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ABSTRACT

Children’s neuropsychological abilities are in a developmental stage. Recent air pollution
exposure and neurobehavioral performance are scarcely studied. In a panel study, we
repeatedly administered to each child the following neurobehavioral tests: Stroop Test
(selective attention) and Continuous Performance Test (sustained attention), Digit Span
Forward and Backward Tests (short-term memory), and Digit-Symbol and Pattern
Comparison Tests (visual information processing speed). At school, recent inside classroom
particulate matter < 2.5 or 10 um exposure (PM.s5, PM1o) was monitored on each examination
day. At the child’s residence, recent (same day up to 2 days before) and chronic (365 days
before examination) exposures to PMazs, PMyo and black carbon (BC) were modeled.
Repeated neurobehavioral test performances (n=894) of the children (n=310) reflected slower
Stroop Test (p=0.05) and Digit-Symbol Test (p=0.01) performances with increasing recent
inside classroom PM.s exposure. An interquartile range (IQR) increment in residential
outdoor PM_ s exposure was associated with a total latency of 0.087 seconds (SE: + 0.034;
p=0.01) in the Pattern Comparison Test. Regarding chronic exposure at residence, an IQR
increment of PMa2s exposure was associated with slower performances in the Continuous
Performance (9.45 = 3.47 msec; p=0.007) and Stroop Tests (59.9 + 26.5 msec; p=0.02).
Similar results were obtained for PMio exposure. In essence, we showed differential
neurobehavioral changes robustly and inversely associated with recent or chronic ambient
exposure to PM air pollution at residence, i.e., with recent exposure for visual information
processing speed (Pattern Comparison Test) and with chronic exposure for sustained and
selective attention.
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ABBREVIATIONS
particulate matter with a diameter < 10 or 2.5 pm (PMzio, PM25s); black carbon (BC);
interquartile range (IQR); residential proximity to major roads (RPMR); neurobehavioral

evaluation system (NES);
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1. INTRODUCTION

Polluted air is a complex mixture of water vapor, gases, and solid particles. Evidence is
growing that ambient air pollution exposure may be neurotoxict. When small particles
(particulate matter with a diameter < 10 pm, PM1o) deposit in the lungs, they may trigger the
release of inflammatory mediators in the systemic circulation®3. Fine particles (PM < 2.5 um,
PM_s) can also translocate into the circulation leading to increased systemic inflammation?,
which may adversely affect the central nervous system (CNS)°®. Besides the link with
systemic inflammation, particles < 0.1 um might also cause harm to the CNS in a more direct
way by crossing the blood-brain-barrier or by retro-axonal translocation via the olfactory
nerve’8. Experimental studies in rodents demonstrated a wide range of biological CNS effects
of air pollution exposure including a pro-inflammatory cytokine response, glial activation,
oxidative stress, changes in gene expression, and perturbations of levels and turnover of
neurotransmitters®4. Epidemiological studies in adults showed that long-term exposure to
traffic-related air pollution may contribute to neurodegenerative diseases, such as Parkinson’s
and Alzheimer’s disease!>!®. Studies in children suggested that neurotoxic effects of air
pollution may translate into observable deterioration of neurobehavioral performance. In
children from Boston of approximately 10 years old, average lifetime residential levels of
black carbon (BC) were inversely associated with attention, memory, learning, and
intelligence’”®. In another prospective cohort study, prenatal air pollution exposure as
assessed by personal monitoring of polycyclic aromatic hydrocarbons was inversely
associated with neurodevelopmental characteristics (intelligence, behavior) in early
childhood®®?!, Furthermore, cross-sectional studies also reported inverse associations between
neurobehavioral performance of children and indicators of chronic air pollution exposure®?23,
Recently, it has been shown that children exposed to high traffic-related air pollution have a

smaller enhancement in neurobehavioral development after one year in comparison to
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children exposed to low air pollution?*. We found that traffic exposure in adolescents, as
reflected by a composite factor combining information about traffic density, time spent in
traffic, and urinary concentration of trans,trans-muconic acid, was negatively associated with
sustained attention?,

Despite these studies are suggestive of a neurobehavioral performance deficit associated
with fine particle air pollution, there is still insufficient evidence on the consistency of these
associations?®. Neurobehavioral changes associated with recent air pollution exposure (i.e.,
exposure on the day and a few days before the neurobehavioral examination) have been
scarcely studied. The aim of this study was to investigate with repeated measures whether
neurobehavioral performance was differently associated with recent versus chronic air

pollution exposure in a panel of primary schoolchildren.

2. MATERIALS & METHODS

2.1 Study population

This investigation was part of the COGNAC (COGNition and Air pollution in Children)
study. Between 2011 and 2013, we invited children (grades three to six) from three primary
schools in Flanders (Belgium) to participate. These schools were located in urban areas with a
substantial amount of traffic (Figure 1). Typical particulate matter air pollution (PM.5) in the
recruitment area was mainly characterized by the following components: elemental carbon
(3%), organic mass (20%), sea salt (5%), ammonium (12%), nitrate (21%), ammonium sulfate
(18%) and mineral dust (3%)?’.

The parents of the participants filled out a questionnaire to collect information about
the current and previous residential addresses, the socioeconomic status of the family, the
smoking behavior of the family members, and they provided informed consent for

participation. Socioeconomic status was based on the mother’s education (up to high school

5
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diploma; college or university diploma) and the highest rank of occupation of either parents
(unemployed or unqualified worker; qualified worker, white collar assistant, or teaching staff;
self-employed, specialist or member of management). The out-of-school sport activities were
defined as “none” (no out-of-school sport activities), “low” (< 3 hours per week), “middle’ (>
3 to < 6 hours per week) and “high” (> 6 hours per week). The study protocol was approved

by the medical ethics commissions of Hasselt University and the East-Limburg Hospital.

10 Kilometers
)

Legend
@ School in Tienen == Highways
B schoolin Zonhove Major roads
0 1 2 4 6 8 10 Kiometers A school in Kiewit Secondary roads
A A A A A )

Figure 1. Study area with indication of the school locations in the three municipalities and the
road system. Dots represent the residential addresses of the schoolchildren.

In total, 334 children agreed to participate in the study, however 24 had to be removed
from the database because of missing data on mother’s education and/or occupation of the
parents, passive smoking exposure, or residential outdoor exposure. Of the 310 children, 277
(89.3%) were examined three times, 30 (9.7%) two times, and 3 (1%) once, amounting to a

total number of 894 examinations. The examinations took place between December 2011 and
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February 2014 on Monday, Tuesday, Thursday, and Friday between 9:00 a.m. and 2:00 p.m..
The mean (SD) period of time between two consecutive examinations was 41 (23) days. Each
neurobehavioral examination was scheduled for the same time of the day for the same child,
but in some cases it was not possible due to school activities. For the same child, the time of
the day at which the neurobehavioral examinations took place differed on average (SD) 24

(48) min.

2.2 Assessment of PM air pollution exposure

2.2.1 Air pollution measurements at the schools

At the schools, we used portable devices (AEROCET 531; MetOne Instruments Inc., Grants
Pass, OR, USA) to carry out area measurements of particulate matter [PM with a diameter <
2.5 um (PM2s5) and < 10 um (PMjyo)] inside the classroom on the examination day (Table 1).
Continuous air monitoring was carried out from 9 to 12 a.m. as 2 min interval measurements

which were averaged and expressed as pg/m3.

2.2.2 Modeled outdoor air pollution and traffic indicators at residence

For the child’s residence, we used a spatial temporal interpolation method to model the daily
residential exposure levels (ug/ms?) of PM2s, PM1o, and BC (Table 1). This method takes into
account land-cover data obtained from satellite images (CORINE land-cover data set) 2® and
pollution data of fixed monitoring stations in combination with a dispersion model 2%, The
model calculates the daily interpolated exposure concentrations in a high resolution receptor
grid based on information from the Belgian telemetric air quality networks, point sources, and
line sources. Overall model performance was evaluated by leave-one-out cross-validation and
was based on 34 monitoring points for PM2s, 58 for PM1o, and 14 for BC. Validation statistics
of the interpolation tool gave a spatial temporal explained variance of more than 0.80 for

PM.s % 0.70 for PMyo %, and 0.74 for BC 3% We used this model to estimate the recent
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exposure at residence up to 48 hours before the neurobehavioral examination as well as the
chronic exposure at residence reflected by the annual mean concentration of the year before
the examination. When a child had more than one residential address at the moment of the
study, we calculated a weighted average using the proportion of time spent at each location.
We calculated also the residential proximity to major roads (RPMR), defined as highways and

other national roads, using geographic information system functions (ArcGIS 9.3).

TABLE 1. Overview of the PM air pollution exposure indicator measurements or
estimates used for the panel study in schoolchildren.

PMa2s PM1o BC RPMR
(ug/m3)  (ug/m3)  (ug/m3) (m)

Recent exposure:
At schools on day of examination?

Inside the classroom X X
At residential address®
Lag O (day of examination) X X X
Lag 1 (1 day before examination) X X X
Lag 2 (2 days before examination) X X X
Chronic exposure:
At residential address® X X X X

PM, particulate matter with aerodynamic diameter < 2.5 um (PM25) or < 10 um
(PMyo); BC, black carbon; RPMR, residential proximity to major road.

& Actual air pollution measurements by area sampling in the classrooms.

b Estimates of outdoor air pollution by spatial temporal interpolation modeling.

2.3 Assessment of traffic noise

A GIS-based noise model including the Flemish street and railway networks was used to
estimate traffic noise levels in 5 dB(A)-intervals according to the European Noise Directive
(2002/49/EC)*?. The modeling of road noise level included road traffic intensity, vehicle-type-
specific traffic density, type of street surface, small-scale topography of the area, and the
presence or dimensions of buildings and reflecting objects. Railway noise modeling included
the amount of passing trains, type of trains, speed, small-scale topography of the area, and the
presence or dimensions of buildings and reflecting objects. Weighted equivalent noise levels

in dB(A) for traffic over day-time (based on the weighted yearly average noise level between
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7am.to7 p.m,and 7 p.m. to 11 p.m.,) and at night (yearly average noise level between 11

p.m. and 7 a.m) were modeled. Exposure to traffic noise was categorized as < 55 dB, > 55 to

<60 dB, and > 60 dB.

2.4 Neurobehavioral tests

The neurobehavioral examination lasted approximately 20 min. The room where the
examinations took place was quiet, appropriately lighted, and ventilated. We administered a
computer version of the Stroop Test ** and the following four tests from the Neurobehavioral
Evaluation System 3 (NES3) battery: Continuous Performance, Digit Span, Digit-Symbol,
and Pattern Comparison 343°,

In the Stroop Test (selective attention domain), four buttons are displayed on the
screen (yellow, red, blue, and green). During the test, the name of one of these colors appears
on the screen printed in a different color than the name. The task is to touch as fast as possible
the button that has the same color as the name, ignoring the color of the printed name. Before
the test, eight practice trials take place followed by 48 test trials. The mean reaction time is
the average time that passed between the appearance of the name and touching the correct
button. This performance indicator was only calculated when the total number of test trails
with wrong responses was smaller than or equal to 16.

In the Continuous Performance Test (sustained attention domain), silhouettes of
animals (e.g., a cat) are displayed on the screen, one at the time and each for approximately
200 msec. The task is to immediately respond to the cat’s silhouette in this case by pressing
the spacebar, but not the silhouette of another animal. A new silhouette is displayed each 1000
msec.

The Digit Span Test (short-term memory domain) consists of two parts. In the first
part, the task is to reproduce a series of digits after an auditory presentation in the order of the

presentation. The test starts with a sequence of three digits. In case of a correct answer, a one

9
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digit longer sequence is presented. The test continues until two consecutive incorrect answers
are given. In the second part of the test, the task is to reproduce the digits in the reverse order
of the presentation.

In the Digit-Symbol Test (visual information processing speed domain), a row of 9
symbols paired with 9 digits is shown at the top of the screen. The same 9 symbols but in a
different order are displayed at the bottom of the screen. During the test 27 digits appear
consecutively on the screen. When a digit is shown, the task is to indicate as fast as possible
the symbol which is paired with this digit in the row of symbols at the bottom of the screen. A
new digit appears only after the correct symbol has been indicated.

In the Pattern Comparison Test (visual information processing speed domain), three
matrices consisting of 10 x 10 blocks are shown. Two of them are identical. The task is to
indicate which pattern is different from the other two patterns. The test includes 25 items.

We used as performance parameters, the mean reaction time in the Continuous
Performance Test and the Stroop Test, the maximum span forward and backward in the Digit
Span Test, and the total latency or the average latency in the Digit-Symbol Test and Pattern

Comparison Test respectively.

2.5 Statistical analysis

We performed recent and chronic PM exposure-response analyses using mixed effects models
that included random effects for each participant across the neurobehavioral examinations
(SAS, version 9.2; SAS Institute Inc., Cary, NC, USA). This method allows each participant
to serve as his/her own control over time and eliminates within-subject confounding by
personal characteristics that do not change over time. We express the effect estimates for an
interquartile range (IQR) increment in recent (PM2s, PMzg) and chronic (PMzs, PM1o, BC)
exposures or living twice as close to major roads (residential proximity to major roads:
RPMR). The effect estimates are presented as change in msec for reaction time of the

10
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Continuous Performance Test and the Stroop Test, change in number of digits for the Digit
Span Forward and Backward Tests, and change in seconds for the latency of the Digit-Symbol
Test and Pattern Comparison Test. All analyses were adjusted for a priori chosen covariates
including sex, age (linear and quadratic term), education of the mother, highest rank of
occupation of either parents, passive smoking, out-of-school sport activities, traffic noise
(weighted noise during day), hours of computer screen time per week, and day of the week.
To capture the non-linear effect of age, we included a quadratic term. Furthermore, a time-
varying covariate was included for the measurement occasion (relatedness of examination
periods) which is an important predictor of neurobehavioral performance due to the learning
effect. In the chronic exposure models, we additionally adjusted for the month of examination
to account for seasonality. Since differences are possible for between- and within-subject air
pollution effects, we fitted explicit models for recent exposure which included terms for
between- and within-subject exposure effects. We reported the within effects. Finally, we
tested in a sensitivity analysis the robustness of the findings and replaced residential weighted

day-time noise levels by weighted night-time levels.

3. RESULTS

3.1 Study population characteristics, neurobehavioral performances, and exposure to PM
air pollution

Characteristics and neurobehavioral test performances of the study group are summarized in
Table 2. The number of boys and girls for the three schools combined was approximately
equal. The mean (SD) age was 10.2 (1.3) years. The majority (60.9%) of the children’s
mothers had a college or university diploma and 41 participants were exposed to passive
smoking. 41.3% of the children participated up to three hours per week in out-of-school sport

activities. For residential traffic noise during the day, 78.4% were exposed to < 55 dB, 13.2%

11
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to >55 to <60 dB, and 8.4% to >60 dB. During the night, 96.8% were exposed to < 55dB and

3.2% to > 55 dB residential traffic noise.

Over the examination days, the neurobehavioral test performances averaged = SD for

sustained attention 593 + 51.2 msec in the Continuous Performance Test and 1417 + 377

msec for selective attention in the Stroop Test, for short-term memory 5.26 + 0.94 and 4.03 =

0.97 digits in the Digit Span Forward and Backward Tests respectively, and for visual

information processing speed 123 + 23.5 sec and 4.18 + 1.01 sec for total latency and average

latency in the Digit-Symbol Test and Pattern Comparison Test respectively.

TABLE 2. Demographic characteristics of the participants.

N=310

Schools

Kiewit 69 (22.3%)

Tienen 62 (20.0%)

Zonhoven 179 (57.7%)
Demographic characteristics

Boys 158 (50.9%)

Age 102+1.3

Level of education of the mother
Up to high school diploma
College or university diploma
Most prestigious category of occupation of either parents,
Unemployed or not qualified worker
Qualified worker, white-collar assistant, or teaching staff
Self-employed, specialist, or member of management
Passive smoking,
Out-of-school sport activities
None
< 3 hours/week
> 3 to < 6 hours/week
> 6 hours/week
Computer screen use, hours per week

121 (39.1%)
189 (60.9%)

20 (6.4%)
131 (42.3%)
159 (51.3%)
41 (13.2%)

36 (11.6%)
128 (41.3%)
87 (28.1%)
59 (19.0%)
43+38

Values represent number (%) or arithmetic mean + SD.

12
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The median (interquartile range; IQR) concentrations of PM air pollution inside the
classrooms at the schools were, for PMzs 5.14 (8.85) pg/m3, and for PM1 33.5 (55.2) pg/m3
(Table 3). Table 3 also shows the modeled estimates of recent residential ambient air exposure
to PM2s, PMy, and BC from Lag O to Lag 2. Chronic ambient PM exposure was
characterized by the median residential exposure (IQR) over the year before the examination
[15.7 (1.16) pg/m? for PM2s, 21.3 (1.61) pg/m3 for PM1o, and 1.54 (0.20) pg/m3 for BC] and
median distance (IQR) from residence to major roads [RPMR, 333 (669) m].

TABLE 3. Recent and chronic exposure characteristics (N=310).
25th 75th

Median percentile percentile IQR
Recent (at schools)?
PM2s, ug/md 5.14 2.80 11.6 8.85
PMyo, ug/m? 335 20.9 76.1 55.2
Recent (at residence)®
PM2s, pg/m?
Lag 0 16.5 9.10 28.0 18.9
Lag 1 15.2 8.85 27.5 18.7
Lag 2 15.5 8.90 31.8 22.9
PMao, pg/m3
Lag 0 21.2 13.0 32.2 19.2
Lag 1 19.5 13.0 30.9 17.9
Lag 2 18.9 13.0 36.2 23.2
BC, pug/m?
Lag 0 1.55 1.00 2.25 1.25
Lag 1 1.36 1.03 2.03 1.00
Lag 2 1.52 0.93 2.30 1.37
Chronic (at residence)®
PMzs, pg/m? 15.7 15.2 16.4 1.16
PMso, pg/m3 21.3 20.7 22.3 1.61
BC, pg/m? 1.54 1.43 1.63 0.20
RPMR, m 333 133 832 699

PM, particulate matter with aerodynamic diameter < 2.5 um (PMzs) or < 10 pum (PMyo); BC, black
carbon; RPMR, residential proximity to major roads.

& Air pollution at school is obtained by area sampling in the classrooms and averaged over the
examination days.

b Average ambient air pollution at the residential address over different periods before examination is
obtained by spatial temporal interpolation modeling.
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3.2 Associations between recent PM exposure and neurobehavioral performance

For the sustained attention (Continuous Performance Test) and short-term memory (Digit
Span Forward and Backward Tests) domains, the repeated neurobehavioral test performances
within the same child were not associated with recent inside classroom exposure (PMas,
PMyo) at school on the examination day (Table 4). Similarly, no associations were shown for
recent exposure at residence (PMzs, PMio, BC) on the examination day (Lag 0), one day
before (Lag 1), and two days (Lag 2) before (Table 5). For selective attention, recent inside
classroom PM2s and PMio exposures were significantly associated with the Stroop Test
showing a 42.7 msec longer mean reaction time [95% confidence interval (Cl): -0.40 to 85.8,
p=0.05] for an IQR increment in PM25s exposure (Table 4). The corresponding estimate for
recent inside PMyo exposure was 50.2 msec (95% CI: 8.55 to 91.8, p=0.02).

For the visual information processing speed domain, significant associations were
found between the Digit-Symbol Test performance and recent inside classroom PMzs or PM1o
exposure (Table 4). An IQR increment in PM2 s exposure showed a total latency increase of
2.05 seconds (95% CI: 0.43 to 3.66; p=0.01). The corresponding result for PMy was 1.9
seconds (p=0.02). The results of the Pattern Comparison Test were adversely associated with
recent residential PM2s and PM1o exposure the day of the examination (Lag 0) (Table 5). For
an IQR increment of PM2s exposure, the average latency increased by 0.087 seconds (95%
Cl: 0.02 to 0.15; p=0.01), while the corresponding estimate for PMio was 0.081 seconds
(p=0.01). The days before the examination, i.e., at Lag 1 and Lag 2, an IQR increment of
PM25 exposure also showed an increase in average latency of the Pattern Comparison Test
with 0.066 seconds (p=0.04) and 0.079 seconds (p=0.03) respectively. For BC, exposure the
day before examination (Lag 1) was also associated with the Pattern Comparison Test (0.051

seconds in average latency, p = 0.04). For the other recent inside classroom and residential
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outdoor exposure indicators, no associations were found with the Digit-Symbol or Pattern
Comparison Tests (Table 4 and 5).

The associations described above were independent of the covariates sex, age (linear
and quadratic), education of the mother, highest rank of occupation of either parents, passive
smoking, out-of-school sport activities, traffic noise during day, hours per week spent behind
a computer, day of the week, and relatedness of the different examination periods. Additional
adjustment for chronic residential exposure as well as replacement of the traffic noise during

day by traffic noise during night did not change the results.

TABLE 4. Associations between neurobehavioral test performances and recent inside
classroom PM exposures.

Neurobehavioral Test Recent indoor PM_s Recent indoor PMig
B 95% ClI p-value B 95% ClI p-value

Attention

Continuous Performance -1.29 551 to 293 0.55 -2.16 -6.26 to 1.94 0.30

Stroop 427 -0.40 to 85.8 0.05 50.2 855 to 91.8 0.02
Short-term Memory

Digit Span Forward -0.05 -0.16 to 0.05 0.32 -0.002 -0.10 to 0.10 0.97

Digit Span Backward -0.06 -0.18 to 0.06 0.35 -0.03 -0.15 to 0.08 0.57
Visual Information
Processing Speed

Digit-Symbol 205 043 to 3.66 0.01 19 0.34 to 3.42 0.02

Pattern Comparison -0.01 -0.11 to 0.09 0.79 -0.03 -0.13 to 0.07 0.54

PM, particulate matter with aerodynamic diameter < 2.5 um (PM25) or < 10 um (PMyo); the
metric of PM2s and PMyo is pug/m3.

For an interquartile increment in recent indoor exposure to PMa (8.85 pg/ms3) or PMyg (55.2
pg/m3), the effect estimates are represented as msec change for the Continuous Performance
Test and the Stroop Test, change in number of digits for the Digit Span Forward and
Backward Tests, and change in sec of latency for the Digit-Symbol and Pattern Comparison
Tests. All analyses were adjusted for sex, age (linear and quadratic), education of the mother,
occupation of the parents, passive smoking, out-of-school physical activity, traffic noise,
hours spent after computers, day of the week, and relatedness of the examination periods.
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TABLE 5. Associations between neurobehavioral test performances and recent ambient PM
exposures at residence.

Attention
Recent Continuous performance Stroop
residential p- p-
exposure B 95% ClI value B 95% ClI value

PMzs, lag 0 -1.57 -445 to 1.32 0.29 -16.7 -46.4 to 129 0.27
PMzs, lag 1 -0.59 -3.31 to 214 0.67 -20.3 -483 to 7.66 0.15
PMz2s, lag 2 -0.11 -3.11 to 2.89 0.94 -26.0 -56.4 to 4.46 0.09
PMio, lag 0 -1.27 -3.99 to 1.45 0.36 -13.8 -41.8 to 141 0.33
PMyo, lag 1 -0.47 -2.82 to 1.89 0.70 -12.2 -36.4 to 121 0.33
PMyo, lag 2 -0.10 -294 to 274 0.94 -22.4 -51.1 to 6.33 0.13

BC, lag 0 -0.48 -3.17 to 2.20 0.72 -4.48 -320 to 231 0.75
BC, lag 1 0.27 -183 to 237 0.80 -3.96 -25.7 to 17.8 0.72
BC, lag 2 0.66 -1.84 to 3.16 0.61 -3.80 -29.6 to 220 0.77
Memory
Digit Span forward Digit Span backward
p_
B 95% ClI value B 95% ClI p-value
PM,s,lag0 | -0.050 -0.124 to 0.024 0.18 0.008 -0.075 to 0.092 0.84
PM,s,lagl | -0.056 -0.126 to 0.015 0.12 | -0.028 -0.11 to 0.051 0.49
PMzs,lag2 | -0.071 -0.149 to 0.007 0.07 0.006 -0.081 to 0.093 0.89
PMyo, lag O -0.046 -0.116 to 0.024 0.20 | -0.0031 -0.082 to 0.075 0.94
PMy, lag 1 -0.045 -0.106 to 0.016 0.15 | -0.034 -0.103 to 0.034 0.33
PMyyo, lag 2 -0.067 -0.140 to 0.006 0.07 0.000 -0.082 to 0.082 0.99
BC, lag 0 -0.065 -0.134 to 0.003 0.06 0.019 -0.059 to 0.096 0.64
BC, lag 1 -0.025 -0.080 to 0.029 0.36 | -0.025 -0.086 to 0.036 0.42
BC, lag 2 -0.051 -0.116 to 0.014 0.12 0.013 -0.060 to 0.086 0.72
Visual processing speed
Digit Symbol Pattern comparison
B 95% ClI p-value B 95% ClI p-value

PMzs, lag 0 -0.77 -1.88 to 0.33 0.17 |0.087 0.020 to 0.15 0.01
PMzs, lag 1 -0.95 -2.00 to 0.10 0.08 | 0.066 0.004 to 0.13 0.04
PMzs, lag 2 -0.80 -1.95 to 0.35 0.17 |0.079 0.010 to 0.15 0.03

PMyo, lag O -0.50 -1.54 to 0.54 0.35 |0.081 0.019 to 0.14 0.01
PMyo, lag 1 -0.69 -1.60 to 0.21 0.13 | 0.046 -0.009 to 0.10 0.10
PMyo, lag 2 -0.73 -1.82 to 0.36 0.19 |0.057 -0.009 to 0.12 0.09
BC, lag 0 -0.61 -1.64 to 042 024 |0.041 -0.022 to 0.103 0.20
BC, lag 1 -0.78 -159 to 0.03 0.06 |0.051 0.003 to 0.099 0.04
BC, lag 2 -0.50 -1.47 to 0.47 0.31 |0.006 -0.053 to 0.064 0.85

PM, particulate matter with aerodynamic diameter < 2.5 um (PM25) or < 10 um (PM1o); BC,
Black carbon; the metric of PM25, PM1g, and BC is pg/m3.

For an interquartile increment in recent (Lag 0, 1, and 2) indoor exposure to PM.5(18.9, 18.7,
and 22.9 pg/ms3), PMyo (19.2, 17.9, and 23.2 pg/m3) or BC (1.25, 1.00, and 1.37 pg/m3), the
effect estimates are represented as msec change for the Continuous Performance Test and the
Stroop Test, change in number of digits for the Digit Span Forward and Backward Tests, and
change in sec of latency for the Digit-Symbol and Pattern Comparison Tests. All analyses
were adjusted for sex, age (linear and quadratic), education of the mother, occupation of the
parents, passive smoking, out-of-school physical activity, traffic noise, hours of computer
screen time per week, day of the week, and relatedness of the examination periods.
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3.3 Associations between chronic PM exposure and neurobehavioral performance

In the models studying chronic exposure, we accounted for the following covariates: sex, age
(linear and squared term), education of the mother, occupation of the parents, passive
smoking, out-of-school sport activities, traffic noise during day , hours per week spent behind
a computer, day of the week, month of examination and relatedness of the examination
periods. Independent of these covariates, chronic exposure to PM2s was adversely associated
with the attention domain (Continuous Performance and Stroop Tests). For an IQR increment
of chronic PMas exposure, the reaction time increased by 9.45 msec (95% CI: 2.59 to 16.3;
p=0.007) for the Continuous Performance Test and by 59.9 msec (95% CI: 8.1 to 111.6;
p=0.02) for the Stroop Test. For PM1o, the estimates were in the same direction (Table 6). For
BC exposure, we only observed a tendency towards significance for the Continuous
Performance Test (5.72 msec; 95% ClI: -0.34 to 11.8; p = 0.06) and for residential proximity
to major roads (RPMR) no significant associations were found with both attention tests. A
sensitivity analysis in which traffic noise during day was replaced by traffic noise during
night did not change the main results. For the short-term memory domain, chronic exposures
to PM2s, PM1o, BC and residential proximity to major roads did not show significant
associations with both short-term memory tests (Table 6). For the visual information
processing speed domain, none of the chronic exposure indicators (PM2s, PM1o, BC, and
RPMR) was associated with the performances of the Digit-Symbol and Pattern Comparison

Tests (Table 6).
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TABLE 6: Associations between neurobehavioral test performances and chronic ambient PM

exposures at residence.

Attention
Chronic Continuous Performance Test Stroop Test
exposure B 95% ClI p-value B 95% ClI p-value
PM:s 9.45 259 to 16.3  0.007 59.9 81 to 1116 0.02
PM1o 8.66 250 to 14.8 0.006 765 293 to 1236 0.002
BC 572 -034 to 118 0.06 6.7 -384 to 519 0.77
RPMR 1.92 -1.0 to 485 0.20 090 -206 to 224 0.93
Short-term memory
Digit Span Forward Test Digit Span Backward Test
B 95% CI p-value B 95% ClI p-value
PM2s -0.025 -0.15 to 010 0.70 0.057 -0.071 to 0.18 0.38
PM1o -0.063  -0.18 to 0.057 0.30 0.057 -0.064 to 0.18 0.35
BC 0.025 -0.09 to 0.14 0.66 0.10 -0.011 to 0.20 0.08
RPMR -0.047 -0.10 to 0.005 0.08 -0.043 -0.095 to 0.009 0.11
Visual information processing speed
Digit-Symbol Test Pattern Comparison Test
B 95% ClI p-value B 95% ClI p-value
PM2s 21 -065 to 491 013 0.050 -0.089 to 0.19 0.48
PM1o 209 -039 to 457 0.10 0.023 -0.103 to 0.15 0.72
BC 050 -199 to 299 0.69 0.065 -0.06 to 0.19 0.30
RPMR 039 -079 to 158 0.51 0.0002 -0.057 to 0.057 1.00

PM, particulate matter with aerodynamic diameter < 2.5 um (PM2s) or < 10 um (PM1o); BC,

black carbon; RPMR, residential proximity to major roads. The metric of PM2s, PM1o, and BC
is pg/m?3 and residential proximity to major roads (RPMR) is expressed in m.
For an interquartile increment in chronic exposure to PMz 5 (1.16 pg/m3), PM1o (1.61 pg/m3),
and BC (0.20 pg/m?) or for living twice as close to major roads, the effect estimates are
represented as msec change for the Continuous Performance Test and the Stroop Test, change
in number of digits for the Digit Span Forward and Backward Tests, and change in sec of
latency for the Digit-Symbol and Pattern Comparison Tests. All analyses were adjusted for
sex, age (linear and quadratic), education of the mother, occupation of the parents, passive
smoking, out-of-school physical activity, traffic noise, hours of computer screen time per
week, day of the week, and relatedness of the examination periods.
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4. DISCUSSION

The CNS of schoolchildren and thus also their neurobehavioral performances are still in a
stage of development and may be vulnerable to both recent and chronic PM air pollution. In
our panel study of children with repeated measures of neurobehavioral performances, neither
recent nor chronic PM exposure did affect short-term memory. However, other findings
indicated consistent negative associations of selective attention (Stroop Test) with both recent
classroom and chronic ambient residential PM exposure, while decreased sustained attention
was associated only with chronic ambient PM exposure at residence. Visual information
processing speed seemed to decrease only in conditions of recent PM exposure, either in the
classroom (Digit-Symbol Test) or at residence (Pattern Comparison Test). These associations
persisted by taking into account the learning effect over the various examination days and by
allowing for sex, age, familial socioeconomic position, out-of-school sport activities, and
residential traffic noise (day and night). Some of these results highlighted changes in
neurobehavioral test performances in association with PM air pollution exposures well below
the current EU standards (annual mean PM2s: 25 pg/m? and PMzo: 40 pg/ms3) and just above

the current US standard (PM2s: 12 pg/ms).

4.1 Recent PM exposure
In contrast to chronic exposure, the neurotoxic potential of recent exposure to PM air
pollution in children has not been thoroughly investigated so far. Our panel study of
schoolchildren revealed adverse changes in neurobehavioral test performances associated with
an IQR increment of recent PM air pollution exposure, i.e., selective attention (Stroop Test)
and visual information processing speed (Digit-Symbol and Pattern Comparison Tests).

These findings may be interpreted in the context of experimental studies which

emphasized the involvement of inflammatory events on neurobehavioral functioning.
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Administration of bacterial lipopolysaccharide showed in rats a rapid induction of systemic
inflammation which strongly impaired memory retrieval in a task thought to require
hippocampal pattern separation and context-object discrimination, whereas it did not impair
mere memory retrieval in hippocampal dependent tasks®. This finding supports the
contention that acute neuro-inflammation may impair context discrimination memory via
disruption of pattern separation processes in the hippocampus. Another experimental study on
short-term (4 h) air pollution exposures showed rapid modulation of genes in the vaso-
regulatory pathway of the brain®’. In a randomized cross-over study of humans exposed to
diesel motor exhaust (1 h), a significantly lower brain activity (EEG) has been detected in the
left frontal cortex as reflected by increased median power frequency within 30 min of
exposure, an effect still detectable until 1 h after exposure stopped®. Our observational
findings are in line with the hypothesis of PM-induced cerebral inflammation and suggest a

prompt neurobehavioral response.

4.2 Chronic PM exposure

As to chronic PM exposure, the two tests of the attention domain (Continuous Performance
Test and Stroop Test) were adversely associated with an IQR increment of chronic ambient
PM2sand PMyo air pollution at residence.

Several recent studies reported an inverse association between chronic air pollution
exposure and attention-related outcomes. Recently, we observed in adolescents a negative
association between sustained attention, assessed using the Continuous Performance Test, and
traffic exposure as reflected by a composite indicator comprising traffic density, time spent in
traffic, and urinary trans,trans muconic-acid®. In a Boston study of 174 children (boys and
girls) between 7 and 14 years of age, attention measured by the Continuous Performance Test
was negatively associated with residential concentrations of lifetime BC exposure in boys
only®®. Though, their findings did not remain comparing the highest BC exposure quartile
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with the lowest quartile. In our study, we found strong associations between PM air pollution
and the Continuous Performance Test, and a negative tendency was observed with chronic BC
exposure (p=0.06). A possible explanation for the less pronounced effects of BC compared
with particulate matter air pollution might be a potential higher exposure misclassification for
BC as these models were built using less measuring points (14 for BC compared to 58 for
PMio). A Chinese study reported that children whose school was located in an area with low
traffic density performed better in the Continuous Performance Test than those from a school
with higher traffic-related air pollution®. In an Indian study, the prevalence of ADHD was
higher in urban children than in controls living in an area with low air pollution®®. Another
study indicated that the average residential elemental carbon concentrations during the first
year of life were associated with a higher risk of hyperactivity at 7 years of age as assessed by
Parent Rating Scale of the Behavioral Assessment System for Children®®. A large study in
Barcelona including more than 2,700 children showed that those exposed to high traffic-
related air pollution levels at school had over a one-year school period a lower development
of their working memory?,

A plausible explanation of our neurotoxic findings with chronic PM exposure may be
linked to alterations in several CNS sub-structures, white matter lesions in cortical areas of the
left cerebral hemisphere, and vascular changes **2. Calderon-Garciduefias and colleagues®®
autopsied highly exposed children and young adults who suddenly died in Mexico City
(average annual ambient air PMzs: 35.9 pg/m®) and compared their findings with those of
“control autopsies” of age-matched persons exposed to lower PM2s concentrations (< 15
pg/m3). The authors demonstrated in the highly exposed group an up-regulation of cyclo-
oxygenase 2 (COX2), interleukin 1B (IL1B), and CD14 gene expression in the olfactory bulb,
frontal cortex, substantia nigra and vagus nerves as well as disruption of the blood-brain-

barrier, endothelial activation, and inflammatory cell trafficking. These adverse outcomes
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may be directly linked to deposition of ultrafine particles, a sub-fraction of PMas, in cortical
areas or to retro-axonal transport via the olfactory nerve, or alternatively by neuro-

inflammation following a systemic inflammatory response to air pollution#.

4.3 Strengths and limitations

Our study has several strengths. First, the risk of bias in the analysis of short-term CNS
effects of air pollution was small because of the panel study design and the statistical
approach used. More specifically, they allowed to eliminate the risk of reverse causality and
confounding of person-related characteristics. Second, recent PM exposure at school was
characterized by area sampling in the classroom on the days of the neurobehavioral
examinations. Third, recent and chronic ambient exposures to PM2s, PMyo, and BC at
residence were estimated for each participant using a high-resolution spatial temporal model.
This may explain why significant associations were found with attention tests despite the low
spatial contrast in chronic PM2s exposure (IQR difference 1.16 pg/ms3). This observation is in
line with other studies such as the Worcester Heart Attack Study which showed a link with
acute myocardial infarction for an IQR PM. s exposure contrast of 0.59 pug/m? *4. Fourth, we
used three estimates for recent ambient exposure at residence to cover the time period of
exposure and potential lagged effects up to two days (Lag 0 to 2).

We acknowledge some limitations of the study. First, we cannot exclude residual
confounding by other neurotoxic substances, such as lead, if these were strongly associated
with the air pollution indexes. However, in a recent study we showed in adolescents that the
associations between neurobehavioral performance and traffic-related exposure were
independent of blood lead*. The present study, based on repeated measures, tested an a priori
hypothesis involving interrelated neurobehavioral outcomes as well as strongly correlated PM
exposures (e.g. correlation coefficients for chronic PM1 and PM2s was r=0.87). Therefore,
the neurobehavioral test performances or exposure indicators did not provide a completely
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independent opportunity for a type | error. For these reasons we did not perform multiple
testing. Nevertheless, it seems unlikely that the consistency of negative phenotype-exposure
associations would merely occur by chance as reflected by the significantly diminished
performances, not only in the two Attention Tests (chronic ambient exposures to PM.s and
PMyo at residence) but also in the Pattern Comparison Test (recent ambient exposures to
PMas, PM1o, or BC on Lag 0-2 at residence). Further study is needed to find out why the
inverse associations between the Stroop or Digit-Symbol test results and recent inside
classroom PM exposure could not be corroborated for recent ambient PM exposure at
residence. It is plausible that recent PM exposure characterized by 3-hour monitoring of
classroom air displays different features in comparison to modeled recent PM exposure.
Furthermore, the robustness and consistency of prompt neurobehavioral responses to recent
exposure might be less outspoken than in the case of chronic ambient PM exposure at

residence.

5. CONCLUSIONS

This is the first panel study comparing neurobehavioral changes of recent and chronic PM air
pollution exposure. The repeated measurement study design in primary schoolchildren
showed differential neurobehavioral changes robustly and inversely associated with recent or
chronic ambient exposure to PM air pollution at residence, i.e., with recent exposure for
visual information processing speed (Pattern Comparison Test) and with chronic exposure for
sustained and selective attention. These neurotoxic findings on behavioral performances in
schoolchildren associated with PM air pollution as found in Belgium in the years 2012-2014,
strongly support the current tendency to bring the EU limits for ambient air PM-exposure as

low as the WHO guidelines.
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