 418 (12.5) 216 (12.6) 202 (12.4)
Maternal characteristics
Maternal age at birth, y 32.5 (29.7, 35.1) 32.5 (29.5, 35.0) 32.7 (29.9, 35.2)
Maternal BMI, kg/m2 24.3 (22.1, 27.6) 24.2 (22.1, 27.8) 24.4 (22.2, 27.5)
Maternal smoking
Never smoked 1811 (54.2) 919 (53.8) 891 (54.6)
Past smoker 1107 (33.2) 560 (32.8) 548 (33.6)
Current smoker 422 (12.6) 230 (13.4) 192 (11.8)

Maternal education level
Low/intermediate education 1170 (35.0) 595 (34.8) 575 (35.2)
High professional education 1026 (30.7) 520 (30.4) 506 (31.0)
University degree 1144 (34.3) 594 (34.8) 551 (33.8)

Household income
< 2800 euro per month 946 (28.3) 472 (27.6) 475 (29.1)
� 2800 euro per month 2394 (71.7) 1237 (72.4) 1156 (70.9)

Abbreviations: BMI, body mass index; FMI, fat mass index; FFMI, fat-free mass index; BF%, body fat percentage; NA, not applicable.
a Values are mean (SD) for continuous variables with a normal distribution, medians (IQR) for continuous variables with a skewed distribution, or valid numbers No. (%) for

categorical variables.
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with lower energy intake. Higher scores of each of the three PDIs
were associated with lower energy intake from fat and protein, but
higher energy intake from carbohydrates. In the subsequent
models, we adjusted for energy and found that higher scores on
each of the three PDIs were associated with lower intakes of total
fat, saturated fat, total protein, and animal protein, and with a
higher intake of carbohydrate. Higher overall PDI and hPDI scores
were also associated with higher plant protein and fiber intake,
while higher uPDI scores were associated with lower intake of
these nutrients (Supplementary Table 6).

Higher scores on each of the three PDIs were associated with
lower vitamin B2, vitamin B12, calcium, and haem iron intake.
Vitamin B3, vitamin B6, magnesium, iron and zinc were higher as
hPDI increased, whereas the higher uPDI score was associated with
lower intake of all the investigated micronutrients (Supplementary
Table 6).

Consistent with these findings, higher scores on each of the PDIs
were associated with higher risks of not meeting recommended
intake levels of vitamin B2, vitamin B12, and calcium, with the
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smallest relative risks for the hPDI (Figs. 1 and 2). For instance, for
calcium, the risk ratio (RR) and 95 % confidence intervals (CI) for not
meeting recommended intake levels were 1.37 (1.31, 1.44) per 10-
score increment for the overall PDI score, and 1.11 (1.06, 1.16) for
the hPDI score. A higher hPDI score was also associated with lower
risks of not meeting recommended intake levels of fiber, vitamin
B3, vitamin B6, vitamin C, magnesium, and copper (Figs. 1 and 2).

Conversely, Except for iron, the uPDI was associated with higher
risks of not meeting recommended intake levels for all of the
investigated nutrients. For instance, for fiber, the RR and 95 % CI
were 1.52 (1.45, 1.59) for the uPDI score, and 0.49 (0.46, 0.51) for the
hPDI score (Figs. 1 and 2).

3.3. Plant-based diet indices with anthropometrics and body
composition

After adjusting for confounders inmodel 2, higher hPDI scores at
8 years were associated with higher longitudinal FFMI z-score (0.05
per 10-hPDI score increment, 95 % CI: 0.01, 0.10), and lower BF% z-



Fig. 1. Forestplot of associations between plant-based diet indices and not meeting recommended intake levels (Vitamins and other nutrients)a.
a The effect estimates represent the risk ratios (RR) with 95 % confidence intervals (CI) for not meeting recommended nutrient intake levels per 10-score increment of each plant-
based diet index, obtained from modified Poisson regression models. Models were adjusted for energy intake, sex, age at dietary assessment, ethnicity, and miscellaneous food
group.
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score (�0.05 SDS, 95 % CI:�0.09,�0.01) up to age 13 years (Table 2).
In contrast, higher uPDI scoreswere associatedwith lower height z-
score (�0.07 SDS, 95 % CI:�0.11,�0.02), weight z-score (�0.06 SDS,
95 % CI: �0.11, �0.02), and lower FFMI z-score (�0.08 SDS, 95 %
CI: �0.12, �0.03). We did not observe statistically significant as-
sociations for the overall PDI scores (Table 2).

After stratification by sex (P for interaction <0.05 for height,
weight, FFMI, and BF%), associations of the hPDI and uPDI scores
with anthropometrics and FFMI were only found in girls but not in
boys, while associations between the hPDI score and BF% were
present only in boys (Table 3).
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3.4. Sensitivity analyses

A diet quality score reflecting adherence to Dutch dietary
guidelines was inversely correlated with the uPDI score (r¼�0.70),
and positively with the hPDI score (r ¼ 0.33) (Supplementary
Table 7). Among nutrients with available Estimated Average Re-
quirements (EAR) values, we observed that higher PDI and hPDI
scores were associated with lower risk of not meeting EAR-level
intake for vitamin B3, vitamin C, and total iron, but higher risk
for not meeting vitamin B2 and calcium EAR-levels. Conversely,
higher uPDI scores were associated with higher risk of not meeting



Fig. 2. Forestplot of associations between plant-based diet indices and not meeting recommended intake levels (Minerals)a.
a The effect estimates represent the risk ratios (RR) with 95 % confidence intervals (CI) for not meeting recommended nutrient intake levels per 10-score increment of each plant-
based diet index, obtained from modified Poisson regression models. Models were adjusted for energy intake, sex, age at dietary assessment, ethnicity, and miscellaneous food
group.

Table 2
Associations of the plant-based diet indices with adolescent anthropometrics and body compositiona.

Height (SDS)
n ¼ 3340

Weight (SDS)
n ¼ 3340

Body mass index
(SDS)
n ¼ 3340

Fat mass index
(SDS) n ¼ 3140

Fat-free mass index
(SDS)
n ¼ 3140

Body fat percentage
(SDS)
n ¼ 3140

Overall plant-based diet index
Model 1 (basic) 0.05 (�0.01, 0.10) �0.02 (�0.07, 0.03) �0.07 (�0.12, �0.01) �0.06 (�0.11, �0.01) 0.02 (�0.03, 0.07) �0.08 (�0.13, �0.03)
Model 2 (confounder) 0.05 (�0.01, 0.10) 0.01 (�0.04, 0.06) �0.03 (�0.08, 0.02) �0.02 (�0.07, 0.02) 0.04 (�0.01, 0.09) �0.04 (�0.09, 0.00)

Healthful plant-based diet index
Model 1 (basic) 0.07 (0.02, 0.12) �0.02 (�0.07, 0.03) �0.07 (�0.12, �0.02) �0.09 (�0.13, �0.05) 0.03 (�0.01, 0.08) �0.11 (�0.16, �0.07)
Model 2 (confounder) 0.05 (0.00, 0.10) 0.02 (�0.03, 0.07) �0.01 (�0.06, 0.04) �0.03 (�0.07, 0.01) 0.05 (0.01, 0.10) �0.05 (�0.09, �0.01)

Unhealthful plant-based diet index
Model 1 (basic) �0.08 (�0.13, �0.04) �0.03 (�0.08, 0.01) 0.00 (�0.04, 0.05) 0.06 (0.02, 0.10) �0.06 (�0.10, �0.02) 0.08 (0.04, 0.12)
Model 2 (confounder) �0.07 (�0.11, �0.02) �0.06 (�0.11, �0.02) �0.05 (�0.09, 0.00) 0.01 (�0.02, 0.05) �0.08 (�0.12, �0.03) 0.03 (�0.01, 0.07)

a In the results of the linear mixed models, the effect estimates represent the difference in growth and body composition outcomes per 10-score increment of each plant-
based diet index. Model 1 was adjusted for sex, ethnicity, age at dietary assessment, and energy intake. Model 2 was further adjusted for maternal age, maternal BMI, maternal
educational level, maternal smoking status, household income, children's screen time, exercise, andmiscellaneous food group. The b coefficients (95 % CI) were presented, and
age- and sex-specific standard deviation scores (SDS) were calculated for each outcome.
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Table 3
Associations of the plant-based diet indices with adolescent anthropometrics and body composition stratified for sexa.

Height
(SDS)

Weight
(SDS)

Body mass index
(SDS)

Fat mass index
(SDS)

Fat-free mass index
(SDS)

Percentage body fat
(SDS)

Girls n ¼ 1709 n ¼ 1709 n ¼ 1709 n ¼ 1610 n ¼ 1610 n ¼ 1610

Total plant-based diet index
Model 1 (basic) 0.05 (�0.02, 0.13) 0.01 (�0.06, 0.09) �0.03 (�0.10, 0.05) �0.01 (�0.08, 0.05) 0.02 (�0.05, 0.09) �0.04 (�0.10, 0.03)
Model 2 (confounder) 0.04 (�0.04, 0.12) 0.04 (�0.04, 0.11) 0.01 (�0.06, 0.08) 0.02 (�0.04, 0.08) 0.04 (�0.03, 0.11) 0.00 (�0.06, 0.07)

Healthful plant-based diet index
Model 1 (basic) 0.12 (0.04, 0.19) 0.04 (�0.03, 0.11) �0.03 (�0.10, 0.04) �0.05 (�0.11, 0.01) 0.04 (�0.03, 0.11) �0.08 (�0.14, �0.01)
Model 2 (confounder) 0.09 (0.02, 0.16) 0.06 (�0.01, 0.14) 0.02 (�0.05, 0.09) 0.003 (�0.06, 0.06) 0.06 (�0.01, 0.12) �0.02 (�0.08, 0.04)

Unhealthful plant-based diet index
Model 1 (basic) �0.15 (�0.22, �0.09) �0.10 (�0.16, �0.03) �0.03 (�0.10, 0.03) 0.03 (�0.03, 0.09) �0.08 (�0.14, �0.02) 0.06 (�0.004, 0.11)
Model 2 (confounder) �0.13 (�0.20, �0.06) �0.12 (�0.18, �0.05) �0.08 (�0.14, �0.01) �0.003 (�0.06, 0.05) �0.10 (�0.16, �0.04) 0.02 (�0.04, 0.08)

Boys n ¼ 1631 n ¼ 1631 n ¼ 1631 n ¼ 1530 n ¼ 1530 n ¼ 1530

Total plant-based diet index
Model 1 (basic) 0.04 (�0.03, 0.12) �0.06 (�0.13, 0.02) �0.10 (�0.19, �0.03) �0.11 (�0.17, �0.04) 0.03 (�0.04, 0.10) �0.13 (�0.20, �0.06)
Model 2 (confounder) 0.05 (�0.02, 0.13) �0.02 (�0.09, 0.06) �0.06 (�0.14, 0.01) �0.07 (�0.13, �0.01) 0.04 (�0.03, 0.11) �0.09 (�0.15, �0.02)

Healthful plant-based diet index
Model 1 (basic) 0.02 (�0.05, 0.09) �0.07 (�0.14, �0.00) �0.11 (�0.18, �0.04) �0.13 (�0.19, �0.07) 0.03 (�0.03, 0.09) �0.14 (�0.20, �0.08)
Model 2 (confounder) 0.03 (�0.04, 0.09) �0.02 (�0.08, 0.05) �0.04 (�0.10, 0.03) �0.06 (�0.12, �0.01) 0.05 (�0.01, 0.12) �0.08 (�0.14, �0.02)

Unhealthful plant-based diet index
Model 1 (basic) �0.01 (�0.07, 0.05) 0.03 (�0.04, 0.09) 0.04 (�0.03, 0.10) 0.08 (0.03, 0.14) �0.04 (�0.10, 0.02) 0.09 (0.04, 0.15)
Model 2 (confounder) �0.01 (�0.07, 0.05) �0.01 (�0.07, 0.05) �0.02 (�0.08, 0.05) 0.04 (�0.02, 0.09) �0.05 (�0.11, 0.01) 0.04 (�0.01, 0.10)

a In the results of the linear mixed models, the effect estimates represent the difference in growth and body composition outcomes per 10-score increment of each plant-
based diet index. Model 1 was adjusted for ethnicity, age at dietary assessment, and energy intake. Model 2 was further adjusted for maternal age, maternal BMI, maternal
educational level, maternal smoking status, household income, children's screen time, exercise, andmiscellaneous food group. The b coefficients (95 % CI) were presented, and
age- and sex-specific standard deviation scores (SDS) were calculated for each outcome.
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EAR-level intake for all investigated nutrients (Supplementary
Fig. 4).

In cross-sectional analysis conducted separately for 10-year-olds
and 13-year-olds, we observed similar results of PDI scores with
childhood anthropometrics and body composition (Supplementary
Table 8 and Supplementary Table 9). After randomly excluding one
of the siblings from the same mother in our participants, similar
results were also observed (Supplementary Table 10).

4. Discussion

In this longitudinal pediatric population-based cohort study, we
found that more plant-based, less animal-based diets were asso-
ciated with lower intake levels of vitamin B2, vitamin B12, and
calcium. However, higher healthful PDI scores were also associated
with higher intakes of many other nutrients essential to children's
health, and with greater fat-free mass index, and lower body fat
percentage up to adolescence. Higher unhealthful PDI scores were
associated with lower intakes of all micronutrients investigated,
and with lower height, weight, and fat-free mass index. Our find-
ings suggest that following healthful plant-based diets, rather than
unhealthful ones, may support children's diets' nutrient quality and
subsequent healthy growth and body composition throughout
childhood to adolescence, but that attention should be given to
ensuring that children meet the recommended nutrient intake
levels to promote optimal plant-based eating.

In line with our findings, a cross-sectional study in preschool
children in Canada (aged 1.5e5 y, n ¼ 283) showed that higher PDI
scores were associated with lower intake of vitamin B12 and cal-
cium [36]. Nutritional inadequacies were primarily found in vege-
tarian and vegan children, particularly in vegans [8,10,37e39]. A
German study found that, compared to omnivorous children,
vegetarian and vegan children (aged 6e8 y, n ¼ 401) had lower
intake of vitamin B2, B12, and calcium [39], and a Polish study
found that both vegan and vegetarian diets during childhood (aged
5e10 y, n ¼ 187) were associated with increased risk of serum
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vitamin B12 deficiencies [10]. Low intake of dietary calcium was
also observed among vegan children [8]. When comparing children
with and without supplementation and fortification practices, a
Polish study found that vitamin B12 deficiencies in vegetarian and
vegan children could be partly rectified by supplementation [10],
although caution should be given to adequate supplement use,
because a Czech study (aged 0e18 y, n ¼ 200) observed a high
prevalence of vitamin B12 over-supplementation among vegetarian
and vegan children [40]. In our study population, there were no
participants strictly excluding all animal-based foods, and
approximately 25 % of the foods consumed by those in the highest
quintiles of the plant-based indices were animal-based. Although
our study did not differentiate between different types of animal-
based foods with varying nutrient composition, we observed that
childrenwith higher adherence to each plant-based dietary pattern
consume higher amounts of red and processed meat compared to
healthier animal-based options (Supplementary Table 2), which
may have adverse effects on nutrient intakes and health outcomes.
Moreover, even amongst children in the top quintile of hPDI, the
Dutch recommended intake levels of fruits, vegetables, and nuts
were notmet, and legumes were consumed at a relatively low level.
Although intake levels of various nutrients were better with greater
adherence to the hPDI, intake levels of vitamin B2, vitamin B12 and
calcium were at higher risk of not meeting recommended levels.
According to EFSA, some plant-based foods can be natural sources
of calcium (e.g., legumes) [41], but the vitamin B2 content in plant
foods is generally low, with fortified cereals being the primary
plant-based source in Europe [42]. Vitamin B12, however, is only
present in plant-based foods that contain yeast, or has undergone
microbial fermentation that produces vitamin B12, or have been
fortified [43]. Importantly, observed nutrient intakes below the
recommended nutrient intake do not necessarily indicate a clinical
nutrient deficiency. Future research is needed to investigate
whether the observed lower intakes of certain nutrients in the
transition to healthier plant-based diets among children translate
to clinical nutrient deficiencies, and if needed, to what extent
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changes in intakes of specific plant-based food groups, fortification,
or supplementation could help promote optimal plant-based eating
among children.

Previous studies on PDI scores with childhood growth and body
composition were small-scaled (n ¼ 330e452) and cross-sectional.
In line with our findings on anthropometrics, one Iranian study
(ages 6e12 y, n ¼ 330) found that higher uPDI, but not hPDI scores
were associated with lower height-for-age z-scores in girls [18].
Unlike the standardized FFMI, FMI, and BF% z-scores used in our
study, a Chinese study (aged 6e9 y, n ¼ 452) used absolute lean
mass, fat mass, and lean mass-to-fat mass percentage as body
composition measures. Despite these differences in methodology,
this study reported similar findings: higher hPDI, but not uPDI
scores, were associated with greater lean mass and lower fat mass
percentage [19]. Other studies were among vegetarian and vegan
children and showed inconsistent findings [9,10,44,45]. A Canadian
and U.S. cohort found an association between vegetarian diets and
lower height [9,45]. A Polish study found no significant difference
between vegetarian and omnivore children in height, BMI, or body
composition except for thigh girth, but they did find that vegan
children had lower height, BMI, and fat mass than omnivores [10]. A
previous Dutch study also observed that children following a
macrobiotic diet who hardly consumed animal-based foods had
lower height and sum of four skinfolds for age [44]. These incon-
sistent findings could be due to limitations such as small sample
sizes and lack of confounder adjustments, while still suggesting
that vegetarian or vegan diets, as part of plant-based diets, might be
associated with lower height, and body fat in some contexts.
However, a direct comparison of these studies with our study
cannot be made, as they reflected only a dichotomous measure of
plant-based eating and did not differentiate the quality of plant-
based foods. Our findings highlighted that the quality of plant-
based diets may have different impacts on children's growth and
body composition.

Our findings from associations between PDIs and nutrient
intake levels reinforce the potential differential health effects of
healthful and unhealthful plant-based diets. Higher hPDI scores
reflect greater consumption of healthy foods such as fruits, vege-
tables, whole grains, legumes, nuts, and tea. Accordingly, these
foods contribute to higher intakes of beneficial nutrients, including
plant protein, fiber, multiple micronutrients, and polyphenols. Ev-
idence from studies in adults shows benefits of healthy plant foods
on weight management, which may involve reducing inflamma-
tion, improving gut microbiome composition, regulating blood
sugar, and maintaining energy balance [46]. Plant protein has also
been found to be associated with higher fat-free mass index in
children [47]. Protein intake enhances body's energy expenditure
and satiety, which may improve fat loss [48], and protein from
various plant-based food sources may improve muscle protein
synthesis and regulate the maintenance or gain in skeletal muscle
mass [49]. Also, higher dietary fiber, magnesium, and polyphenol
intake may help increase insulin sensitivity [50e52], which in turn
is associated with reduced body fat [53]. Higher adherence to
healthy plant-based diets is characterized by lower intakes of sugar
sweetened beverages, refined grains, and saturated fat, which are
food groups or nutrients associated with lower fat-free mass and
higher body fat [54e56]. Conversely, higher uPDI scores reflect
higher intakes of for example refined grains, sweets, and desserts
containing saturated and trans fats, and with a greater glycemic
index, is associated with a higher risk to not meet the recom-
mended nutrient intakes levels for fiber and almost all micro-
nutrients. The strong inverse correlation (r ¼ �0.70) between the
uPDI score and the Dutch dietary guideline adherence score also
reinforces the low diet quality of unhealthful plant-based diets.
This suboptimal nutrient profile may result in adverse health
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consequences for children, as we observed lower height, weight,
and FFMI, while the healthful PDI was associated with better body
composition over time. Every 10-point increase in the hPDI score
was associated with an increase of 0.05 in FFMI z scores (corre-
sponding to approximately 0.2 kg increase in fat-free mass) and a
decrease of 0.05 in BF% z scores (corresponding to approximately
0.2 kg decrease in body fat). This highlights the public health
importance of prioritizing the quality of plant-based foods when
adopting a more plant-based diet.

We observed some differences in associations of the PDI scores
with growth and body composition between boys and girls. Pre-
vious studies showed that both the age of take-off and peak height
velocity are earlier in girls than in boys [34]. Given that girls
experience rapid growth during this period and have high nutri-
tional demand, theymight bemore susceptible to harmful effects of
unhealthful diets. Concurrently, puberty influences hormonal
fluctuations that accompany body composition changes [35].
Indeed, we found that girls in our cohort were in mid-puberty
while boys were in early puberty for the measurements at 13
years using a self-reported Pubertal Development Scale question-
naire [57]. Additionally, overall diet quality is relatively low in our
cohort [21], even among children with the highest adherence to a
healthful plant-based diet. This might explain why we did not
observe a slowdown in body fat accumulation among mid-puberty
girls following a healthful plant-based diet. Potential mechanisms
and sex differences in the context of plant-based diets with growth
and body composition need further investigation.

Study strengths are the large pediatric-based sample size and
prospective design, which bridged the research gap in longitudinal
associations between plant-based diets with anthropometrics and
body composition in the general child population, and provided
insights into nutrient profiles of higher adherence to plant-based
diets without restricting to vegetarian or vegan diets only. We
also modified the plant-based diet indices for children. Therefore,
our findings are more readily translatable for future intervention
studies and public health practice.

Our study also has several limitations. Lack of data on bio-
markers and nutrient supplement use limits our understanding of
children's nutritional status. However, we used stringent nutrient
recommendation values as cut-off points, which still presented a
comprehensive picture of nutrient profiles within plant-based di-
ets, and highlighted attention to meeting recommended nutrient
intake levels. Additionally, while our FFQ showed reasonable val-
idity for energy intake [22], and dual-energy X-ray absorptiometry
(DXA) provided relatively accurate measurement of body compo-
sition, dietary measurement errors and DXA measurement biases
cannot be completely eliminated. Furthermore, non-response an-
alyses in our cohort suggested a possible selection towards children
of families with slightly higher educational level and household
income [21], which limit the generalizability of our findings to
other populations. For example, associations may differ in families
with lower socioeconomic status, as these families might face more
barriers in adopting healthier dietary practices for children or
accessing health sources. Future research is needed to determine if
our findings remain consistent in different socioeconomic settings.
Moreover, although healthy diets adhering to dietary guideline
were generally affordable for most people in the Netherlands [58],
the significant contribution of fruits and vegetables to the cost of a
healthy diet suggests that transitioning to a healthy plant-based
diet might increase overall food expenses. However, this transi-
tion could also potentially reduce costs related to meat, dairy,
discretionary foods, and beverages. Future studies are needed to
explore the affordability of plant-based eating in children across
different socioeconomic statuses. Finally, residual confounding
likely exists because of the nature of observational studies.
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5. Conclusion

In conclusion, our study suggests that healthful plant-based
diets, rather than unhealthful ones, are associated with higher
intake of various key nutrients essential to children's health, and
higher FFMI and lower BF% up to adolescence. Our findings sug-
gested that consuming healthful plant-based foods may contribute
to children's diets' nutrient quality and subsequent healthy growth
and body composition. Still, attention should be given to ensuring
balanced and adequate nutrient intake for optimal plant-based
eating.
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