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ARTICLE INFO ABSTRACT
Keywords: Background: Exposure to air pollution in early life has been linked to cognitive deficits and adverse neurode-
Ambient air pollution velopmental effects. However, studies examining associations between air pollutants and Attention-Deficit/
Attention deficit hyperactivity disorder Hyperactivity Disorder (ADHD) have had conflicting findings.
C"?‘m lsmdy Methods: Individuals born in Denmark 1992-2007 (n = 809,654) were followed for the development of ADHD
Epidemiology from 1997 to 2013. Data on daily concentrations of nitrogen dioxide (NO,) and fine particulate matter (PM, s)
Health . . . . 1 . 5 . .
from air-modeling data at a 1 km X 1 km resolution at residences within the first five years of life, was linked
with population-based data from the Danish national registers, including data on clinical diagnoses of ADHD. We
estimated incidence rate ratios (IRRs) with 95% confidence intervals (CI) for ADHD, according to increases in
exposures, adjusting for age, year, sex, and parental education and income.
Results: Exposure to NO, and PM, 5 during early life was associated with a significantly increased risk of ADHD:
IRR of 1.38 (Cl: 1.35 to 1.42) per 10 ug/m? increase in NO, and an IRR of 1.51 (Cl: 1.41 to 1.62) per 5 pg/m>
increase in PM, s. In two-pollutant models, the association between NO, and ADHD did not change (IRR 1.35;
95% CI: 1.31 to 1.39), while the association with PM, 5 was substantially attenuated (IRR 1.07; 95% CI: 0.98 to
1.16), although in stratified models an elevated association with PM, s was found in the lowest quintile of NO,
exposure.
Conclusions: In this large nationwide prospective cohort study, residential air pollution exposure, specifically
NO,, during early childhood was associated with the development of ADHD, even when adjusted for parental
level of income and education.
1. Introduction to air pollution is associated with adverse health effects (World Health
Organization, 2015; Landrigan et al., 2018) and increased mortality (Di
Today, air pollution is suggested to be one of the largest health et al., 2017); and more recently, exposure to environmental toxins has
threats on a global scale. It is well documented that long-term exposure been proposed as a risk factor for neurodevelopmental problems
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(Grandjean and Landrigan, 2014). Studies have also found associations
between air pollution exposure and cognitive deficits and neurodeve-
lopmental disorders in children (Suades-Gonzalez et al., 2015).

Fetal life and early childhood have been suggested as periods of
particular vulnerability, due to extensive cellular differentiation and
growth, relevant for brain maturation and neural network development
(Block et al., 2012). The underlying biological mechanisms are still not
fully understood, but animal studies suggest that exposure to air pol-
lution is associated with neuro-inflammatory changes in the central
nervous system (Calderon-Garciduenas et al., 2003; Campbell et al.,
2005). Mice exposed to airborne particulate matter have higher levels
of cytokines and immune-related transcription factors in the brain
(Campbell et al., 2005); and exposure to air pollution is associated with
chronic brain inflammation in animals (Calderon-Garciduenas et al.,
2003). Observational data on humans also suggest adverse associations.
An autopsy-study of children and young adults found increased cerebral
neuro-inflammation among individuals having resided in high-pollu-
tion areas, versus low-pollution areas (Calderon-Garciduenas et al.,
2008). Elevated levels of cytokines contribute to widespread neuro-in-
flammation in the brain, leading to damage and diffuse loss of neural
tissue in various areas of the brain. Affected structures include the
prefrontal cortex and olfactory bulb as well as midbrain structures such
as hippocampus, structures which are central to development of be-
havior and cognitive function (Brockmeyer and D'Angiulli, 2016).

Attention-Deficit/Hyperactivity Disorder (ADHD) is a prevalent
neurodevelopmental disorder with childhood onset, and for the ma-
jority persists into adolescence and adulthood (Faraone, Biederman and
Mick, 2006). The etiology of ADHD is largely unknown, but does in-
clude both genetic and environmental risk factors, which may interact
and increase susceptibility to develop neurodevelopmental problems
(Demontis et al., 2017; Faraone and Larsson, 2018).

Several studies have investigated whether exposure to air pollution
during early life is associated with ADHD or symptoms of this disorder,
but with conflicting results (Abid et al., 2014; Forns et al., 2016; Gong
et al., 2014; Min and Min, 2017; Mortamais et al., 2017; Newman et al.,
2013; Siddique et al., 2011). Siddique et al. found positive associations
between particulate matter (PM; ) and ADHD (Siddique et al., 2011), as
did Min & Min who also found positive associations between Nitrogen
dioxide (NO5) and ADHD (Min and Min, 2017). Newman et al. found
that exposure to elemental carbon (EC) during infancy was associated
with higher hyperactivity scores in 7-years old children (Newman et al.,
2013) and Forns et al. found that exposure to black carbon (BC), EC and
NO,, was associated with more behavioral problems (Forns et al., 2016).
Two studies did not find evidence of a positive association. Abid et al.
found an inverse association between exposure to polycyclic aromatic
hydrocarbons (PAHs) measured by urinary metabolite concentrations
and ADHD (Abid et al., 2014); and a study by Gong et al. did not find an
association between exposure to Nitrogen oxides (NOx) or PM;, and
ADHD (Gong et al., 2014). However, Abid et al. used a cross-sectional
design and the study by Gong et al. was likely underpowered. In
comparison, the studies with positive findings tend to have applied
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stronger methodologies in their study design and sampling.

NO, and PM are among the air pollutants with the strongest evidence
of adverse health consequences. To clarify a potential role of these air
pollutants in a country with low to moderate air pollutant levels, we
examined whether exposure to higher concentrations of NO, and PM, 5
during early life, was associated with development of ADHD, examining
a large Danish nationwide cohort. Although the prenatal period is con-
sidered to represent the most vulnerable period for brain development,
prenatal exposure to air pollution would be through the mother's ex-
posure (both at home and at work). In most previous studies, concerning
both the prenatal and postnatal period, exposure-data on air pollution
have been limited by once-annual measurements, measurements over a
short period, or have relied on extrapolated data from monitoring sta-
tions purposely placed in highly polluted areas. This offers little evidence
of which exposure window reflects the most vulnerable period. In this
study, we investigated exposure to air pollution in the postnatal period
from age O to 5, since we had continuous information about exposure to
daily concentrations of pollutants based on the children's complete his-
tory of residential addresses within the first five years of life.

2. Methods
2.1. Study population and data sources

We used the Danish Civil Registration System (CRS) to identify the
study population (Fig. S1 in the Supplementary Appendix). The CRS
was established in Denmark in 1968 and includes all people living in
Denmark in 1968 onwards. Since then, all live-born children and new
residents in Denmark have been assigned a personal identification
number (enabling accurate linkages), which is stored in the CRS with
information on sex, date and place of birth, current and former re-
sidential addresses, vital status (date of death, if relevant) and the
personal identification number of the persons’ parents.

Our study population included all singletons born in Denmark be-
tween January 1, 1992 and December 31, 2007, who were alive and
resident in Denmark on their 5th birthday, whose parents were both
born in Denmark, and whose mothers were residents in Denmark at
time of conception, defined as nine months before giving birth.

2.2. Assessment of ADHD and other mental disorders

Information about clinical diagnoses of ADHD among cohort
members and any mental disorders in their parents was obtained from
the Danish Psychiatric Central Research Register (DPCR) and the
Danish National Patient Register (DNPR). The DPCR contains in-
formation about all inpatient admissions to Danish psychiatric facil-
ities since 1969, and from 1995 also information on all contacts to
outpatient psychiatric departments and visits to psychiatric emer-
gency care units. The DNPR has information about all inpatient ad-
missions to public hospitals in Denmark since 1977 and outpatient
visits from 1995 onwards. Diagnosis of ADHD was based on the
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Fig. 1. Average NO, and PM, 5 concentrations in Denmark in 2012. The figure shows the geographic distribution of the mean concentrations of NO, (Panel A) and
PMS, 5 (Panel B), across Denmark in the year 2012. For NO,, higher concentrations are especially found along major roads and ship lanes. For PM, s, there is a north-
south gradient, with higher concentrations found in southern parts of Denmark, in part due to long-range transport from neighboring countries.

International Classification of Diseases, 10th revision, Diagnostic
Criteria for Research (ICD-10-DCR) (codes F90x or F98.8), as assessed
by a child and adolescent psychiatrist. The ICD-10-DCR was adopted
for use in Denmark starting 1994 and the validity of the diagnosis of
ADHD in the DPCR is considered high (Mohr-Jensen et al.,2016). Date
of diagnosis of ADHD was defined as the first day with the diagnosis
(inpatient or outpatient contact) and individuals with a date of first
diagnosis of ADHD before their fifth birthday were excluded from the
cohort. The incidence of a diagnosis of ADHD before five years of age
is very low and negligible before two years of age (Dalsgaard et al.,
2019). So, although data on ADHD was only available from 1994, we
included also children born in 1992 and 1993, thereby possibly
missing very early incident diagnoses of ADHD (before age 2 and 1,
respectively), unless they had a second hospital contact under the
same diagnosis before age 5 (but after 1994). Parents were classified
as having a mental disorder, if they had a hospital contact with a
psychiatric diagnosis (ICD-10 codes FO0-F99, ICD-8 codes: 290-315)
before the child was born. Date of diagnosis of mental disorders was
defined as the first day with the diagnosis (inpatient or outpatient
contact). We obtained information about birth weight, gestational age
and 5-min Apgar score from the Danish Medical Birth Register.

Statistics Denmark provided information about highest completed
parental education at the time of delivery of the child (The Education
register) and parental income at the year of delivery (The Income
register), for all cohort members.

2.3. Air pollution exposure assessment

We used data with daily concentrations of NO, and PM, 5 to esti-
mate exposure to ambient air pollution (Fig. 1). Air pollution con-
centrations all over Denmark are simulated using the high resolution
THOR modeling system which covers the years 1979-2015. The THOR
model system consists of a coupling of several air pollution models,
covering different areas and with different resolution. The Danish
Eulerian Hemispheric Model (DEHM) covers the Northern Hemisphere
and includes three nested domains over Europe (50 km x 50 km),
Northern Europe (16.7 km x 16.7 km) and Denmark
(5.6 km x 5.6 km) for higher resolution over the area of interest.
DEHM is coupled to the Urban Background Model (UBM) which covers
Denmark with a high resolution of 1 km X 1 km and uses background
concentrations from the DEHM model. Inputs to THOR include data on
air pollutant measurements, layout of roads and traffic counts, fleet-
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specific emission concentrations, weather patterns, long-range trans-
port, and secondary pollutants formation. For this study, we have used
detailed emission inventories with a resolution of 1 km x 1 km
(Brandt, Christensen, Frohn and Berkowicz, 2003; Brandt et al., 2001;
Brandt et al., 2012). Analyses of the THOR model system show that
the performance of the models does not vary significantly over years.
The overall long-term trends of NO2 and PM2.5, using surface ob-
servations from eight Danish monitoring stations, from the 1990ties
and onwards, are captured well by the model. These trends are in
general driven by similar trends in Danish and international emissions
(Im et al., 2018).

From the CRS we had a complete history of cohort member's current
and former residential addresses as well as dates of changes in addresses
within the first five years of life. To obtain exact geographic coordinates,
we linked each residential address with information from the Danish
Register on Official Standard Addresses and Coordinates. The residential
address information was linked with longitudinal information on daily
concentrations of NO, and PM, 5 by geographical coordinates, and for
each individual, we estimated the average exposure to these pollutants
between birth and the fifth birthday, accounting for residential changes
in Denmark. If an individual had a residence in another country during
the first five years, it was not possible to assign exposure status for this
period residing outside of Denmark. Before running the analyses, it was
decided that only individuals resident in Denmark > 80% of the days
between birth and their fifth birthday, whose mothers were resident in
Denmark for > 80% of the days between conception and birth and who
had a residence in Denmark at the beginning of follow-up, would be
included in the study.

2.4. Statistical analyses

Individuals in the study population (n = 809,654) were followed
from their fifth birthday until ADHD diagnosis, death, emigration from
Denmark or end of study (July first, 2013) (whichever came first).
Incidence rate ratios (IRRs) for ADHD were estimated by Poisson re-
gression in SAS (version 9-4. SAS Institute Inc., 2013) and P-values and
95% confidence intervals (CIs) were based on likelihood ratio tests
(Clayton and Hills, 1993). The adjusted-score test (Breslow, 1996)
suggested that the regression models were not subject to over-disper-
sion. The rationale for defining the exposure window as the first five
years of life was to have equal time of exposure for all individuals in the
study population, ensure temporality (i.e., that the exposure precede
the outcome), and to follow-up all cohort members from the same age.
This also explains the rationale for excluding individuals diagnosed
with ADHD before five years of age (otherwise associations could be the
result of reversed causation).

The effect of NO, and PM, s on ADHD was estimated using exposure
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levels as five-level categorical and as continuous variables per 10 pg/m>
increase in NO, and per 5 ug/m?® increase in PMj 5 (because a 10 ug/m>
increase in PM, 5 was out of scale). We adjusted for age, calendar year,
gender, and parental socioeconomic status (SES; mother's and father's
level of education and income in year of child's birth). In all analyses,
we treated age and calendar period as time-dependent variables and
other variables as time-independent.

In sensitivity analyses, we included additional covariates: Parental
socioeconomic status at the child's fifth birthday, parental history of
psychiatric illness before child's birth and obstetrical factors (birth-
weight, 5-min Apgar score and gestational age). To investigate if pre-
natal exposure made an additional contribution to the effect of the
childhood exposure, we expanded the exposure window to also include
the prenatal period. Furthermore, we did a sensitivity analysis in-
cluding only individuals, for whom we had full information on exposure
throughout their first five years of life. As both the incidence of ADHD
and the concentration of air pollutants vary temporally and geo-
graphically across Denmark, we performed robustness-checks, strati-
fying first by year of birth, second by the five geographical regions in
Denmark, and third by degree of urbanization at birth (Section 3 and 4
in the Supplementary Appendix).

We also conducted two-pollutant analyses in which the risk of
ADHD associated with exposure to NO, was adjusted for the exposure
to PM, 5 and vice-versa, to investigate potential mutual confounding.
Finally, we did a test for interaction between NO, and PM, s, (Section 6
in the Supplementary Appendix).

2.5. Ethics

The Danish Protection Agency and the Danish Health and Medicines
Authority approved this study.

3. Results
3.1. Study population

Among the included 809,654 children born in Denmark, a total of
19,045 (2.4%) children developed ADHD during the 6,969,066 person-
years of risk from 1997 to 2013 (Table 1). Individuals in the study
population were followed for up to 16 years (mean = 8.6 years; SD 4.6
years). In 4272 children and adolescents (0.5%), follow-up was ended
before the end of the study because they emigrated from Denmark
(0.4%) or were lost to follow-up or died (0.1%). Mean age at first ADHD
diagnosis was 10.6 years (SD 3.96).
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Table 1
Distribution of 19,045 cases of ADHD and 6,969,066 person-years at risk in the overall cohort.
Number of Number of Rate per
cases with person-years at 10,000
ADHD risk person-years
Year of birth
1992-1996 8062 3,744,066 21.5
1997-2001 7109 2,230,553 31.9
2002-2007 3874 994,445 38.9
Gender
Male 13,983 3,554,061 39.3
Female 5062 3,415,004 14.8
Region of residence at birth
North Denmark 1530 790,878 19.3
Central Denmark 4888 1,688,392 28.9
South Denmark 3804 1,588,730 23.9
Capital Region 5855 1,912,955 30.6
Zealand 2968 988,109 30.0
Degree of urbanization at birth®
Capital 2180 791,297 27.6
Capital suburb 2717 860,128 31.6
Municipalities with a town with > 100,000 inhabitants 1827 834,035 21.9
Municipalities with a town with 10,000-100,000 inhabitants 5691 1,985,318 28.7
Other municipalities (largest town < 10,000 inhabitants) 6619 2,496,712 26.5
Mean NO2 exposure first five years of life (ug/m3)
5th quintile (21.28-57.62 pg/m®) 4991 1,800,266 27.7
4th quintile (17.22-21.27 ug/mB) 3866 1,365,063 28.3
3rd quintile (14.07-17.21 pg/m?) 3873 1,455,080 26.6
2nd quintile (11.41-14.06 ug/ms) 3691 1,318,829 27.9
1st quintile (4.39-11.4 ug/m3) 2624 1,029,826 25.5
Mean PM2.5 exposure first five years of life (ug/m3)
5th quintile (14.62-26.36 ug/mB) 4834 2,264,760 21.3
4th quintile (13.59-14.61 ug/mB) 4694 1,691,056 27.8
3rd quintile (12.77-13.58 pg/m>) 4553 1,432,455 31.8
2nd quintile (11.76-12.76 ug/m?) 3374 1,036,992 32.5
1st quintile (8.13-11.75 pg/m°®) 1590 543,801 29.2
Mother's level of education™”
Primary school 7436 1,608,469 46.2
Short education 8749 3,550,742 24.6
Medium long education 2324 1,406,226 16.5
Long education 410 381,711 10.7
Father's level of education™”
Primary school 7146 1,557,206 45.9
Short education 9701 3,962,861 24.5
Medium long education 1194 815,192 14.6
Long education 630 565,688 11.1
Mother's level of income™©
Below the 20th percentile 505 130,633 38.7
20th to the 40th percentile 2537 566,222 44.8
40th to the 60th percentile 9075 2,681,180 33.8
60th to the 80th percentile 5673 2,731,616 20.8
Above the 80th percentile 1255 859,384 14.6
Father's level of income™*
Below the 20th percentile 334 71,861 46.5
20th to the 40th percentile 1413 273,549 51.7
40th to the 60th percentile 3040 694,136 43.8
60th to the 80th percentile 7096 2,282,666 31.1
Above the 80th percentile 7153 3,644,837 19.6
Birth weight (g)
< 2500 1182 274,791 43.0
2500-3999 14,257 5,281,812 27.0
=4000 3606 1,412,462 25.5
Gestational age (weeks)
<37 1459 366,928 39.8
37 - 41 16,081 5,995,285 26.8
=42 1505 606,852 24.8
Apgar score (5 min)
1-9 1891 570,287 33.2
10 17,154 6,398,778 26.8
Maternal history of psychiatric disorder
Yes 1227 188,813 65.0
No 17,818 6,780,252 26.3

(continued on next page)
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Table 1 (continued)
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Number of Number of Rate per
cases with person-years at 10,000
ADHD risk person-years

Paternal history of psychiatric disorder

Yes 943 145,094 65.0

No 18,102 6,823,972 26.5

Cohort consisted of 809,654 children born 1992-2007.

The table shows the characteristics of individuals with ADHD (n = 19,045) and 6,969,066 person-years at risk in the overall cohort (N = 809,654).

@ May not sum to 19,045 cases and 6,969,066 person-years at risk because of missing information.

> Highest finished education measured at the end of the year of the child's birth. Education is defined as primary school, short education (e.g. high school,
vocational training) medium-long education (e.g. bachelor's degree from college or teaching training) or higher education (e.g. college degree or PhD degree).

¢ Level of income at the year of the child's birth.

3.2. Air pollution and ADHD in one-pollutant models

The average NO, and PM, 5 daily concentrations (from birth to the
fifth birthday) ranged from 4.4 to 57.6 pg/m? and from 8.1 to 26.4 ug/
m?, respectively. NO, and PM, 5 were moderately correlated (Pearson
0.55) and had small overlaps in spatial distributions (Fig. 1).

Children exposed to the highest quintile of NO, during childhood
had a 1.70-fold (95% CI: 1.61 to 1.78) increased risk of ADHD, com-
pared to children exposed to the lowest quintile of NO, in analyses
adjusted for age, calendar year, gender, and parental socioeconomic
status at the year of birth. Similarly, children exposed to the highest
quintile of PM, 5 during childhood had a 1.63-fold (95% CI: 1.52 to
1.76) increased risk of ADHD, compared to children exposed to the
lowest quintile of PM, s. In analyses of the air pollutants as continuous
variables, the adjusted IRR for ADHD increased 1.38 (95% CI: 1.35 to
1.42) fold per 10 ug/m? increase in NO, and 1.51 (95% Cl: 1.41 to 1.62)
fold per 5 ug/m?® increase in PM, s (Table 2). A sensitivity analysis, in
which only individuals, for whom we had 100% exposure information
during their first five years of life, were included in the cohort, showed
similar results (data not shown).

Table 2

The associations between NO, and PM, 5 and ADHD remained un-
changed after adjustments for obstetric factors and parental psychiatric
disorders (Table 3). Effects of NO, and PM, 5 on the risk of ADHD were
consistent within each of the five geographically distinct Danish regions
(Table 4); and when stratified by year of birth, the effect was consistent
across birth years (Table S1) and within each level of urbanization
(Table S2). A sensitivity analysis, in which we adjusted for parental
socioeconomic status at the child's fifth birthday showed similar results
(data not shown) as when we adjusted for parental socioeconomic
status at the year of birth.

When investigating whether prenatal air pollutant exposure pro-
vided additional contributions beyond childhood exposure, we found
that prenatal exposure to NO, (P = 0.07064) or PM, 5 (P = 0.79,286)
did not contribute further to the prediction of ADHD beyond the effect
of exposure to the two pollutants during the first five years of life.

3.3. Air pollution and ADHD in two-pollutant models

In two-pollutant models, the positive trend association for every
10 pg/m?® increase in NO, and risk of ADHD remained unchanged (IRR

One pollutant models, estimating adjusted incidence rate ratios (IRRs)” for ADHD by each individual's cumulative exposure to NO, and PM, s, within the first five

years of life.

Exposure to NO, IRR (95% CI)

Exposure toPM; 5 IRR (95% CI)

1st quintile 1-00 (ref)
(439-11-4 pg/m?)
2nd quintile
(11-41-14-06 pug/m>)
3rd quintile
(1407-17-21 pug/m>)
4th quintile
(17-22-21-27 pug/m3)
5th quintile
(21-28-57-62 pg/m>)

1-22 (1-16, 1-28)
1-30 (1-24, 1-37)
1-47 (1-40, 1-55)

170 (1-61, 1-78)

1st quintile
(8:13-11-75 pg/m?)
2nd quintile
(1176-12:76 pug/m>)
3rd quintile
(1277-13-58 ug/m>)
4th quintile
(13:59-14-61 pg/m®)
5th quintile
(1462-26-36 pug/m>)

1-00 (ref)

1-30 (1-22, 1-39)
1-52 (1-42, 1-62)
1-53 (1:43, 1:64)

1-63 (1'52, 1:76)

Trend effect of NO,

IRR (per 10 pug/m? increase) 1-38 (1-35, 1-42)

Trend effect of PM, 5

IRR (per 5 pug/m? increase) 1-51 (1-41, 1-62)

2 Adjusted for age, calendar year, sex, and mother's and father's level of education and income.
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Table 3
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One-pollutant models estimating incidence rate ratios (IRRs) for ADHD by cumulative exposure to NO2 and PM2.5 within the first five years of life, after adjustment

for different confounders.

IRR (95% CI), per 10 pg/m? increase in NO,

IRR (95% CI), per 5 ug/m® increase in PM, 5

1-38 (135, 1-42)
1-37 (1-33, 1-41)
1-38 (1-34, 1-42)

Base adjustment”
Base adjustment® + parental psychiatric history
Base adjustment® + obstetrical factors”

1-51 (1-41, 1-62)
1-48 (1-37, 1:59)
1-50 (14, 1-61)

2 Adjusted for age, calendar year, sex, and mother's and father's level of education and income.

> Weight at birth, 5-min Apgar score and gestational age.

Table 4

One-pollutant models, estimating adjusted incidence rate ratios (IRRs)” for ADHD by an averaged exposure to NO, and PM, s within the first five years of life,

stratified by region of residence, at time of birth.

Region in Denmark  Number of cases with ADHD  Number of persons-years at risk

IRR (95% CI), per 10 pg/m? increase in
NO,

IRR (95% CI), per 5 ug/m3 increase in PM, 5

North Denmark 1530 790,878
Central Denmark 4888 1,688,392
South Denmark 3804 1,588,730
Capital region” 5855 1,912,955
Zealand 2968 988,109

1-29 (1-14, 1-47)
1-27 (1-19, 1-:36)
1-14 (1-04, 1-24)
1-14 (1-06, 1-22)
143 (1-34, 1:54)

171 (1-30, 2-26)
2:02 (1-74, 2:34)
1-66 (1-45, 1-91)
1-56 (1-36, 1-80)
1-25 (1-08, 1-47)

All presented IRRs were significantly increased (p < 0-00001).

2 Adjusted for age, calendar year, sex, and mother's and father's level of education and income.

b Excluding the island of Bornholm from the Capital Region.

1.35; 95% CI: 1.31 to 1.39), while the trend association for every 5 ug/
m? increase in PM, s was substantially attenuated (IRR 1.07; 95% CI:
0.98 to 1.16). We found significant interactions between NO, and PM, 5
with ADHD (P= < 0.00001). In analyses of the effect of PM, s (per
5 ng/m? increase) stratified by quintiles of NO,, we found a positive
association with PM, 5 only at the lowest concentrations of NO, (1st
quintile), while the increased risk of ADHD associated with exposure to
increased levels of NO, was found across all concentrations of PM, 5
exposures (Table 5 and Tables S3-S5).

Table 5

4. Discussion

This nationwide prospective cohort study of 809,654 Danish chil-
dren showed that children exposed in the first five years of life to higher
concentrations of NO, and PM, s, considered separately, had a sig-
nificantly increased risk of developing ADHD. These associations could
not be explained by SES, obstetric factors or parental psychiatric his-
tory; and the associations were robust across birth cohorts, urbanicity
levels and all Danish geographic regions. The effect of NO, remained
robust after accounting for PM, 5, whereas the overall effect of PM, 5
was substantially attenuated after accounting for NO,. The effect of

Two-pollutant models, estimating the trend effect of NO, (per 10 ug/m3 increase), across quintiles of PM, s, and the trend effect of PM, 5 (per 5 ug/m3 increase),
across quintiles of NO,, on the risk of ADHD. Adjusted incidence rate ratios (IRRs)” for ADHD by cumulative exposure to NO, of PM, s within the first five years of

life.

Effect of NO, on the risk of ADHD, across quintiles of PM, 5

Effect of PM, 5 on the risk of ADHD, across quintiles of NO,

Quintiles of PMj 5 IRR (95% CI)

Quintiles of NO, IRR (95% CI)

5th quintile
(1462-26'36 ug/m>)
4th quintile
(13:59-14-61 pg/m>)
3rd quintile
(12:77-13-58 pug/m>)
2nd quintile
(11-76-12:76 pug/m>)
1st quintile
(813-11-75 pg/m?)

1:33 (1:26, 1-40)
137 (1:29, 1-46)
140 (1-31, 1-49)
131 (1:20, 1-43)

1-39 (1-20, 1-60)

5th quintile
(2128-57-62 ug/m°>)
4th quintile
(17-22-21-27 pug/m>)
3rd quintile
(1407-17-21 ug/m>)
2nd quintile
(11-41-14-06 pg/m®)
1st quintile
(4-39-11-4 pg/m>)

1-00 (0-88, 1-14)
0-92 (0-81, 1-05)
1-02 (0-89, 1-16)
1-03 (0-89, 118)

1-43" (1-21, 1-70)

2 Adjusted for age, calendar year, sex, and mother's and father's level of education and income.
b When NO, was divided into deciles, the effect of PM, s was primarily found in the 1st decile of NO, (IRR 1:66; 95% CI: 1-28 to 2:15).
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increasing PM; s levels on the risk for ADHD was only significant within
the lowest quintile of NO, exposure.

Studies from Asian countries with annual levels of NO, and PM
substantially higher than those recommended in the United States
(annual mean standards: 99.64 ug/m?> for NO, and 12 pug/m?® for PM, )
(EPA, 2018) and the European Union (annual mean standards: 40 pg/
m? for NO, and 25 pg/m?® for PM,5) (“European Union,” 2008) have
found that postnatal exposure to very high levels of air pollution was
associated with an increased risk of ADHD (Min and Min, 2017;
Siddique et al., 2011; Wang et al., 2009). If these previously identified
associations represent a true causal effect, discerning such associations
in a less polluted European country with lesser exposure contrasts re-
quires a large sample and a substantial period of follow-up.

We studied a large nationwide population-based cohort that in-
cluded all children born in Denmark between 1997 and 2013 and fol-
lowed for up to 16 years. Another strength of the study is that our study
used information on daily estimates of exposure over the first five years
of life within a 1 km X 1 km area in which the child's residence was
located, including all residential changes during this period. Residential
areas also correlate with socioeconomic status, which could confound
the estimated effects. To minimize this, we included detailed data on
parental level of education and income, measured the year the child
was born and at the child's fifth birthday. Also, in this study, we relied
on clinical diagnoses of ADHD from the registers instead of dimensional
measurements of ADHD symptoms using questionnaires or computer-
tests at a single time point. A diagnosis of ADHD from the registers is
assessed by a child and adolescent psychiatrist and is considered of high
validity (Mohr-Jensen et al., 2016).

Worldwide, the population prevalence of ADHD in children and
adolescents is 5% (Polanczyk et al., 2007) and in this study the pre-
valence of ADHD was only 2.4%. Our study participants may have more
severe ADHD and our findings may not be representative of children
with mild to moderate ADHD. Moreover, although the incidence of a
diagnosis of ADHD increased and concentrations of NO, and PM, 5
decreased over the study period, the estimated association may still in
part be causally linked. Studies have estimated that increased incidence
of ADHD does not reflect a true increase in the prevalence of ADHD at
population-level, but rather reflects changes in diagnostic practices
over time, including lower thresholds for referral and more resources
becoming available for diagnosing true cases in later years. To address
these temporal changes in incidence of ADHD, not only did we control
for calendar year in our main analyses, we also performed a sensitivity
analysis stratified on birth year and found comparable estimates of the
association in all strata. In addition, a potential limitation of any study
of air pollution is related to geographical differences in both the oc-
currence of ADHD and level of pollution. Denmark consists of five re-
gions, which are also the administrative centers of public health care,
and large variations in incidence rates of ADHD exists, despite that all
individuals have free access to public health care in Denmark (Madsen
et al., 2015). Some of the variation in incidence could be explained by
unequal proximity to services or different diagnostic practices in the
five regions. However, when stratified on the five geographically dis-
tinct regions, we found that the effects of NO, and PM, 5 on the risk of
ADHD were consistent within each of the five Danish regions. Another
study limitation is that we did not have data on addresses of mothers’
workplace and hence, for our main analyses we did not include the
pregnancy period in the exposure window, as maternal exposure to air
pollution using only the residential addresses would be insufficient.
However, we performed a sensitivity analysis using an expanded
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exposure window to cover the time from conception until the fifth
birthday, resulting in estimates of the association being virtually un-
changed. Children (also) do not stay at home the first five years of life,
but spend time in daycare, which is also a limitation in our study.
However, this likely biases our estimates to a lesser degree, since ex-
posure levels are likely to be similar because most children in Denmark
attend daycare in the same area, as their residential address (Ministry of
Social Affairs, 2015). Finally, it is possible that the association between
air pollution and ADHD in our study could partly be explained by re-
sidual confounding by unmeasured factors, such as noise pollution,
indoor air pollution, and other outdoor air pollutants. Both NO, and
PM, 5 arise in large part from vehicle traffic and other combustion
sources. These sources emit a wide variety of air pollutants in addition
to NO, and PM, s, which may all be linked together and we cannot
exclude the possibility, that the etiologic agent responsible for the ob-
served association, is one or more correlated air pollutants, not in-
cluded in this study.

Air pollutants are connected by rather complex atmospheric
chemistry and the effects ascribed to one pollutant, may be influenced
by the underlying toxicity of several air pollutants in the mixture. The
two pollutants examined in this study are linked in that NO, may serve
as a precursor of PM, 5. Few other studies have investigated this po-
tential co-pollutant confounding between PM, 5 and NO,. A European
study of associations with mortality found that the association with PM
was substantially attenuated, when adjusting for NO, (Katsouyanni
et al., 2001). A US study did not find any evidence of such confounding
by NO, (Samet et al., 2000) While our results point to NO, as a stronger
risk factor for ADHD compared to PM, s, this pattern may not be gen-
eralizable to other locations such as the US, where the sources of PM, 5
and NO, differ (e.g. different degrees of diesel fuel use in Europe and
the US). PM, 5 is simply defined by size of particles and includes a
mixture of particles with different chemistry arising from different
sources. When PM, 5 is present and concentration of NO, is very low,
this likely indicates low traffic-related emissions and thus may indicate
a different predominant source for PM,s. Our finding of a robust as-
sociation between PM, s and ADHD only when NO, was low, is con-
sistent with a hypothesis that different types or sources of PM, s may
have different biological effects.

5. Conclusions

This nationwide study suggests that early life exposure to NO, and
PM, s may be associated with an increased risk of developing ADHD,
even in a country with a low general level of air pollution. If causal,
then lowering the maximum permissible value of these pollutants could
potentially have important preventive impacts on the risk of ADHD as
well as improvements in the public health in general. Given the com-
plex relationship between air pollutants, it is difficult to separate out
the effect of each single pollutant within the complex air pollutant
mixture. Future studies should examine the role of several air pollutants
in the association with ADHD, as well as the interplay between them.
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