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Abstract: Background: Previous studies have predominately examined associations of respiratory
allergy and skin allergy with ADHD, but little is known about the association between food allergy
and ADHD. Methods: We included 192,573 children aged 4-17 years from the National Health
Interview Survey (NHIS), a leading health survey in a nationally representative sample of the US
population. Allergy conditions and ADHD were defined based on an affirmative response in the
NHIS questionnaire. We used weighted logistic regression to estimate the odds ratio (OR) of ADHD.
Results: Among the 192,573 children, 15,376 reported ADHD diagnosis. The prevalence of ADHD
was higher among children with allergic conditions: 12.66% vs. 7.99% among children with and
without food allergy; 12.16% vs. 7.63% among children with and without respiratory allergy; and
11.46% vs. 7.83% among children with and without skin allergy. After adjusting for covariates, the OR
of ADHD was 1.72 (95% CI, 1.55-1.91) comparing children with and without food allergy, 1.50 (95%
CI, 1.41-1.59) comparing children with and without respiratory allergy, and 1.65 (95% CI, 1.55-1.75)
comparing children with and without skin allergy. The observed associations remained significant
after mutual adjustment for other allergic conditions. Conclusions: In a nationally representative
sample of US children, we found a significant association of common allergic conditions (food allergy,
respiratory allergy, and skin allergy) with ADHD.

Keywords: food allergy; respiratory allergy; skin allergy; attention deficit/hyperactivity disorder

1. Introduction

Attention deficit/hyperactivity disorder (ADHD) is a childhood-onset neurodevelop-
mental disorder that is characterized by hyperactivity, impulsivity, and /or inattention [1].
Epidemiologic data have shown a steady increase in the prevalence of ADHD [2,3]. In the
United States, ADHD affects about 10% of children aged 4-17 years [3,4]. ADHD may be
accompanied by emotional and behavioral problems in children, leading to a considerable
financial burden on society (between USD 143 billion and USD 266 billion in incremental
costs annually in the U.S.) [5]. Although genetic factors appear to play an important role in
its etiology [6], a 67% increase in ADHD prevalence among US children over the past two
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decades (from 6.1% in 1997-1998 to 10.2% in 2015-2016) [3] suggests that environmental
factors may also contribute to the etiology of this disorder.

Accumulating evidence supports the hypothesis that ADHD may be an inflammation
and immune-associated disease [7] and suggests a potential link between allergy and
ADHD [8]. Allergic conditions, including respiratory allergy, skin allergy, and food allergy,
are common medical conditions in children [9]. In parallel with the increasing trend of
ADHD [3], the prevalence of food and skin allergies increased steadily in annual surveys
conducted from 1997 to 2011, despite no significant change in the prevalence of respiratory
allergy [10]. Biologically, excessive release of cytokines and keratinocytes under allergic
conditions may cause structural and functional changes in specific brain areas and ADHD
behavioral patterns, therefore linking allergy to ADHD [11]. Additionally, peripheral
immune cells could permeate across the blood-brain barrier [12], which could also affect
the functions of neurons. In addition, some food allergens may interfere with intestinal
microbiota [13,14] and affect the expression of the neurotransmitter serotonin (5-HT) [15],
which plays an important role in ADHD etiology [16].

Previous studies examining the association between allergic conditions and ADHD
are predominately focused on respiratory allergy and skin allergy [17,18]. For example, a
meta-analysis including 25 studies about asthma and ADHD found a significant association
between asthma and ADHD, with an odds ratio of 1.52 [19]. Hospital-diagnosed atopic
dermatitis was found to be associated with ADHD in a case-control study in Danish chil-
dren [20]. Little is known regarding the association between food allergy and ADHD [21].
Moreover, the findings in previous studies are inconsistent. For example, some studies
found a significant association of allergic rhinitis, atopic dermatitis, and asthma with
ADHD [22], while other studies reported no significant association between ADHD and
allergic disorders [23]. The inconsistent findings may be at least partly due to the limited
sample size and statistical power in some of the previous studies.

Therefore, in this study, we analyzed large-scale and nationally representative data
to examine the associations of food allergy and other allergic conditions with ADHD in
US children. We hypothesized that children with food allergy may have a higher risk for
ADHD than children without food allergy.

2. Methods
2.1. Study Population

The National Health Interview Survey (NHIS) is a leading health survey conducted
annually by the National Center for Health Statistics at the Centers for Disease Control and
Prevention. The NHIS, with a nationally representative sampling, collects comprehensive
and detailed data on a broad range of health topics from the US population. Since 1957,
it has become the principal source of information on the health conditions of the US
population [24]. The annual sample size of the NHIS is about 35,000 households containing
about 87,500 persons. The study design and methodology of the NHIS were published
elsewhere [25,26].

2.2. Ascertainment of Variables

The NHIS conducts in-person household interviews to collect data for all household
members, including children. For each interviewed family in the household, one sample
child (if any children aged < 17 years are present) is randomly selected by a computer
program, and no differential sampling probabilities are applied to the children [26]. De-
tailed health-related information, including information on physical and mental health, is
collected for the sample child. This information is provided by an adult, usually a parent,
who is knowledgeable about the child’s health.

Allergic conditions were defined based on an affirmative response to the following
separate questions [27]: “During the past 12 months, has [your child] had (1) any kind of
food or digestive allergy; (2) any kind of respiratory allergy; (3) eczema or any kind of
skin allergy?” ADHD was defined based on an affirmative response to the question [3]:
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“Has a doctor or health professional ever told you that [your child] had Attention Deficit
Hyperactivity Disorder (ADHD) or Attention Deficit Disorder (ADD)?”

Demographic data, including age, sex, race/ethnicity, education, family income, and
geographic region, were collected using a standardized questionnaire during the interview.
Race and Hispanic ethnicity were self-reported and classified based on the 1997 Office of
Management and Budget Standards. Family income levels were classified according to the
ratio of family income to federal poverty level (<1.0, 1.0-1.9, 2.0-3.9, and >4.0).

2.3. Statistical Analysis

We used survey sampling weights, strata, and primary sampling units created by
the NCHS and provided along with the NHIS data in all the analyses, unless otherwise
specified, so that the results are nationally representative of the US population.

Comparisons of baseline characteristics among children with and without food allergy
or other allergic conditions were performed using linear regression for continuous variables
and the chi-square test for categorical variables. We estimated the odds ratio (OR) and
95% confidence interval (CI) of ADHD according to the presence of allergic conditions
using multivariable logistic regression, adjusting for age, sex, race/ethnicity, family highest
education level, family income to poverty ratio, and geographic region. Because children
with food allergy are more likely to have asthma and other allergies compared with
children without food allergies [28], we further considered a mutual adjustment for other
allergic conditions.

To assess whether the association differs by population characteristics, we performed
subgroup analyses according to age (4-11 or 12-17 years), sex (male or female),
and race/ethnicity (white or non-white). Interactions between these factors and allergic
conditions were tested by adding their multiplicative interaction terms in the
multivariable models.

All data analyses were conducted using the survey procedures of SAS 9.4 (SAS Institute
Inc., Cary, NC, USA). Two-sided p < 0.05 was considered statistically significant.

3. Results

Among the 192,573 children aged 4-17 years old included in this analysis, 8603 had
food allergy, 24,218 had respiratory allergy, and 18,703 had skin allergy. Compared with
children without food allergy, children with food allergy were more likely to be white,
and they had higher family education levels (Table 1). Children with respiratory allergy,
compared with those without respiratory allergy, were older, more likely to be male, white,
and they had higher family education levels (Table 2). Children with skin allergy were
younger, more likely to be black, and they had higher family education levels than children
without skin allergy (Table 3).

Table 1. Characteristics of the participants (n = 192,573), according to food allergy status.

Variables Children without Food Allergy Children with Food Allergy p-Value
No. of participants 183,970 8603
Age, year 10.51 (0.01) 10.49 (0.06) 0.69
Sex 0.59
Male 94,808 (51.07%) 4345 (50.68%)
Female 89,162 (48.93%) 4258 (49.32%)
Race/ethnicity <0.001
Hispanic 50,932 (20.17%) 1848 (16.23%)
Non-Hispanic White 90,202 (58.05%) 4473 (59.46%)
Non-Hispanic Black 28,138 (14.27%) 1345 (14.56%)
Other 14,698 (7.51%) 937 (9.75%)
Family highest education level <0.001
Less than high school 39,929 (19.06%) 1263 (12.79%)

High school 24,481 (13.22%) 945 (10.67%)




Nutrients 2022, 14, 474

40f10

Table 1. Cont.

Variables Children without Food Allergy Children with Food Allergy p-Value
Family income to poverty ratio <0.001
<1.0 26,506 (14.47%) 1247 (14.46%)
1.0-1.9 33,834 (18.16%) 1541 (18.31%)
2.0-3.9 46,761 (25.85%) 2199 (25.38%)
>4.0 40,539 (22.29%) 2287 (26.42%)
Missing 36,330 (19.24%) 1329 (15.43%)
Geographic region <0.001
Northeast 30,638 (17.33%) 1713 (20.23%)
Midwest 37,860 (23.66%) 1640 (21.74%)
South 66,934 (36.28%) 2963 (34.59%)
West 48,538 (22.74%) 2287 (23.44%)
Data are presented as weighted means and standard errors in parentheses for continuous variables, and frequencies
and weighted percentages in parentheses for categorical variables.
Table 2. Characteristics of the participants (n = 192,573), according to respiratory allergy.
Variables Children without Respiratory Allergy Children with Respiratory Allergy p-Value
No. of participants 168,355 24,218
Age, year 10.48 (0.01) 10.74 (0.03) <0.001
Sex <0.001
Male 85,734 (50.38%) 13,419 (55.84%)
Female 82,621 (49.62%) 10,799 (44.16%)
Race/ethnicity <0.001
Hispanic 47,919 (20.79%) 4861 (14.37%)
Non-Hispanic White 80,833 (57.08%) 13,842 (65.43%)
Non-Hispanic Black 25,860 (14.46%) 3623 (13.04%)
Other 13,743 (7.67%) 1892 (7.16%)
Family highest education level <0.001
Less than high school 37,315 (19.49%) 3877 (13.76%)
High school 22,761 (13.44%) 2665 (10.71%)
College or higher 107,297 (66.54%) 17,621 (75.33%)
Missing 982 (0.53%) 55 (0.19%)
Family income to poverty ratio <0.001
<1.0 24,536 (14.59%) 3217 (13.61%)
1.0-1.9 31,291 (18.36%) 4084 (16.79%)
2.0-3.9 42,353 (25.60%) 6607 (27.41%)
>4.0 36,330 (21.84%) 6496 (26.97%)
Missing 33,845 (19.61%) 3814 (15.22%)
Geographic region 0.003
Northeast 28,535 (17.61%) 3816 (16.42%)
Midwest 34,644 (23.70%) 4856 (22.67%)
South 59,426 (35.27%) 10,471 (42.82%)
West 45,750 (23.43%) 5075 (18.09%)
Data are presented as weighted means and standard errors in parentheses for continuous variables, and frequencies
and weighted percentages in parentheses for categorical variables.
Table 3. Characteristics of the participants (n = 192,573) by skin allergy status.
Variables Children without Skin Allergy Children with Skin Allergy p-Value
No. of participants 173,870 18,703
Age, year 10.56 (0.01) 10.06 (0.04) <0.001
Sex <0.001
Male 90,125 (51.33%) 9028 (48.61%)
Female 83,745 (48.67%) 9675 (51.39%)
Race/ethnicity <0.001
Hispanic 48,756 (20.39%) 4024 (16.40%)
Non-Hispanic White 85,609 (58.35%) 9066 (55.99%)
Non-Hispanic Black 25,685 (13.79%) 3798 (18.75%)
Other 13,820 (7.47%) 1815 (8.86%)
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Table 3. Cont.

Variables Children without Skin Allergy Children with Skin Allergy p-Value
Family highest education level <0.001
Less than high school 38,311 (19.38%) 2881 (13.37%)
High school 23,077 (13.18%) 2349 (12.38%)
College or higher 111,476 (66.91%) 13,442 (74.08%)
Missing 1006 (0.53%) 31 (0.16%)
Family income to poverty ratio <0.001
<1.0 24,859 (14.31%) 2894 (15.84%)
1.0-1.9 31,845 (18.12%) 3530 (18.55%)
2.0-39 43,969 (25.70%) 4991 (27.00%)
>4.0 38,244 (22.26%) 4582 (24.40%)
Missing 34,953 (19.61%) 2706 (14.20%)
Geographic region 0.48
Northeast 29,128 (17.52%) 3223 (16.97%)
Midwest 35,580 (23.54%) 3920 (23.88%)
South 63,190 (36.22%) 6707 (36.00%)
West 45,972 (22.72%) 4853 (23.15%)
Data are presented as weighted means and standard errors in parentheses for continuous variables, and frequencies
and weighted percentages in parentheses for categorical variables.
A diagnostic history of ADHD was reported in 15,376 children. Children with ADHD
were older, more likely to be male and white, and they had lower family income levels
(Supplementary Table S1). The weighted prevalence of ADHD was higher among children
with allergic conditions: 12.66% (95% CI 11.57-13.75) vs. 7.99% (95% CI 7.82-8.15) among
children with and without food allergy (p < 0.001); 12.16% (95% CI 11.60-12.72) vs. 7.63%
(95% C17.46-7.80) among children with and without respiratory allergy (p < 0.001); and
11.46% (95% CI 10.90-12.01) vs. 7.83% (95% CI 7.66-8.01) among children with and without
skin allergy (p < 0.001). After adjustment for age, sex, race/ethnicity, family highest
education level, family income level, and geographical region, the OR of ADHD was 1.72
(95% CI, 1.55-1.91) for food allergy, 1.50 (95% CI, 1.41-1.59) for respiratory allergy, and
1.65 (95% CI, 1.55-1.75) for skin allergy when comparing children with these conditions
and those without. The observed associations were modestly attenuated but remained
significant after mutual adjustment for other allergic conditions, with the corresponding
ORs of 1.44 (95% CI, 1.29-1.60), 1.37 (95% CI, 1.28-1.45), and 1.49 (95% CI, 1.39-1.59),
respectively (Table 4).
Table 4. Association of allergic conditions with ADHD (n = 192,573).
Children without Specific Allergic Conditions Children with Specific Allergic Conditions p-Value
Food allergy
No. of ADHD cases/ total participants 14,338/183,970 1038/8603
Model 12 1.00 (reference) 1.72 (1.55-1.91) <0.001
Model 2 ® 1.00 (reference) 1.72 (1.55-1.91) <0.001
Model 3 © 1.00 (reference) 1.44 (1.29-1.60) <0.001
Respiratory allergy
No. of ADHD cases/ total participants 12,538/168,355 2838/24,218
Model 12 1.00 (reference) 1.59 (1.50-1.69) <0.001
Model 2 ® 1.00 (reference) 1.50 (1.41-1.59) <0.001
Model 3 ¢ 1.00 (reference) 1.37 (1.28-1.45) <0.001
Skin allergy
No. of ADHD cases/total participants 13,277/173,870 2099/18,703
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Table 4. Cont.

Children without Specific Allergic Conditions Children with Specific Allergic Conditions p-Value
Model 12 1.00 (reference) 1.67 (1.57-1.78) <0.001
Model 2 © 1.00 (reference) 1.65 (1.55-1.75) <0.001
Model 3 © 1.00 (reference) 1.49 (1.39-1.59) <0.001

ADHD, attention deficit/hyperactivity disorder.  Model 1: adjusted for age and sex. ® Model 2: model 1 plus
race/ethnicity, family highest education level, family income to poverty ratio, and geographic region. ¢ Model 3:
model 2 plus mutual adjustment for other allergic conditions as mentioned.

We observed a significant association between any kind of allergy and ADHD in all
subgroups stratified by age, sex, and race/ethnicity (Table 5). There was a significant
interaction between race/ethnicity and each allergic condition, with a stronger association
in non-white children than white children. In addition, there was a significant interaction
between sex and food or respiratory allergy, with a stronger association in female than in
male. Sensitivity analyses by restricting to children whose information was reported by
their parents rather than other household members (1 = 166,255) yielded similar results
(Supplementary Table S2).

Table 5. Stratified analyses by age, sex, and race/ethnicity for the association of allergic conditions

with ADHD.
Food Allergy Respiratory Allergy Skin Allergy
Variables No. with ADHD/Total Participants OR (95% CD) * p-Value p for Interaction OR (95% CI) * p-Value p for Interaction OR (95% CI) * p-Value p for Interaction
Age
2-11 years 6695/104,482 1.48 (1.28-81.71) <0.001 1.38 (1.26-1.52) <0.001 1.52(1.38-1.67) <0.001
0.94 0.81 0.96
12-17 years 8681/8,8091 1.44 (1.23-1.68) <0.001 1.32(1.22-1.44) <0.001 1.45 (1.32-1.59) <0.001
Sex
Male 11,011/99,153 1.34 (1.17-1.53) <0.001 1.30 (1.21-1.40) <0.001 1.51 (1.39-1.64) <0.001
0.02 0.006 0.86
Female 4365/93,420 1.64 (1.38-1.94) <0.001 1.52 (1.36-1.70) <0.001 1.44 (1.29-1.62) <0.001
Race/ethnicity
White 9425/94,675 1.39 (1.21 (1.60) <0.001 1.28 (1.19-1.37) <0.001 1.34 (1.23-1.47) <0.001
0.02 <0.001 <0.001
Non-white 5951/97,898 1.50 (1.28-1.76) <0.001 1.58 (1.43-1.75) <0.001 1.71 (1.54-1.90) <0.001

Abbreviations: CI, confidence intervals; OR, odds ratio. * Multivariable model adjusted for age, sex, race/ethnicity,
family highest education level, family income to poverty ratio, geographic region, and mutual adjustment for
other allergic conditions as mentioned, except the stratifying factor.

4. Discussion

In a nationally representative sample of US children, we found a significant and
positive association of food allergy, respiratory allergy, and skin allergy with ADHD. This
association persisted after adjustment for demographic and socioeconomic variables, as
well as each of the other types of allergic conditions. In addition, the association between
each allergic condition and ADHD was significant in all subgroup analyses by age, sex,
and race/ethnicity.

Our results have extended findings from earlier studies regarding allergic condi-
tions, particularly food allergy and ADHD. Among the common allergic conditions (i.e.,
food allergy, skin allergy, and respiratory allergy), the association of respiratory allergy
(e.g., asthma [22,29,30] and allergic rhinitis [31]) with ADHD has been most extensively
examined in previous studies. A recent systematic review and meta-analysis showed
a significant association between asthma and ADHD; the pooled adjusted OR was 1.53
(95% CI, 1.41-1.65) [22]. In a large population-based study with individuals in multiple
national registers in Sweden, asthma was also significantly associated with ADHD (ad-
justed OR 1.45; 95% CI, 1.41-1.48) [22]. For skin allergy, a significant association was also
reported in some, although not all, previous studies regarding the association of atopic
dermatitis [24,32] and eczema [33] with ADHD. Previous studies concerning the association
of food allergy with ADHD were sparse. A recent study among school-age children of
5-12 years old reported a significant association of early food allergy with ADHD [34]. In
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another study among children aged between 3 and 6 years, food allergy was also related to
ADHD, but the association did not reach statistical significance [35].

In this study, all three common allergic conditions were significantly associated with
ADHD, indicating that there might be shared mechanisms linking these allergic conditions
to ADHD. Although the underlying mechanisms remain unclear, several direct and indirect
pathways may be implicated in the link between allergic conditions and ADHD [36]. First,
excessive release of cytokines and keratinocytes under allergic conditions may access the
brain and affect neuronal activity of the anterior cingulate cortex (ACC) and prefrontal
cortex (PFC) [37,38]. The structural and functional changes in PFC and ACC have been
linked with deficits in attentional control, decision making, memory, and motor output,
which are also considered main symptoms of ADHD [39]. Second, allergic disorders
pose a unique stressor for affected children. Chronic stress to children may result from
parental anxiety and overprotection to allergic disorders, as well as stigmatization and
bullying. Chronic stress can cause stress sensitization, which may involve dysregulation
of the hypothalamic—pituitary—adrenal (HPA) axis [40]. Abnormal cortisol reactivity due
to HPA axis dysregulation can affect children’s executive functioning and attention [41].
Additionally, repeated stress has been shown to be associated with hippocampal, amygdala,
and medial prefrontal cortex atrophy and dysfunction [42]. Differences in hippocampal
and amygdala morphology have also been noted in ADHD patients [43]. Third, alterations
in the gut-brain-behavior axis may be another link between food allergy and ADHD. Food-
induced microbiome changes and allergic immune activation are thought to affect brain
function through neuroimmune interactions, which can affect the enteric nervous system
and central nervous system and eventually lead to neurodevelopmental abnormalities [44].
Fourth, inflammatory cytokines produced in allergic conditions could lead to altered
metabolism of norepinephrine and dopamine, which was considered a critical neurological
change in ADHD pathology [36,45]. Lastly, it is also possible that there is a shared cause
leading to both allergic conditions and ADHD or a bidirectional association between allergic
conditions and ADHD.

Special diets, especially elimination diets that are used to diagnose and treat food
allergy, have been proposed as a therapeutic dietary approach for neurodevelopmental
disorders including ADHD and autism spectrum disorder [46,47]. Several previous studies
have examined the effects of elimination diets such as food additives exclusion diets
and the oligoantigenic diets in ADHD [47]. The food additives exclusion diets attempt
to exclude artificial food coloring, artificial flavors, artificial fragrances, preservatives,
and artificial sweeteners, whereas the oligoantigenic diet attempts to exclude antigenic
foods, such as cow’s milk, cheese, egg, chocolate, and nuts [47]. The effectiveness of food
additives exclusion diets and the oligoantigenic diets in ADHD remains inconclusive. For
gluten-free and/or casein-free diets, although such diets have been mainly investigated in
autism spectrum disorder [48], little evidence is available to support or dispute their use in
ADHD [47]. A number of previous studies have examined the association of Celiac disease,
an autoimmune disease in which the intestine is hypersensitive to gluten, with ADHD, but
their findings have been inconsistent [49-51].

A major strength of this study is the use of data from a nationally representative,
multi-racial /ethnic population with a large sample size, which allows generalizing the
findings to a broader population. In addition, the NHIS has a relatively high response rate,
which further reduces the concern of selection bias. Several limitations of this study merit
further consideration. First, there is no information about when allergies first happened
and when ADHD diagnosis was first made; therefore, we could not establish a temporal
relationship and causal inference from the current study. Future investigation in a large
longitudinal cohort is warranted to confirm our findings. Second, the NHIS does not
have laboratory data on specific IgE antibodies for the allergic conditions, and therefore,
we were unable to attribute the observed associations to specific allergens. Third, as in
previous research, possible differences in the association have not been explored across
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different types of ADHD (i.e., inattentive, hyperactive, combined), because information
about ADHD subtypes is not available. This could be considered in future studies.

5. Conclusions

The current study found a significant and positive association between common
allergic conditions, including food allergy, respiratory allergy, and skin allergy, and ADHD
in children. Although the detailed mechanisms linking food allergy and other allergic
conditions to ADHD remain to be understood, physicians should be aware of the increased
risk of ADHD as a comorbidity of children with allergic conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nu14030474/s1, Table S1. Characteristics of the participants by
ADHD status, Table S2. Association of allergic conditions with ADHD, a sensitivity analysis by
restricting to children (n = 166,255) whose information was reported by their parents rather than
other household members.

Author Contributions: Conceptualization, G.X.; Methodology, G.X.; Software, G.X.; Validation, G.X.,
B.L., W.Y. and W.B.; Formal Analysis, G.X.; Writing—Original Draft Preparation, G.X.; Writing—
Review and Editing, G.X., B.L.,, W.B., M.C,, L.S. and L.G.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The NHIS was approved by the Research Ethics Review
Board of the NCHS and the US Office of Management and Budget.

Informed Consent Statement: All respondents provided oral informed consent prior to participation
in the NHIS.

Data Availability Statement: The NHIS data can be accessed from the following website (https://
www.cdc.gov/nchs/nhis/data-questionnaires-documentation.htm, accessed on 13 November 2021).

Acknowledgments: The authors thank the participants and staff of the National Health Interview
Survey for their valuable contributions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Thapar, A.; Cooper, M. Attention deficit hyperactivity disorder. Lancet 2016, 387, 1240-1250. [CrossRef]

2. Boyle, C.A,; Boulet, S.; Schieve, L.A.; Cohen, R.A.; Blumberg, S.J.; Yeargin-Allsopp, M.; Visser, S.; Kogan, M.D. Trends in the
prevalence of developmental disabilities in US children, 1997-2008. Pediatrics 2011, 127, 1034-1042. [CrossRef] [PubMed]

3. Xu, G.; Strathearn, L.; Liu, B.; Yang, B.; Bao, W. Twenty-Year Trends in Diagnosed Attention-Deficit/Hyperactivity Disorder
Among US Children and Adolescents, 1997-2016. JAMA Netw. Open 2018, 1, €181471. [CrossRef] [PubMed]

4. Danielson, M.L.; Bitsko, R.H.; Ghandour, R.M.; Holbrook, ].R.; Kogan, M.D.; Blumberg, S.J. Prevalence of Parent-Reported ADHD
Diagnosis and Associated Treatment Among U.S. Children and Adolescents, 2016. |. Clin. Child Adolesc. Psychol. 2018, 47, 199-212.
[CrossRef]

5. Doshi, J.A.; Hodgkins, P; Kahle, ].; Sikirica, V.; Cangelosi, M.].; Setyawan, J.; Erder, M.H.; Neumann, P.J. Economic impact of
childhood and adult attention-deficit/hyperactivity disorder in the United States. J. Am. Acad. Child Adolesc. Psychiatry 2012, 51,
990-1002.€2. [CrossRef] [PubMed]

6. Matthews, M.; Nigg, ].T.; Fair, D.A. Attention deficit hyperactivity disorder. Curr. Top. Behav. Neurosci. 2014, 16, 235-266.

7.  Instanes, ].T.; Halmoy, A.; Engeland, A.; Haavik, J.; Furu, K.; Klungseyr, K. Attention-Deficit/Hyperactivity Disorder in Offspring
of Mothers With Inflammatory and Immune System Diseases. Biol. Psychiatry 2017, 81, 452-459. [CrossRef]

8. Zhou, RY.; Wang, J.J.; Sun, ].C.; You, Y;; Ying, ].N.; Han, X.M. Attention deficit hyperactivity disorder may be a highly
inflammation and immune-associated disease (Review). Mol. Med. Rep. 2017, 16, 5071-5077. [CrossRef] [PubMed]

9.  Pelsser, M.L.; Buitelaar, ].K.; Savelkoul, H.F. ADHD as a (non) allergic hypersensitivity disorder: A hypothesis. Pediatr. Allergy
Immunol. 2009, 20, 107-112. [CrossRef] [PubMed]

10. Jackson, K.D.; Howie, L.D.; Akinbami, L.J. Trends in Allergic Conditions among Children: United States, 1997-2011; NCHS Data Brief

No. 121; US Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Health
Statistics: Hyattsville, MD, USA, 2013; pp. 1-8.


https://www.mdpi.com/article/10.3390/nu14030474/s1
https://www.mdpi.com/article/10.3390/nu14030474/s1
https://www.cdc.gov/nchs/nhis/data-questionnaires-documentation.htm
https://www.cdc.gov/nchs/nhis/data-questionnaires-documentation.htm
http://doi.org/10.1016/S0140-6736(15)00238-X
http://doi.org/10.1542/peds.2010-2989
http://www.ncbi.nlm.nih.gov/pubmed/21606152
http://doi.org/10.1001/jamanetworkopen.2018.1471
http://www.ncbi.nlm.nih.gov/pubmed/30646132
http://doi.org/10.1080/15374416.2017.1417860
http://doi.org/10.1016/j.jaac.2012.07.008
http://www.ncbi.nlm.nih.gov/pubmed/23021476
http://doi.org/10.1016/j.biopsych.2015.11.024
http://doi.org/10.3892/mmr.2017.7228
http://www.ncbi.nlm.nih.gov/pubmed/28849096
http://doi.org/10.1111/j.1399-3038.2008.00749.x
http://www.ncbi.nlm.nih.gov/pubmed/18444966

Nutrients 2022, 14, 474 90of 10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chua, RX.Y,; Tay, M.J.Y,; Ooi, D.S.Q.; Siah, K.T.H.; Tham, E.H.; Shek, L.P.-C.; Meaney, M.].; Broekman, B.EP,; Loo, EX.L.
Understanding the Link Between Allergy and Neurodevelopmental Disorders: A Current Review of Factors and Mechanisms.
Front. Neurol. 2020, 11, 603571. [CrossRef] [PubMed]

Bennett, F.C.; Molofsky, A.V. The immune system and psychiatric disease: A basic science perspective. Clin. Exp. Immunol. 2019,
197, 294-307. [CrossRef] [PubMed]

Shu, S.A.; Yuen, AW.T.; Woo, E.; Chu, K.-H.; Kwan, H.-S; Yang, G.-X,; Yang, Y.; Leung, P.S.C. Microbiota and Food Allergy. Clin.
Rev. Allergy Immunol. 2019, 57, 83-97. [CrossRef]

Chen, B.; Sun, L.; Zhang, X. Integration of microbiome and epigenome to decipher the pathogenesis of autoimmune diseases. J.
Autoimmun. 2017, 83, 31-42. [CrossRef] [PubMed]

Agus, A.; Planchais, J.; Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell. Host Microbe
2018, 23, 716-724. [CrossRef]

Oades, R.D. Role of the serotonin system in ADHD: Treatment implications. Expert Rev. Neurother. 2007, 7, 1357-1374. [CrossRef]
Miyazaki, C.; Koyama, M.; Ota, E.; Swa, T.; Mlunde, L.B.; Amiya, R.M.; Tachibana, Y.; Yamamoto-Hanada, K.; Mori, R. Allergic
diseases in children with attention deficit hyperactivity disorder: A systematic review and meta-analysis. BMC Psychiatry 2017,
17,120. [CrossRef] [PubMed]

Van der Schans, J.; Cicek, R.; de Vries, TW.; Hak, E.; Hoekstra, P.J. Association of atopic diseases and attention-deficit/hyperactivity
disorder: A systematic review and meta-analyses. Neurosci. Biobehav. Rev. 2017, 74, 139-148. [CrossRef]

Kaas, TH.; Vinding, R.K.; Stokholm, J.; Bennelykke, K.; Bisgaard, H.; Chawes, B.L. Association between childhood asthma and
attention deficit hyperactivity or autism spectrum disorders: A systematic review with meta-analysis. Clin. Exp. Allergy 2021, 51,
228-252. [CrossRef]

Vittrup, I.; Andersen, Y.M.E,; Droitcourt, C.; Skov, L.; Egeberg, A.; Fenton, M.C.; Mina-Osorio, P.; Boklage, S.; Thyssen, ].P.
Association between hospital-diagnosed atopic dermatitis and psychiatric disorders and medication use in childhood. Br. J.
Dermatol. 2021, 185, 91-100. [CrossRef]

de Theije, C.G.; Bavelaar, B.M.; Lopes da Silva, S.; Korte, S.M.; Olivier, B.; Garssen, J.; Kraneveld, A.D. Food allergy and food-based
therapies in neurodevelopmental disorders. Pediatr. Allergy Immunol. 2014, 25, 218-226. [CrossRef] [PubMed]

Cortese, S.; Sun, S.; Zhang, J.; Sharma, E.; Chang, Z.; Kuja-Halkola, R.; Almqvist, C.; Larsson, H.; Faraone, S.V. Association between
attention deficit hyperactivity disorder and asthma: A systematic review and meta-analysis and a Swedish population-based
study. Lancet Psychiatry 2018, 5, 717-726. [CrossRef]

Gaitens, T.; Kaplan, B.J.; Freigang, B. Absence of an association between IgE-mediated atopic responsiveness and ADHD
symptomatology. J. Child. Psychol. Psychiatry 1998, 39, 427-431. [CrossRef]

Riis, J.L.; Vestergaard, C.; Deleuran, M.S.; Olsen, M. Childhood atopic dermatitis and risk of attention deficit/hyperactivity
disorder: A cohort study. J. Allergy Clin. Immunol. 2016, 138, 608—610. [CrossRef] [PubMed]

National Center for Health Statistics. Design and estimation for the National Health Interview Survey, 1995-2004. Vital Health
Stat 2 2000, 130, 1-31.

Parsons, V.L.; Moriarity, C.; Jonas, K.; Moore, T.F,; E Davis, K.; Tompkins, L. Design and estimation for the national health
interview survey, 2006-2015. Vital Health Stat 2 2014, 165, 1-53.

Adams, EP,; Kirzinger, WK.; Martinez, M. Summary health statistics for the U.S. population: National Health Interview Survey,
2012. Vital Health Stat 10 2013, 259, 1-95.

Branum, A.M.; Lukacs, S.L. Food Allerqy among U.S. Children: Trends in Prevalence and Hospitalizations; NCHS Data Brief No. 10; US
Department of Health and Human Services, Centers for Disease Control and Prevention, National Center for Health Statistics:
Hyattsville, MD, USA, 2008; pp. 1-8.

Tsai, C.-J.; Chou, P-H.; Cheng, C; Lin, C.-H.; Lan, T.-H,; Lin, C.-C. Asthma in patients with attention-deficit/hyperactivity
disorder: A nationwide population-based study. Ann. Clin. Psychiatry 2014, 26, 254-260. [PubMed]

Chou, P-H; Lin, C.-C;; Lin, C.-H.; Loh, E.-W.; Chan, C.-H.; Lan, T.-H. Prevalence of allergic rhinitis in patients with attention-
deficit/hyperactivity disorder: A population-based study. Eur. Child Adolesc. Psychiatry 2013, 22, 301-307. [CrossRef]

Brawley, A.; Silverman, B.; Kearney, S.; Guanzon, D.; Owens, M.; Bennett, H.; Schneider, A. Allergic rhinitis in children with
attention-deficit/hyperactivity disorder. Ann. Allergy Asthma Immunol. 2004, 92, 663—667. [CrossRef]

Strom, M.A.; Fishbein, A.; Paller, A.; Silverberg, J. Association between atopic dermatitis and attention deficit hyperactivity
disorder in U.S. children and adults. Br. |. Dermatol. 2016, 175, 920-929. [CrossRef]

Schmitt, J.; Romanos, M.; Schmitt, N.M.; Meurer, M.; Kirch, W. Atopic eczema and attention-deficit/hyperactivity disorder in a
population-based sample of children and adolescents. JAMA 2009, 301, 724-726. [CrossRef]

Jiang, X; Shen, C,; Dai, Y,; Jiang, F; Li, S.; Shen, X.; Hu, Y.; Li, E. Early food allergy and respiratory allergy symptoms and
attention-deficit/hyperactivity disorder in Chinese children: A cross-sectional study. Pediatr. Allergy Immunol. 2018, 29, 402-409.
[CrossRef] [PubMed]

Yang, C.E; Yang, C.C.; Wang, L.]. Association between allergic diseases, allergic sensitization and attention-deficit/hyperactivity
disorder in children: A large-scale, population-based study. J. Chin. Med. Assoc. 2018, 81, 277-283. [CrossRef]
Buske-Kirschbaum, A.; Schmitt, J.; Plessow, E; Romanos, M.; Weidinger, S.; Roessner, V. Psychoendocrine and psychoneuroim-
munological mechanisms in the comorbidity of atopic eczema and attention deficit/hyperactivity disorder. Psychoneuroendocrinol-
ogy 2013, 38, 12-23. [CrossRef] [PubMed]


http://doi.org/10.3389/fneur.2020.603571
http://www.ncbi.nlm.nih.gov/pubmed/33658968
http://doi.org/10.1111/cei.13334
http://www.ncbi.nlm.nih.gov/pubmed/31125426
http://doi.org/10.1007/s12016-018-8723-y
http://doi.org/10.1016/j.jaut.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28342734
http://doi.org/10.1016/j.chom.2018.05.003
http://doi.org/10.1586/14737175.7.10.1357
http://doi.org/10.1186/s12888-017-1281-7
http://www.ncbi.nlm.nih.gov/pubmed/28359274
http://doi.org/10.1016/j.neubiorev.2017.01.011
http://doi.org/10.1111/cea.13750
http://doi.org/10.1111/bjd.19817
http://doi.org/10.1111/pai.12149
http://www.ncbi.nlm.nih.gov/pubmed/24236934
http://doi.org/10.1016/S2215-0366(18)30224-4
http://doi.org/10.1017/S0021963097002060
http://doi.org/10.1016/j.jaci.2016.01.027
http://www.ncbi.nlm.nih.gov/pubmed/27025346
http://www.ncbi.nlm.nih.gov/pubmed/25401712
http://doi.org/10.1007/s00787-012-0369-3
http://doi.org/10.1016/S1081-1206(10)61434-2
http://doi.org/10.1111/bjd.14697
http://doi.org/10.1001/jama.2009.136
http://doi.org/10.1111/pai.12888
http://www.ncbi.nlm.nih.gov/pubmed/29524252
http://doi.org/10.1016/j.jcma.2017.07.016
http://doi.org/10.1016/j.psyneuen.2012.09.017
http://www.ncbi.nlm.nih.gov/pubmed/23141851

Nutrients 2022, 14, 474 10 of 10

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Rosenkranz, M.A.; Busse, W.W.; Johnstone, T.; Swenson, C.A.; Crisafi, G.M.; Jackson, M.M.; Bosch, J.A.; Sheridan, J.; Davidson, R.
Neural circuitry underlying the interaction between emotion and asthma symptom exacerbation. Proc. Natl. Acad. Sci. USA 2005,
102, 13319-13324. [CrossRef] [PubMed]

Verne, G.N.; Himes, N.C.; Robinson, M.E.; Gopinath, K.S.; Briggs, R.W.; Crosson, B.; Price, D.D. Central representation of visceral
and cutaneous hypersensitivity in the irritable bowel syndrome. Pain 2003, 103, 99-110. [CrossRef]

Shaw, P; Lerch, J.; Greenstein, D.; Sharp, W.; Clasen, L.; Evans, A.; Giedd, ]J.; Castellanos, F.; Rapoport, J. Longitudinal mapping
of cortical thickness and clinical outcome in children and adolescents with attention-deficit/hyperactivity disorder. Arch. Gen.
Psychiatry 2006, 63, 540-549. [CrossRef] [PubMed]

McEwen, B.S. Neurobiological and Systemic Effects of Chronic Stress. Chronic Stress 2017, 1. [CrossRef]

Van West, D.; Claes, S.; Deboutte, D. Differences in hypothalamic-pituitary-adrenal axis functioning among children with ADHD
predominantly inattentive and combined types. Eur. Child Adolesc. Psychiatry 2009, 18, 543-553. [CrossRef]

McEwen, B.S.; Nasca, C.; Gray, ].D. Stress Effects on Neuronal Structure: Hippocampus, Amygdala, and Prefrontal Cortex.
Neuropsychopharmacology 2016, 41, 3-23. [CrossRef]

Perlov, E.; Philipsen, A.; Van Elst, L.T.; Ebert, D.; Henning, J.; Maier, S.; Bubl, E.; Hesslinger, B. Hippocampus and amygdala
morphology in adults with attention-deficit hyperactivity disorder. J. Psychiatry Neurosci. 2008, 33, 509-515.

Schieve, L.A.; Gonzalez, V.; Boulet, S.; Visser, S.N.; Rice, C.E.; Braun, K.V.N.; Boyle, C.A. Concurrent medical conditions and
health care use and needs among children with learning and behavioral developmental disabilities, National Health Interview
Survey, 2006-2010. Res. Dev. Disabil. 2012, 33, 467-476. [CrossRef]

Zhang, Z.; Kurashima, Y. Two Sides of the Coin: Mast Cells as a Key Regulator of Allergy and Acute/Chronic Inflammation. Cells
2021, 10, 1615. [CrossRef] [PubMed]

Cruchet, S.; Lucero, Y.; Cornejo, V. Truths, Myths and Needs of Special Diets: Attention-Deficit/Hyperactivity Disorder, Autism,
Non-Celiac Gluten Sensitivity, and Vegetarianism. Ann. Nutr. Metab. 2016, 68 (Suppl. 1), 43-50. [CrossRef] [PubMed]

Ly, V.; Bottelier, M.; Hoekstra, P.J.; Vasquez, A.A_; Buitelaar, ].K.; Rommelse, N.N. Elimination diets’ efficacy and mechanisms
in attention deficit hyperactivity disorder and autism spectrum disorder. Eur. Child. Adolesc. Psychiatry 2017, 26, 1067-1079.
[CrossRef]

Croall, I.D.; Hoggard, N.; Hadjivassiliou, M. Gluten and Autism Spectrum Disorder. Nutrients 2021, 13, 572. [CrossRef] [PubMed]
Slim, M.; Rico-Villademoros, F.; Calandre, E.P. Psychiatric Comorbidity in Children and Adults with Gluten-Related Disorders: A
Narrative Review. Nutrients 2018, 10, 875. [CrossRef]

Erturk, E.; Wouters, S.; Imeraj, L.; Lampo, A. Association of ADHD and Celiac Disease: What Is the Evidence? A Systematic
Review of the Literature. J. Atten. Disord. 2020, 24, 1371-1376. [CrossRef] [PubMed]

Kumperscak, H.G.; Rebec, Z.K.; Sobocan, S.; Fras, V.T.; Dolinsek, ]. Prevalence of Celiac Disease Is Not Increased in ADHD
Sample. ]. Atten. Disord. 2020, 24, 1085-1089. [CrossRef]


http://doi.org/10.1073/pnas.0504365102
http://www.ncbi.nlm.nih.gov/pubmed/16141324
http://doi.org/10.1016/S0304-3959(02)00416-5
http://doi.org/10.1001/archpsyc.63.5.540
http://www.ncbi.nlm.nih.gov/pubmed/16651511
http://doi.org/10.1177/2470547017692328
http://doi.org/10.1007/s00787-009-0011-1
http://doi.org/10.1038/npp.2015.171
http://doi.org/10.1016/j.ridd.2011.10.008
http://doi.org/10.3390/cells10071615
http://www.ncbi.nlm.nih.gov/pubmed/34203383
http://doi.org/10.1159/000445393
http://www.ncbi.nlm.nih.gov/pubmed/27356007
http://doi.org/10.1007/s00787-017-0959-1
http://doi.org/10.3390/nu13020572
http://www.ncbi.nlm.nih.gov/pubmed/33572226
http://doi.org/10.3390/nu10070875
http://doi.org/10.1177/1087054715611493
http://www.ncbi.nlm.nih.gov/pubmed/26825336
http://doi.org/10.1177/1087054716666953

	Introduction 
	Methods 
	Study Population 
	Ascertainment of Variables 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

