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Background/Aim: Inflammation provides a substrate for mechanisms that underlie the
association of maternal diet during pregnancy with Attention Deficit-Hyperactivity Disorder
(ADHD) symptoms in childhood. However, no previous study has quantified the proinflammatory
potential of maternal diet as a risk factor for ADHD. Thus, we evaluated the association of
maternal dietary inflammatory index (D11®) scores during pregnancy with ADHD symptoms in 4
year-old children born in two Mediterranean regions.

Methods: We analyzed data from two population-based birth cohort studies — INMA
(Environment and Childhood) four subcohorts in Spain (N=2,097), and RHEA study in Crete
(Greece) (N=444). The DIl score of maternal diet was calculated based on validated food
frequency questionnaires completed during pregnancy (12t and/or 32"d week of gestation).
ADHD symptoms were assessed by ADHD-DSM-1V in INMA cohort and by ADHDT test

in RHEA cohort, with questionnaires filled-out by teachers and parents, respectively. The
associations between maternal DIl and ADHD symptoms were analysed using multivariable-
adjusted zero-inflated negative binomial regression models in each cohort study separately. Meta-
analysis was conducted to combine data across the cohorts for fitting within one model.

Results: The DIl was significantly higher in RHEA (RHEA=2.09 [1.94, 2.24]) in

comparison to INMA subcohorts (Asturias=-1.52 [-1.67,-1.38]; Gipuzkoa=-1.48 [-1.64,-1.33];
Sabadell=-0.95 [-1.07,-0.83]; Valencia= —-0.76 [-0.90,-0.62]). Statistically significant reduced
risk of inattention symptomatology (OR = 0.86; Cl 95% = 0.77-0.96), hyperactivity
symptomatology (OR = 0.82; Cl 95% = 0.72-0.92) and total ADHD symptomatology (OR =
0.82; Cl 95%= —0.72-0.93) were observed with increased maternal DIl in boys. No statistically
significant associations were observed in girls between maternal DIl and inattention, hyperactivity
and total ADHD symptomatology.

Conclusions: We found reduced risk of ADHD symptomatology with increased DIl only in
boys. This relationship requires further exploration in other settings.
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INTRODUCTION

In the last 20 years childhood neuropsychiatric disorders have increased significantly
(Atladottir et al., 2015), with important consequences for the affected child and their
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families, and for the public health system. Attention deficit/hyperactivity disorder (ADHD)
is the most frequent childhood-onset neuropsychiatric condition, with an estimated
worldwide prevalence of approximately 5% in school-aged children (Polanczyk et al., 2007),
and males manifest more symptoms than females (Gershon and Gershon, 2002).

The etiology of ADHD probably is multifactorial, reflecting a complex interplay between
genetic, lifestyle, nutritional, psychosocial and environmental factors (Cortese et al., 2011,
Spencer et al., 2007). Growing evidence suggests that exposure to adverse environmental
and psychological conditions, especially when exposure occurs in intrauterine life may
increase the risk of developing ADHD in childhood (Buss et al., 2012). Many pre and
perinatal environmental or reproductive factors have been identified as risk factors, such as
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maternal smoking, alcohol and substance misuse, maternal stress or low birth weight and
prematurity (Thapar et al., 2012). Exposure to environmental toxins such as lead may also
increase the risk of ADHD (Park et al., 2016), and of other adverse psychosocial outcomes
(Rutter et al., 2007; Thapar et al., 2013).

Maternal overweight and obesity before pregnancy are known risk factors for ADHD in the
child (Andersen, 2018; Pugh et al., 2016; Rodriguez et al., 2010). More recent evidence
further supports that nutrition during pregnancy is crucial for child neurodevelopment

(De Capo, 2019). Previous studies have indicated that maternal dietary patterns and

the consumption of specific food groups or nutrients during pregnancy are associated

with cognitive and behavioral outcomes (Anjos et al., 2013). Many dietary components
associated with child neurodevelopment have a known pro-inflammatory potential (i.e., fat
products) and anti-inflammatory potential (i.e., fermented products) (Bordoni et al., 2015);
however, the joint contribution of diet-related inflammation with child neurodevelopmental
outcomes has not been evaluated previously. This is an important evidence gap, as increased
inflammation is thought to underlie, at least in part, the associations between maternal diet
and overweight/obesity and ADHD (Bilbo and Tsang, 2010; Chen et al., 2014; Edlow, 2017;
Rodriguez et al., 2008; Rodriguez, 2010). Obese pregnant women have higher levels of
circulating pro-inflammatory cytokines and both placental and intrauterine inflammation are
related to altered fetal cytokine expression, fetal neuronal damage, and changes in neonatal
brain gene expression (Elovitz et al., 2011).

The dietary inflammatory index (D11®) was developed to capture the inflammatory potential
of diets based on known associations of specific food groups and nutrients with serum
inflammatory markers (Shivappa, Steck, Hurley, Hussey and Hebert, 2014). The DII
therefore offers a unique opportunity to assess the overall association of a maternal
proinflammatory diet with child health outcomes. Some outcomes have been studied, such
as cortical bone outcomes (Coheley, Shivappa, Hebert and Lewis, 2019), anthropometric
indices (Aslani eta al., 2019), or muscle mass and strength (Amakye et al., 2018);

however, child neurodevelopment outcomes have not been previously examined. Given

the pro-inflammatory potential of suspected nutrients, and evidence supporting a role of
inflammation in the pathogenesis of ADHD, we hypothesised that a more pro-inflammatory
diet during the mother’s pregnancy will increase ADHD symptomatology in her offspring,
especially in boys. Thus, we evaluated the association between the DIl scores of mothers’
diets during pregnancy and ADHD symptoms in their children at the age of 4 years in two
Mediterranean regions (Spain and Greece).

METHODS

Study participants

INMA—The population-based birth cohort study INMA (INfancia y Medio Ambiente

- Environment and Childhood) recruited pregnant women from four Spanish regions
(Asturias, Gipuzkoa, Sabadell and Valencia) between November 2003 and February 2008
(Guxens et al., 2012). Pregnant women were enrolled during the 15t trimester of pregnancy
at primary health care centers or public hospitals, depending on the region, if they

fulfilled these inclusion criteria: (i) age =16 years, (ii) singleton pregnancy, (iii) no assisted
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conception, (iv) intention to deliver at the reference hospital, and (v) no communication
problems. Written informed consent was signed by the mothers and the study was approved
by the Hospital Ethics Committees in the participating regions and hospitals. Out of a total
of 2644 mothers who were recruited in the first trimester of pregnancy, 2,097 children were
included in the present analysis after exclusion of neuropsychological tests of uncertain
quality, due to less than optimal cooperation or poor quality test and basic pathologies.

RHEA—The RHEA Study in Crete (Greece) (Chatzi et al., 2017) enrolled pregnant women
during the 15t trimester of pregnancy at hospitals or private clinics if they were: (i) resident
in the study areas, (ii) 216 years of age, and (iii) without communication handicap. The
study was approved by the ethical committee of the University Hospital in Heraklion, Crete
(Greece) and all participants provided written, informed consent. A total of 1606 mothers
were originally enrolled and a subgroup of 612 children performed the neuropsychological
development test at age 4 years. After excluding data from women who did not have
exposure information, had a specific pathology, or a low-quality test, a total of 444 children
were included in the analysis.

Dietary Inflammatory Index

DIl scores were calculated based on dietary data (Shivappa, Steck, Hurley, Hussey and
Hebert, 2014) collected in the first and third trimesters of pregnancy (121" & 329 week

of gestation) in the INMA cohorts and in the 2" trimester of pregnancy (14th-18th

week of gestation) in the RHEA cohort using a validated food frequency questionnaire
(Viogue et al., 2013; Chatzi et al., 2011; Fernandez-Barreés et a., 2016). Thirty-two

nutrients were accounted for the DIl calculation in the RHEA and INMA cohort including
both pro-inflammatory factors (such as alcohol, carbohydrate and saturated fats) and anti-
inflammatory factors (such as certain vitamins, fiber and green tea). We excluded oregano
intake for the DII calculation in the INMA cohort, and caffeine intake for the DII calculation
in the RHEA cohort because this information had not been collected in the respective FFQs.

The method of calculation is described in detail elsewhere (Shivappa, Steck, Hurley, Hussey
and Hebert, 2014). Briefly, the scoring algorithm was based on extensive review of the
literature published from 1950 to 2010focused on the effect of diet on six inflammatory
biomarkers (IL-1p, IL-4, IL-6, IL-10, TNF-a, and CRP). A total of 45 food parameters,
including macronutrients and micronutrients, were scored according to whether they
increased (+1), decreased (—1), or had no effect (0) on these inflammatory biomarkers.
These inflammatory effect scores were weighted based on study design. To avoid the
arbitrariness resulting from simply using raw consumption amounts, intakes of foods and
nutrition were standardized to a representative range of dietary intake based on actual human
consumption in 11 populations living in different countries across the world that provided an
estimate of a mean and standard deviation for each parameter. These values were converted
to a proportion (with values from 0 to 1). Each proportion was doubled, and then 1 was
subtracted to achieve a symmetrical distribution around a mean of ~0. For each individual
food parameter, this score was then multiplied by the respective food parameter effect score,
derived from the literature review, in order to obtain a food parameter-specific DIl score. All
of the food parameter-specific DIl scores were then summed to create the overall DIl score
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for every participant in the study, DIl= b1*n1+b2*n2........... b32*n32, where b refers to the
literature-derived inflammatory effects score for each of the evaluable food parameters and

n refers to the food parameter-specific centered percentiles, which were derived from the
dietary data from the mother. For comparative purposes between the two cohort studies, we
used the average mean of the first and third pregnancy trimester DIls in INMA as a better
proxy of maternal diet throughout pregnancy. Energy adjusted-DII (E-DII) was calculated by
converting all nutrients from the studies and the global database to per 1000 kcal and then
calculating the DII.

ADHD symptoms

Covariates

ADHD symptoms were assessed by ADHD-DSM-1V (18 items) in INMA cohort and by
Attention-Deficit/Hyperactivity Disorder Test (ADHDT) (36 items) in RHEA cohort at
around 4.5 years of age, with questionnaires filled-out by teachers and mothers, respectively.
The ADHD-DSM-IV symptom data were gathered using the Diagnostic Criteria for ADHD
of the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (ADHD-DSM-
IV) (American Psychiatric Association, 2000). We used the DSM-1V symptom checklist for
ADHD as a rating scale without further modifications, found to be psychometrically useful
in a prior validation study comparing reports of parents and teachers (Amador-Campos,
2006). It is an 18-item checklist designed to identify inattention (1-9), and hyperactivity—
impulsivity (10-18) symptoms in children. Each ADHD symptom is rated on a four-point
Likert scale (O=never/rarely, 1=sometimes, 2=often, or 3=very often). ADHDT (Gilliam,
1995) is a 36-item questionnaire designed to identify and evaluate ADHD symptoms in
ages 3-23 years according to the DSM-1V criteria for ADHD. It contains three subscales:
hyperactivity (13 items), impulsivity (10 items) and inattention (13 items). All 36 items are
summed to generate an index for total ADHD difficulties. The ADHDT has been adapted in
the Greek population (Maniadaki and Kakouros, 2002). In this case each item is rated on a
three-point Likert scale (0=not a problem, 1=mild problem, or 2= severe problem).

For all tests, higher scores indicate more ADHD symptoms. The continuous measure of
ADHD symptoms was calculated as the sum of the score of each item. This measure
ranges from 0 to 54 in the case of ADHD-DSM-1V (INMA cohort) and from 0 to 72 in
ADHDT (RHEA cohort) test. The categorical measure of ADHD symptoms was calculated
recoding the list of symptoms as 0 (symptom absent when the response is 0 or 1) or 1
(symptom present when the response is 2 or 3) (Gomez, 2007). Children rated with six or
more symptoms of each dimension were classified as inattentive, hyperactive or inattentive
and hyperactive taking into account the criteria of Diagnostic Criteria for ADHD of the
Diagnostic and Statistical Manual of Mental Disorders, fourth edition (ADHD-DSM-1V)
(American Psychiatric Association, 2000).

Information related to sociodemographic and anthropometric characteristics, diet, and
lifestyle was collected through questionnaires administered during pregnancy and later,
when children were around 14 months and 4 years old in INMA and 9-12 months and

4 years old in RHEA. All questionnaires and measurements were conducted face-to-face
by trained interviewers. Child’s sex (male or female), weeks at birth (preterm or not),
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cesarean (yes/no), gestational age and pre-pregnancy body mass index (BMI) calculated in
kg/m?2 and classified as <25 (normal), 25-29.9 (overweight) and =30 (obesity). Child BMI
z-scores specific for age and sex were calculated using the WHO growth standards, and a
BMI z-scores above the 85t percentile, were afterwards classified as overweight (including
obesity) (de Onis et al., 2007). Information about passive smoking at home at 4 years
(yes/no), duration of breastfeeding and working status at 4 years (yes/no), were collected
in a subsequent interview when infants were around 14 months and 4 years old in INMA
and 9-12 months and 4,5 years old in RHEA. Information on maternal age at delivery and
education (low/medium/high), maternal working status (yes/no) during pregnancy and at
child age 4 years, maternal origin (from country cohort/other) and residence (rural/urban),
maternal smoking during pregnancy (yes/no), parity, BMI, pre-pregnancy diabetes (yes/
no), gestational diabetes and hypertension (yes/no) was obtained through questionnaires
administered during pregnancy or 4 years and from medical records.

Statistical analysis

RESULTS

As preliminary analyses, we compared socio-demographic characteristics of the mother and
child across the cohorts of INMA (Asturias, Gipuzkoa, Sabadell and Valencia) and RHEA.
The difference in the mean of inattention, hyperactivity, impulsivity and ADHD symptoms
according the mother and child characteristics were analysed using the Student t test and one
way ANOVA.

Due to the excess of zeros values in symptoms, the association between maternal DIl and
the symptoms was analysed using multivariable-adjusted zero-inflated negative binomial
regression models (Vilor-Tejedor et al., 2016). Separate models were created for each cohort
(INMA subcohorts and RHEA) due to the measurement differences in the test administered
for the evaluation of ADHD symptomatology. We adjusted the models for those variables
with p-value < 0.20 in the bivariate analysis. These variables were maintained in the final
fully adjusted models if they changed the magnitude of the DII-ADHD effect estimate by
more than 10%. The final fully adjusted models in both INMA and RHEA cohorts were
adjusted by child variables such as sex and age at the moment of the test, and mother’s
variables: pre-pregnancy BMI, age at delivery, working status, educational level, parity and
smoking during pregnancy. All models were adjusted also by the interaction between sex
and DII. We used meta-analysis to obtain combined estimates for the study areas. Statistical
analyses were conducted using the Statistical Package R version 3.5.1.

The sample consisted of data from 2541 children and their mothers, encompassing 2,097
mother child pairs from the INMA cohort (Asturias=531; Gipuzkoa=377; Sabadell=631;
Valencia=558) and 444 from the RHEA cohort. Descriptive DI data in each cohort

and the comparison between them are presented in Supplementary Figure 1. The DII

was significantly higher in RHEA (RHEA=2.09 [1.94, 2.24]) in comparison to INMA
subcohorts (Asturias=-1.52 [-1.67,-1.38]; Gipuzkoa=-1.48 [-1.64,-1.33]; Sabadell=—0.95
[-1.07,-0.83]; Valencia= —0.76 [-0.90,-0.62]).
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Descriptive statistics and comparative analysis of child and maternal characteristics in each
cohort are presented in Table 1. In the bivariate analysis, scores for several behaviors

were significantly related to child and mother characteristics; boys presented with higher
symptomatology of inattention, hyperactivity and impulsivity in both the INMA and RHEA
cohorts. In both cohorts children with normal BMI (based on WHO criteria) presented

with fewer symptoms in total ADHD compared to overweight and obese children, and
children exposed to passive smoking at home had more total ADHD symptoms. Children
with more than 3.43 months breastfeeding duration presented with fewer symptoms of
hyperactivity, impulsivity and total symptomatology in the RHEA cohort. High maternal
education and working status during pregnancy (yes) were associated with fewer symptoms
in both cohorts.

Figure 1 shows the results of the meta-analysis of multivariable-adjusted zero-inflated
negative binomial regression models of DIl and Inattention, Hyperactivity and total ADHD
in boys. After adjusting models by childrens age at the time of the test, region, pre-
pregnancy BMI, maternal age at delivery, working status during pregnancy, educational
level, parity and smoking during pregnancy, statistically significant inverse associations were
observed between maternal DIl and inattention symptomatology (OR = 0.86; 95% CI =
0.77-0.96), maternal DIl and hyperactivity symptomatology (OR = 0.82; 95% CI = 0.72—
0.92) and maternal DIl and total ADHD symptomatology (OR = 0.82; 95% CI = 0.72-0.93)
in boys.

Figure 2 shows the results of the meta-analysis of multivariable-adjusted zero-inflated
negative binomial regression models of DIl and Inattention, Hyperactivity and total ADHD
in girls. No statistically significant associations were observed between maternal DIl and
inattention symptomatology (OR CI 95% 1.04 (0.88-1.19)), maternal DIl and hyperactivity
symptomatology (OR CI 95% 0.89 (0.76-1.02)) and maternal DIl and total ADHD
symptomatology (OR CI 95% 0.89 (0.76-1.02)).

DISCUSSION

The present study assessed the association between maternal DIl and ADHD
symptomatology in 2541 children and their mothers from the Spanish INMA cohort and
the Greek RHEA cohort. Significant differences were seen between the Spanish and Greek
cohorts suggesting a more pro-inflammatory diet of mothers in Greece comparing to
mothers in Spain. A higher proportion of mothers with high adherence to the Mediterranean
diet was observed in RHEA cohort in a previous study (Chatzi et al., 2013), indicating
differences in the diet of Greek and Spanish pregnant women.

We found statistically significant inverse associations between maternal DIl and inattention,
hyperactivity and total ADHD symptomatology only in boys. These results suggest that a
higher DIl during pregnancy could have a protective effect for ADHD symptomatology,
which is inconsistent with our primary hypothesis and requires further exploration in other
settings.
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Taking into consideration evidence that supports the pro-inflammatory potential of diet and
its effect on the pathogenesis of ADHD, we expected that higher levels of maternal DII
would have a positive relation with ADHD symptomatology in children. Recent studies

in some other children outcomes, have observed positive associations between DIl and
anthropometric indices such as children BMI, waist circumference, hip circumference and
parental BMI (Aslani et al., 2019), inverse association between DIl and skeletal muscle mass
in boys (Amakye et al., 2018), or increased risk for wheeze in adults and children with
allergic (atopic) wheeze (Han et al., 2019). A potential limitation of the current state of
literature is that most previous findings have been reported from cross-sectional studies of
adults and it is yet unclear to what extent maternal DIl over the pregnancy period may be
associated with health outcomes in the child at later ages. In our study, we examined for

the first time, associations with child ADHD symptomatology and we observed associations
suggesting that a more pro-inflammatory diet may be linked to lower risk for ADHD
symptoms in boys. It is yet unclear whether this association may be indeed causal. However,
one possible explanation for our findings may be that within an overall Mediterranean

diet pattern, that characterizes our two study regions and it is generally considered as a
healthy diet, the pro-inflammatory potential captured by dietary inflammatory indexes may
not necessarily be associated with detrimental health effects. Given the smaller sample size
of the RHEA cohort, it is not clear whether the absence of significant associations were

due to limited power, the generally higher DII range observed in the RHEA cohort or other
methodological limitations (e.g., differences in ADHD assessment tests or FFQSs).

The main strengths of this study include the use of the previously validated DII that permits
to evaluating the association of the overall anti- or pro-inflammatory diet potential on
health outcomes, and. Also, data were derived from the large sample size and analysis of
two large Mediterranean-based cohorts. Another strength is the use of standardized and
validated questionnaires for assessment of ADHD symptoms in children in both INMA

and RHEA cohorts. However, in spite of the fact that both cohorts used standardized,
validated and instruments based on DSM IV (American Psychiatric Association, 1994,
2000), there are differences in the distribution of the items in each dimension of the test and
this has been a limitation in our study. In INMA cohort ADHD symptoms were assessed

by ADHD-DSM-IV (18 items) and in RHEA cohort by Attention-Deficit/Hyperactivity
Disorder Test (ADHDT) (36 items). In ADHD-DSM-IV there are 9 items for inattention,
and another 9 items for hyperactivity—impulsivity, and for Attention-Deficit/Hyperactivity
Disorder Test (ADHDT), there are 13 items for Hyperactivity, 10 for Impulsivity and 13
items for inattention. This is the reason why we could not perform pooled-analysed analysis
of the INMA and RHEA cohorts, thus precluding that may have permitted to provide even
more precise effect estimates, especially in regard to interactions.

In conclusion, we found sex-specific inverse association between maternal DIl and ADHD
symptomatology, with associations seen only in boys, and going to the opposite direction to
what was expected. More specifically, we found that higher maternal DIl during pregnancy,
suggesting an overall more pro-inflammatory diet, may have a protective effect on the
behavioral symptoms in boys. Further research is needed to replicate the findings from this
study and clarify the potential impact of anti- and pro-inflammatory dietary patterns on child
health.
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