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Background: Diet and nutrients are emerging key players in neurological
disorders. Attention-Deficit/Hyperactivity Disorder (ADHD) is a major
neurodevelopmentaldisorderonaglobalscale, affecting childrenandincreasingly
being recognized and diagnosed in adult populations. While its aetiology
is unclear, it appears to involve a combination of genetic and environmental
factors, particularly food environments including diets and nutrients. However,
most studies so far have focused on the impacts of individual nutrients or dietary
patterns on clinically established ADHD. In contrast, the interactive effects of diets
and nutrients and their complex interplay with other factors like socioeconomic
status on ADHD prevalence and incidence have so far been overlooked. Here,
we aim to systematically interrogate the association between nutrient supply,
reflecting the food exposure and dietary environment, socioeconomic status and
ADHD disease prevalence and incidence at a global level over time.

Methods: ADHD disease burden data (incidence and prevalence), macronutrient
supply and gross domestic product (GDP) were collated from more than 150
countries from 1990 to 2018 and analyzed with nutritional geometric framework
generalized additive mixed models (GAMMs).

Results: Modeling results suggested the interactive effects of food environment
and socioeconomic status on ADHD. Fat supply, especially plant-based fat supply,
is associated with decreased ADHD prevalence and incidence. These associations
were conserved across sexes and ages. They were not confounded by the total
energy supply.

Conclusion: Globally, fat, particularly plant-based fat supply in food environment
correlated with the reduction of ADHD prevalence and incidence, implying its
potential protective effects. This is supported by previous reports about the
amelioration of ADHD with ketogenic diets. Further in-depth studies are needed
to elucidate the underlying mechanistic. This might potentially provide some
evidence for future targeted dietary interventions for ADHD prevention.
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Introduction

Diets and nutrients are emerging critical players in neurological
pathologies. For example, we have recently shown that a high fat low
carbohydrate dietary environment is linked to reduced disease
prevalence and incidence of multiple sclerosis and epilepsy globally
(1, 2). This prompts us to investigate the effects of diets and nutrients
on other neurological disorders.

Attention-Deficit/Hyperactivity Disorder (ADHD) is a common
major neurodevelopmental disorder (3, 4), with increasing cases and
disease-related mortality globally, and accounting for close to 1% of
the disability-adjusted life year (DALY) of global mental disorders (5).
ADHD is most prevalent in childhood and exhibits a gender bias
toward males (5). Globally, ADHD seems to be substantially impacting
Australasia and North America (5). The aetiology and pathophysiology
of ADHD are still unresolved but appears to involve both genetic and
environmental factors (5, 6). In this context, diets and nutrients have
been a focus of interest, but results of these studies are so far
inconclusive. It is generally acknowledged that ADHD is related to
unhealthy diets. For example, “Western diets” and saturated fat were
linked to ADHD aggravation (7, 8), while Mediterranean diets and
polyunsaturated fatty acids were reported to improve ADHD
symptoms (6, 9-12). However, most studies have primarily focused
on the effects of specific foods or diets for ADHD treatment, while
overlooking the effects of macronutrients and the possible interactions
among nutrients and the broader socioeconomic contexts.
Furthermore, previous studies were mostly based on small-scale
cohorts, and there is a lack of knowledge about the potential protective
effects of dietary exposure and food environments on ADHD at a
population level. Considering the emerging global burden of ADHD,
insights at a global scale are of great research and clinical interests.

The term “global food and nutritional environment” encompasses
the accessibility, quality, quantity, affordability, and source of nutrients
and foods available for human consumption. It is emerging as a critical
player in determining global health and diseases (13). Global nutrient
supply data is one of the upstream determinants of population-wide
dietary patterns, and ultimately, individual diets. National nutrient
supply has been shown to correlate with average national diet (14, 15),
and is thus widely accepted as proxy of the food and nutritional
environment, presenting unprecedented opportunities to decipher how
food environment might be linked to changes in the global ADHD
disease burden. In this context, disentangling the intercorrelatedness
of complex data with linear and non-linear effects is challenging, and
requires a multi-dimensional approach (16, 17). We previously
proposed adopting nutritional geometric framework (NGF)
generalized additive mixed models (GAMM:s) for such analyses (1, 2,
16-19). NGF is a multi-dimensional analytical tool to systematically
elucidate the individual, additive, and interactive effects of various
nutritional factors (e.g., 3 macronutrients, protein, carbohydrate and
fat) on outcomes of interests, like ADHD prevalence and incidence.

Abbreviations: ADHD, Attention-Deficit/Hyperactivity Disorder; GDP, gross
domestic product; NGF, nutritional geometric framework; GAMMs, generalized
additive mixed models; GBD, Global Burden of Disease; FAOSTAT, Food and
Agriculture Organization Corporate Statistical Database; AIC, Akaike information

criterion.
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Leveraging NGF GAMMs, we examined the associations between
macronutrient supply and ADHD incidence and prevalence at a global
scale, also distinguishing the effects of plant- versus animal-based
macronutrients. Our analyses will help to direct future diet- and
nutrient-targeted research for ADHD management.

Materials and methods
Data collection and processing

Data collation and processing were adapted from our previous
studies (17, 19) (Supplementary material). ADHD data was obtained
from the Global Burden of Disease Study (GBD), in which ADHD is
defined as an externalising disorder, incorporating disability from
persistent inattention and/or hyperactivity-impulsivity. DSMIV-TR
(314.0, 314.01) and ICD-10 (F90) diagnostic criteria were used.
Macronutrient supply data were collected from the Food and
Agriculture Organization Corporate Statistical Database (FAOSTAT,
www.fao.org/faostat/en/#home). For protein and fat, their supply data
(g/capita/day) were directly obtained from FAOSTAT and converted
to supply data of caloric value (kcal/capita/day). For carbohydrate,
supply data was calculated by subtracting protein, fat and alcohol
supply quantities from the reported total caloric supply (kcal/capita/
day), as previously described (13). For plant- versus animal-based
nutrients comparison, the corresponding data were obtained from
FAOSTAT directly based on FAOSTAT’s classifications. Gross
domestic product (GDP) data was from the Maddison project (20).

In brief, analyses were based on global data from 1990 to 2018,
which were first filtered for countries or time points with no data
record. Where ADHD, macronutrient supply, or GDP data were
missing for a given (country, time point) combination, it would
be excluded. Resulting data, covering more than 150 countries globally
were analyzed with R (Supplementary Figure S1).

Generalized additive mixed models
(GAMMs)

Details of GAMMs were described in (1, 2, 17, 19)
Supplementary material. GAMM is a type of multiple regression with
similar assumptions to generalized linear models (21-23) and was
used to examine the changes in ADHD prevalence and incidence over
time and to evaluate the impacts from macronutrient supply. GAMM:s
account for the nonlinear terms as nonparametric smoothed
functions, often in a form of spline. GAMM s provide a flexible manner
to estimate the nonlinear associations, which are commonly found in
nutritional studies and are gradually receiving more interests, given
their implication in both health and diseases (1, 2, 16). Notably,
GAMMs also account for a series of confounders, such as GDP in this
case, which reflects broader national and socioeconomic development
and can strongly influence diet and nutrient availability.

All modeling was run with the mgcv package (v1.9-1) (24, 25) in
R v4.4.1. They considered the country that the data were based on as
arandom effect, partly accounting for some inter-country differences
in environmental and genetic factors. Models with several variables
(e.g., macronutrient supplies, GDP and time) and their different
combinations, as well as a null model where only the random effect
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from the country is considered, are compared. Following our prior
works (1, 2, 13, 17, 19), models with multiple variables consider all
combinations of the individual, additive and interactive effects among
parameters such as macronutrient supply, year and GDP data. The
gamma parameter, stipulating the smoothing degrees of the modeled
effects was defined as log(n)/2, where n is the number of combinations
for countries and years with available data. A Gaussian family with
log-link function was used for modeling.

Modeling results were compared using Akaike information
criterion (AIC) and the models with the lowest AICs were selected. To
examine if our models might be overfitted, latent scale intraclass
correlations (ICCs) were computed. ICCs reflect the degree of variance
explained by the countries’ random effects. In this context, when
comparing two models, if including more parameters leads to a
decrease in ICC, this suggests that the parameters help to account for
part of the inter-country variance, indicating that their inclusions
are meaningful.

10.3389/fnut.2025.1658228

GAMMs rely on visual depiction for the interpretation of the
smooth terms, because it is not possible to quantify the fitted effects
as effect sizes. Selected models were visualized by plotting their
predicted values based on the corresponding variables (e.g.,
macronutrient supplies, etc.) as response surface heatmaps over the
nutrient space. Within the modeling surfaces, red reflects higher,
while blue indicates lower values. Along the black contour lines, the
modeling values are unchanged and the numbers on the lines note the
magnitude of the parameters. Visualization was done utilizing ggplot2
(v3.5.2), Cairo (v1.6-2), gridExtra (v2.3) packages in R.

Results

Global age-standardized ADHD prevalence and incidence mildly
decreased over time (Figure 1A), accompanied by increases in global
macronutrient supplies and GDP (Figure 1B). These parameters are
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FIGURE 1
(A) Global age-standardized Attention-Deficit/Hyperactivity Disorder (ADHD) prevalence (blue) and incidence rate (red) of both sexes as functions of
year. (B) Global GDP per capita (in US dollars, black) and supplies of carbohydrate (blue), protein (purple) and fat (brown) as functions of year. (C—E)
Correlations for global variables from 1990 to 2018 (C) and for variables among different countries in 1990 (D) and 2018 (E). Correlation coefficients
are shown.
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FIGURE 2

Global association of macronutrient supplies and Attention-Deficit/Hyperactivity Disorder (ADHD) incidence and prevalence. (A) Predicted effects of
macronutrient supply on age-standardized ADHD incidence rate of both sexes. The left panel shows the effect of carbohydrate and protein supply, the
middle shows fat and protein and the right shows carbohydrate and fat supplies. In each panel, the third macronutrient is set at median level (value
shown). Surface colors reflect the modeled results, with red indicating higher ADHD incidence and blue indicating lower. (B) Predicted effects of

macronutrient supply on age-standardized ADHD prevalence rate of both sexes (See Supplementary material for statistics and interpretation).

interconnected, posing challenges to delineating their detailed
associations (Figures 1C-FE). Hence, GAMMs, a multi-dimensional
modeling tool for global health analysis (13, 17), were deployed to
interrogate simultaneously the potential complex interactive effects
among various parameters and their links to ADHD. A model
considering the interactions between macronutrient supplies and
GDP, adding the time effects, was favored (Supplementary material),
suggesting the interactive effects of macronutrients and socioeconomic
status on ADHD. This model also had a lower latent scale ICC relative
to the model only considering the effects of time, GDP, and the
countries’ random effects, implying that inclusion of macronutrient
parameters helps to explain some of the inter-country differences,
justifying their inclusions in our modeling.
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Results for 2018 was shown as representative (Figure 2A), the
most recent year with relatively comprehensive data coverage for
more than 150 countries globally. Protein supply minimally
influenced ADHD. In contrast, increasing fat supply correlated with
lower ADHD incidence (Supplementary Tables S1, 52). The purple
vector is an isocaloric line, along which the total energy supply is
constant, and fat is isocalorically substituted for carbohydrate.
Increasing fat:carbohydrate ratio is associated with lowered ADHD
incidence. Similar patterns were consistently found for ADHD
prevalence (Figure 2B; Supplementary Tables S3, S4) and across
genders and ages (Supplementary Figures S2A-C). The red radial is
a food rail. Along this vector, total energy supply differs, while
fat:carbohydrate ratio is constant. Changing total energy supply only
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Mode results were plotted in 2-dimensional nutritional space with plant-based fat supply as x-axis and animal-based fat supply as y-axis, with supply of
carbohydrate and protein held at 25, 50 and 75% quantiles of global data (See Supplementary material for statistics and interpretation).

mildly impacted ADHD incidence. Importantly, sensitivity tests were
performed, where (1) countries with the highest (Australia,
Supplementary Figure S3A) or lowest (United Arab Emirates,
Supplementary Figure S3B) ADHD incidences were excluded; (2)
half of the countries from the dataset were randomly excluded
(Supplementary Figure 54). They retrieved similar modeling results
to our original findings, suggesting the robustness of our analyses.

Effects of fat were further investigated, by sub-setting total fat into
plant- (x-axis) and animal-based (y-axis) fat supplies based on the
classifications from FAOSTAT, while combining carbohydrate and
protein supplies (Figure 3; Supplementary Tables S5, S6). We showed the
effects of plant and animal fats, assuming low, medium and high
carbohydrate and protein supplies. Increasing plant-based fat supply
associated with decreased ADHD incidence while animal-based fat
exhibited limited effects. Along the purple isocaloric line, substituting
animal-based fat with plant-based fat while holding total energy content
constant is associated with reduced ADHD incidence rate. Surprisingly,
for proteins of different sources, plant-based protein supply was linked
to increased ADHD incidence (SupplementaryFigure 54).

Discussion

This represents the first study to comprehensively examine global
associations between macronutrient supply, as a proxy for food
environments, and the incidence and prevalence of ADHD. Our state-
of-the-art GAMM analyses provide evidence indicating potential
protective effects in ADHD from fat, particularly plant-based fat, with
their increasing supplies associated with reduced ADHD incidence
and prevalence. This might inform future dietary interventions using
plant-based fat for ADHD prevention and/or treatment.

Compared with previous dietary studies on ADHD, our analysis
explored its associations with dietary macronutrient supplies and shed
light on the potential protective effects of food environment in

Frontiers in Nutrition

ADHD. Harnessing unprecedented nutrient supply and global
epidemiological data, our study also exceeded any previous similar
research regarding sample sizes and the time scales coverage. Our
observations applied to both genders and across different age groups,
underscoring their robustness. Moreover, we adapted the cutting-edge
GAMM approach, thoroughly dissecting the individual, additive and
interactive effects of various factors like different macronutrient
supplies. This powerful tool might pave the way for future studies
related to food environments.

There are still some limitations in our study to be addressed. For
example, the diagnostic criteria for ADHD are evolving (26, 27),
probably due to the fact that the detailed pathogenesis mechanisms of
ADHD are still unresolved but likely to be multifaceted (5, 6). Therefore,
in addition to the adjustments included in our present modeling,
investigations into other aspects, particularly other environmental
factors such as environmental toxins like lead, would be of interests (28).
Changes in ADHD diagnostic criteria and a series of other factors, such
as fluctuations in ADHD symptoms, differences in health infrastructure,
and variations in ADHD reporting compliance, might together
contribute to the underestimation of ADHD disease burden in GBD (5).
Further validating analyses are needed when methodological issues are
addressed in future GBD editions. Similarly, the spatial or temporal
autocorrelations within the global data would warrant further
explorations. Additionally, more granular global nutrient supply data are
not available to allow comparison of simple versus complex
carbohydrates, saturated versus non-saturated fats, or associations with
supplies of micronutrients like iron, zinc and vitamins, requiring future
investigation. Although nutrient supply data provide a proxy for the food
environment and dietary exposure, further validation with cohort- or
population-based longitudinal studies with more detailed dietary and
food intake data, and ADHD data like disease biomarkers, is needed.

Of note, despite the clear patterns we observed, they are
correlative and should be interpreted with caution. The causal
links between dietary macronutrients and ADHD remains to
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be further validated and characterized. Previously, systemic
investigations on the effects of dietary macronutrients on ADHD
prevention and/or treatment are lacking. The most relevant
dietary interventions to our results include high fat very low
carbohydrate ketogenic diets (29, 30), Mediterranean diets (31,
32), and Mediterranean-DASH Intervention for
Neurodegenerative Delay (MIND) diets (33). These have been
shown to confer benefits toward ADHD in animal models and
small-scale clinical cohorts, but they did not specifically
and their
interactions. The fact that plant-based but not animal-based fat

investigate the impacts from macronutrients

was linked to reduced ADHD prevalence and incidence in our
analysis, is also in accord with prior studies demonstrating the
benefits of vegetable-enriched diets for existing ADHD (12).
Similarly, omega-3 polyunsaturated fatty acids, a major
component of plant-based fats, have been reported as
co-adjuvants for ADHD treatment (34). Nevertheless, further
research is required to demonstrate the potential causality,
delineate the mechanisms, as well as to interrogate whether
plant-based fats potentially exert preventive effects in utero,
during early infancy and/or directly modify ADHD.

Collectively, our multi-dimensional ecological analyses using
NGF GAMM has revealed associations between nutrient supplies and
ADHD, highlighting the correlations between the supplies of fat,
particularly plant-based fat, and decreased ADHD incidence and
prevalence. These findings may potentially provide guide toward
future studies to investigate causality and, ultimately, interventions for
ADHD management through food and dietary modifications.
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