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Abstract

Background: There is growing evidence to suggest that exposure to a high concentration of nitrogen dioxide (NO,)
can lead to a higher incidence of Acute Respiratory Infections (ARIs) in children; however, such an association remains
understudied in Sub-Saharan Africa due to the limited availability of exposure data. This study explored this associa-
tion by using the satellite-detected tropospheric NO, concentrations measured by Sentinel-5 Precursor and ARl
symptoms in children under age five collected in the Demographic and Health Survey (DHS) in Senegal.

Methods: We matched the daily tropospheric NO, exposure with the individual ARI symptoms according to the DHS
survey clusters spatially and temporally and conducted a logistic regression analysis to estimate the association of
exposure to NO, with ARl symptoms in two preceding weeks.

Results: We observed a positive association between exposure to continuous levels of NO, and ARI symptoms after
adjusting for confounders (OR 1.27 per 10 mol/m?, 95% Cl: 1.06 — 1.52). When the association was further examined by
quartile exposure categories, the 4th quartile category was positively associated with symptoms of ARI after adjusting
for confounders (OR 1.71, 95% Cl: 1.08—2.69). This suggests that exposure to certain high levels of NO, is associated
with the increased risk of children having symptoms of ARl in Senegal.

Conclusions: This study highlights the need for increased research on the effects of ambient NO, exposure in Africa
as well as the need for more robust, ground-based air monitoring in the region. For a country like Senegal, where
more than 90% of the population lives in areas that do not meet the national air quality standards, it is urgently
required to implement air pollution prevention efforts to protect children from the health hazards of air pollution.

Highlights

+ Using the satellite-detected tropospheric NO, concentrations, we observed an association between individual
exposure to NO, and symptoms of Acute Respiratory Infections (ARIs) among children under 5 years old in
Senegal.
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« This is the first population-based epidemiological study conducted in Senegal that investigated the adverse
health effect of early childhood exposure to ambient concentrations of NO, on ARIs in children.

Keywords: Nitrogen dioxide (NO,), Acute respiratory infections, Sentinel-5P, Sub-Saharan Africa

Introduction

Nitrogen dioxide (NO,) is an air pollutant that is primar-
ily produced from the burning of fossil fuels. Evidence
suggests that exposure to high levels of NO, can irritate
airways in the respiratory tract [1]. This can exacerbate
respiratory diseases, particularly asthma, leading to res-
piratory symptoms, hospital admissions, and visits to
emergency rooms [1]. Notably, growing evidence has
suggested that exposure to a high concentration of NO,
can lead to higher incidence of Acute Respiratory Infec-
tions (ARIs) in children [2]. Children are generally at
greater risk for the adverse health effects of NO, due to
physiological differences between children’s respiratory
systems compared to adults, including taking more fre-
quent breaths, having smaller airways, and being more
sensitive to toxins. [3]

ARIs are a leading cause of death among children less
than 5 years old [2]. In 2015, the African region experi-
enced the highest burden of ARI-related deaths among
children younger than 5 years compared to other regions
in the world [4].Similarly, a systematic review study that
estimated the number of cases, severe cases, and deaths
attributable to childhood pneumonia in 2010 also con-
cluded that the African region experienced the highest
burden of morbidity and mortality from childhood pneu-
monia [5]. In Senegal, a low-income country in West
Africa, ARI symptoms under age 5 years was estimated at
16.5%, which was higher than other Sub-Saharan African
countries including Cote d’ Ivoire (12.1%) and Cameroon
(11.5%) [6]. Senegal has undergone rapid urbanization in
recent years and experienced the significant emission of
air pollutants including NO,, resulting from the uncon-
trolled industrialization and old fleets of commercial
vehicles characterized by inefficient combustion technol-
ogies [7]. Consequently, more than 90% of populations
live in an area that does not meet the air quality guide-
line recommended by the World Health Organization
(WHO) or the national air quality standard called NS
05-062 [8, 9], in which both standards set the same limit
for NO,: 40 pg/m?® for annual mean and 200 pg/m?® for
one-hour mean. [9]

Despite the high prevalence of ARIs and plausible cor-
relation between high concentrations of NO, and epi-
sodes of ARIs, epidemiological studies for an association
between NO, and incidence of ARIs in children remains
understudied and consequently underappreciated in

Sub-Saharan Africa, including Senegal. One of the rea-
sons is the lack of resources for exposure data collec-
tion. Continuous air quality monitoring hardly occurs
in Sub-Saharan Africa because most countries do not
have a ground monitoring system for ambient air pol-
lution in place [8]. Even when a ground monitoring sys-
tem exists, a network is usually sparse especially in the
rural areas and those monitors are rarely the regulatory
reference-grade equipment [8].Given the restriction in
reliable exposure data collection, most previous studies
that investigated the adverse health effects of ambient air
pollution in Sub-Saharan Africa gathered exposure data
through independent research teams during brief cam-
paigns or research projects covering small geographic
areas. [8]

However, the state-of-the-art applications in recent
years enable easier access to digital data in the public
health and epidemiology studies such as satellite data,
social media data, electronic health records, and mobile
phone data [10]. In particular, the use of satellite-detected
air pollution data has drawn attention of many research-
ers as an increasing number of studies have investigated
changes in air pollution during the COVID-19 pan-
demic and its impact on population health [11-14]. For
instance, one study examined the changes in NO, emis-
sions during the pandemic in China, Spain, France, Italy,
and USA using the multisource satellite data released by
National Aeronautics and Space Administration (NASA)
and European Space Agency (ESA) [12]. Another study
assessed the impact of lockdown on the air quality index
and its association with mortality in India using the satel-
lite-based air pollution data. [14].

In this study, we aim to conduct the spatio-temporal
analysis of an association between exposure to NO, and
ARI symptoms in Senegal by using the satellite-detected
exposure data and nationally representative health survey
data. To our knowledge, this is the first study to use sat-
ellite-detected air pollution data to examine the adverse
health effects of exposure to NO, concentrations among
children in Senegal.

Materials and methods

Study area

Senegal is located in the western part of Africa in lati-
tudes 12° and 17°N, and longitudes 11° and 18°W. The
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Fig. 1 Cluster locations of DHS Senegal 2019 (n=214)

country is divided into 14 regions and has a total area of
196,190 km?.

The Demographic and Health Survey (DHS) data

The DHS Senegal is a national household survey that
provides information to monitor population and health
situation in Senegal. The sample is based on a stratified
two-stage cluster design and drawn to be representa-
tive at the national, regional, and residence level [15].
The survey was conducted by trained enumerators using
structured questionnaires. Interviewers visited only pre-
selected households and no replacement of the prese-
lected households was allowed.

We obtained the DHS Senegal 2019 dataset conducted
from April to December 2019, which includes 4,538
households from 341 clusters across the country. In the
DHS survey, census Enumeration Areas (EAs) generally
become the survey clusters [16]. In urban areas, an EA
can be a city block or apartment building while in rural
areas it is typically a village or group of villages [16]. To
protect the confidentiality of respondents, a cluster is

assigned the geo-coordinates of the center of the sampled
EA, a type of aggregation [16]. Secondly, georeferenced
coordinates of cluster locations are displaced 0 — 2 km in
urban areas and 0 — 5 km in rural areas with 1% displaced
0 — 10 km [16]. The displacement is a random direction
and random distance process.

In this study, we extracted the eligible samples from
the DHS database including 4,220 children under age 5
living in 214 survey clusters (Fig. 1). The symptoms of
ARI were reported by mothers whether their children
had short, rapid breathing which was chest-related and/
or difficult breathing which was chest-related in the past
2 weeks preceding the survey. The presence of symptoms
was assigned the value 1 and otherwise 0. Also, we identi-
fied some individual-level potential confounders [2, 3, 17,
18] available in the DHS Senegal 2019 dataset: child’s age
(month), area of residence (rural vs. urban), wealth index
(rich, middle, or poor), and maternal education level
(low vs. high). The wealth index was originally classified
into poorer, poorest, middle, richer, and richest, and we
re-classified it as poor, middle, and rich. The maternal
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Fig. 2 Distribution of mean tropospheric NO, concentrations over Senegal

education level was categorized into low if a mother did
not receive any education or attended only preschool or
primary school, and high if a mother attended secondary
school or higher.

Spatial distribution of NO,

The tropospheric NO, concentrations were collected
from the Sentinel-5 Precursor (Sentinel-5P) space-
borne satellite using the Google Earth Engine API. The
Sentinel-5P is operated and managed by the European
Commission under the “Copernicus” program and has
spatial resolution of 7 x 3.5 km?. The satellite operates in
a sun-synchronous orbit at 824 km and an orbital cycle
of 16 days. The satellite carries a TROPOspheric Moni-
toring Instrument (TROPOMI) which provides a near-
global coverage of air pollution caused by NO, and other
pollutants such as O;, SO,, CO, CH,, CH,O, and aerosols
[19]. Fig. 2 shows the spatial distribution of mean tropo-
spheric NO, concentrations over Senegal between April
and December 2019.

In this study, we used the tropospheric NO, concentra-
tions collected from the Sentinel-5P as an approximation
of ground-level NO, concentrations across the country.
Although they are not perfectly matched each other in
terms of values, the ground-based validation of Sentinel-
5P concluded that the tropospheric NO, had a negative
median bias of 23% for low ground-level NO, and 37%
for high ground-level NO, [20]. For extremely polluted
sites, a negative median bias over 50% was observed [20].
Additionally, another study that conducted a compari-
son between satellite-based TROPOMI NO, products
and ground-based observations revealed high correla-
tion (r=0.68) [21]. Based on the conclusions made by
these validation studies, it appeared reasonable to use the
satellite-based tropospheric NO, concentrations for this
study.

During the exposure data collection, the present study
matched the satellite-detected tropospheric NO, concen-
trations with the cluster locations provided in the DHS
dataset spatially and temporally. Data collection and
spatial matching was carried out using the Google Earth
Engine API. At first, we constructed a buffer zone of 2 km
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around each reported DHS urban cluster location and
5 km around each reported DHS rural cluster location,
and calculated the mean tropospheric NO, level in this
buffer zone. Secondly, the exposure data was temporally
linked with each respondent of DHS survey using the
individual interview date. Since the ARI symptoms were
reported by mothers whether a child had symptoms in
the past 2 weeks preceding the survey, we calculated the
mean tropospheric NO, values of 2 weeks preceding the
interview date for each respondent.

Meteorological data

We identified additional confounders such as mean tem-
perature and relative humidity, and collected them from
another satellite data called Global Forecast System
(GFS) 384-h predicted atmosphere data. GES is a weather
forecast model produced by the National Centers for
Environmental Prediction. The 384-h forecasts, with 3-h
forecast interval, are made at 6-h temporal resolution
[22]. For temperature, the column values of temperature
2 m above ground were extracted, and for relative humid-
ity, the ones of relative humidity 2 m above ground were
collected using the Google Earth Engine API. Similar to
NO, concentrations, temperature and relative humidity
values were matched with the DHS respondents spatially
and temporally.

Data analysis

Firstly, we examined the sample characteristics stratified
by whether children had ARI symptoms. The Chi-square
test was used for categorical variables and two-sample
t-test was used for continuous variables.

We constructed unadjusted and adjusted binary logistic
regression models to determine the crude and adjusted
Odds Ratio (OR) for prevalence of ARI symptoms by
using the continuous variable of NO, concentrations,
which was added as a unit of 10 mol/m? ORs would
demonstrate the odds of a child having ARI symptoms
per 10 mol/m? increase in NO, concentrations. Addi-
tionally, we used a quartile categorical variable of differ-
ent NO, levels to confirm the association. Confounders
included child’s age, area of residence, wealth index,
maternal education level, mean temperature, and mean
relative humidity. Confounders were chosen based on
previous literature identifying potential risk factors for
ARIs in children under age 5. We also ensured that there
does not exist multicollinearity among independent vari-
ables included in the adjusted logistic regression model
by computing a Variance Inflation Factor (VIF) score.

In the adjusted logistic regression model, we exam-
ined the non-linearity of weather variables such as tem-
perature and relative humidity because previous studies
identified that these variables often demonstrate a typical
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association with health outcomes, characterized by non-
linear effects [23]. Therefore, we added temperature and
relative humidity as polynomial terms in the regression
model with different degrees of freedom, and conducted
the likelihood-ratio tests for goodness-of-fit of non-linear
regression. As a result, the linear term was selected for
temperature and the non-linear term with two degrees of
freedom was selected for relative humidity.

For sensitivity analysis, we performed the repeated
analysis by using the same models with and without
influential points of NO, concentrations defined by the
95th and 99th percentiles. For this, we developed unad-
justed and adjusted models that exclude NO, concentra-
tions exceeding the 95th and 99th percentiles.

The statistical significance was established by the
p-value as well as 95% Confidence Interval (CI). All sta-
tistical analyses were carried out with R. This analysis
was reviewed by the University of California, Berkeley
Institutional Review Board and was considered as not
human subjects research because the study was based on
a de-identified and anonymous dataset available for sec-
ondary analyses.

Results

Table 1 describes sample characteristics for 4,220 chil-
dren under 5 years old with and without ARI symptoms.
Overall, 4.4% of children reported ARI symptoms in the
past 2 weeks preceding the survey. The younger children
were more likely to have ARI symptoms (mean age of
26.79 months), while the one of those without symptoms
was 30.53 months (p =0.004). For the wealth index, 31.2%
of children with ARI symptoms were rich compared to
23.3% for those without ARI symptoms (p=0.036). In
addition, the relative humidity in the DHS clusters was
higher for children with ARI symptoms (62.52%) than
those for children without ARI symptoms (58.92%), with
p-value of 0.047. The mean value for NO, was 17.39 mol/
m? with no significant difference between the two groups
with and without ARI symptoms and ranged from mini-
mum of 8.34 mol/m? to maximum of 69.29 mol/m?.

The results of the binary logistic regression for ARI
symptoms are summarized in Table 2. Both unadjusted
and adjusted models showed a significant positive asso-
ciation between exposure to continuous levels of NO,
concentration and prevalence of ARI symptoms. The
estimated crude OR for having ARI symptoms per
10 mol increase of NO, was 1.22 (95% CI: 1.03 — 1.44)
and adjusted OR was 1.27 (95% CIL: 1.06 — 1.52). When
using the quartile exposure categories, the 2nd and 3rd
quartile categories were not significantly associated with
symptoms of ARI both in the unadjusted and adjusted
models. However, the 4th quartile category was posi-
tively associated with symptoms of ARI with statistical
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Table 1 Maternal and child characteristics of 4,220 children in the DHS Senegal 2019 dataset
Characteristics Total ARI symptoms: Yes ARI symptoms: No p-value

(n=4,220) (n=186) (n=4,034)
Child’s age in months, mean (SD) 3037 (£17.37) 26.79 (£ 16.60) 30.53(£17.39) 0.004
Mother’s education—no. (%) 0.297
High 489 (11.6%) 26 (14.0%) 463 (11.5%)
Low 3731 (88.4%) 160 (86.0%) 3571 (88.5%)
Wealth index—no. (%) 0.036
Rich 998 (23.6%) 58 (31.2%) 940 (23.3%)
Middle 795 (18.8%) 28 (15.1%) 767 (19.0%)
Poor 2427 (57.5%) 100 (53.8%) 2327 (57.7%)
Residence—no. (%) 0.805
Urban 1259 (29.8%) 57 (30.6%) 1202 (29.8%)
Rural 2961 (70.2%) 129 (69.4%) 2832 (70.2%)
Temperature, mean (SD) 26.84 (+3.09) 2645 (£2.82) 26.86 (£3.10) 0.077
Relative humidity, mean (SD) 59.08 (£24.15) 62.52 (£24.53) 58.92 (£24.13) 0.047
NO, (mol/m2), mean (SD) 17.39(£7.16) 18.59 (+8.60) 17.33 (£7.09) 0.052
Note: Boldface indicates statistical significance (p < 0.05).Chi-squared test for categorical variables, and two-sample t-test for continuous variables
Table 2 Unadjusted and adjusted OR and 95% Cl of NO, exposure with ARI symptoms

Unadjusted OR (95% Cl) Adjusted OR (95% Cl)

Continuous NO, (10 mol/m?)
Categorical

QT (834 - 13.52 mol/m?)

Q2 (13.53 - 16.07 mol/m?)
Q3 (16.08 - 18.89 mol/m?)
Q4 (18.90 - 69.29 mol/m?)

1.22 (1.03—1.44)°

1 (Reference)
1.23(0.79—1.91)
1.16 (0.75—1.81)
1.53(1.00—2.32)°

1.27 (1.06—1.52)

1 (Reference)

1.30 (0.83—2.02)
1.21(0.77—1.91)
1.71 (1.08—2.69)

Adjusted for child’s age, maternal education, wealth index, residence, mean temperature, and mean relative humidity.?p <0.05

Table 3 Unadjusted and adjusted OR and 95% Cl of NO, exposure with ARI symptoms by sensitivity analysis

Unadjusted OR (95% Cl)

Adjusted OR (95% Cl)

Model excluding the NO, above the 95th percentile
Continuous NO, (10 mol/m?)

Categorical

Q1 (8.34-13.32 mol/m?)

Q2 (13.33 - 15,69 mol/m?)

Q3 (15.70 - 18.28 mol/m?)

Q4 (1829 - 28.85 mol/m?)

Model excluding the NO, above the 99th percentile
Continuous NO, (10 mol/m?)

Categorical

Q1 (834 - 13.39 mol/m?)

Q2 (13.40 - 16.06 mol/m?)

Q3 (16.07 - 18.59 mol/m?)

Q4 (18,60 - 49.43 mol/m?)

140 (0.96—2.04)

1 (Reference)

1.24(0.79—1.96)
1.20 (0.76—1.90)
1.52 (0.98—2.36)

1.23 (0.98—1.55)

1 (Reference)

1.21(0.78—1.88)
1.14(0.73—1.77)
147 (0.96—2.25)

1.55(1.03—2.33)°

1 (Reference)
1.32(0.83—2.10)
1.26 (0.78—2.01)
1.79 (1.11—2.87)?

131 (1.02—1.67)

1 (Reference)
1.29 (0.83—2.01)
1.19(0.75—1.87)
167 (1.06—2.64)°

Adjusted for child’s age, maternal education, wealth index, residence, mean temperature, and mean relative humidity. °p <0.05
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significance both in the unadjusted model (OR 1.53,
95%CIL: 1.00 — 2.32) and the adjusted model (OR 1.71,
95% CI: 1.08—2.69).

Table 3 summarizes the results of the sensitivity anal-
ysis. The 95th percentile of NO, concentrations was
28.85 mol/m? and the 99th percentile was 49.43 mol/m?
For the unadjusted models, ORs were no longer statisti-
cally significant both when continuous levels and quar-
tile categories of NO, were used. On the other hand, for
the adjusted models, the results of the sensitivity analysis
demonstrated ORs that were consistent with the original
model that incorporated all levels of NO, concentrations.
For the model excluding the NO, concentrations above
the 95th percentile, the adjusted OR for having ARI
symptoms per 10 mol increase of NO, was 1.55 (95% CI:
1.03 — 2.33) and for the model excluding the NO, con-
centrations above the 99th percentile, the adjusted OR
was 1.31 (95% CI: 1.02 — 1.67). When quartile exposure
categories were used, the 4th quartile category was posi-
tively associated with symptoms of ARI with statistical
significance in the adjusted model. OR was 1.79 (95% CI:
1.11 — 2.87) for the model excluding the NO, concentra-
tions above the 95th percentile, and 1.67 (95%CIL: 1.06 —
2.64) for the model excluding NO, concentrations above
the 99th percentile.

Discussion and conclusion

The present study conducted the spatio-temporal analy-
sis of an association between individual exposure to NO,
and prevalence of symptoms of ARI among children
under 5 years old in Senegal by utilizing the satellite data
in combination with the nationally representative health
survey data. Our analysis concluded that there was a
positive association between exposure to NO, and ARI
symptoms after adjusting for individual-level and ambi-
ent potential confounders. This suggests that exposure to
certain high levels of NO, is associated with an increased
risk of children having symptoms of ARI in Senegal.

This is the first population-based epidemiological study
conducted in Senegal that investigated the adverse health
effect of early childhood exposure to ambient concen-
trations of NO, on ARIs in children. Our findings are
consistent with previous time-series studies that linked
ambient levels of NO, with an increase in ARIs in chil-
dren [2]. For example, a study conducted in Mexico City
revealed that an increment of 30 ppb in the daily mean
NO, level was estimated to increase the number of emer-
gency room visits for ARIs during winter by 23% (95%
CI: 13.7% to 33.5%) [24]. Also, a study that examined
the acute effect of exposure to NO, on daily emergency
department visits for upper respiratory infections among
children aged 0—4 years in Georgia, USA concluded that
there was a positive association between an interquartile
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range (IQR) increase in NO, and emergency department
visits (RR 1.03, 95%CI: 1.02—1.04) [18]. However, no
studies assessed the impact of ambient air pollution on
ARIs among children in Sub-Saharan Africa because no
reliable exposure data is available, according to the sys-
tematic review study [8]. We consider that the present
study took a novel approach to fulfill the methodological
gap by utilizing satellite-detected NO, data as an approx-
imation of ground level exposure.

Our results contribute to the growing body of research
highlighting the dangers of ambient air pollution that fol-
low rapid urbanization and industrialization. The WHO
estimates that respiratory tract infections caused by air
pollution are responsible for over half a million deaths
in children less than five years of age worldwide, con-
tributing to more than half of all deaths from acute lower
respiratory infections for those living in Low-and Mid-
dle-Income Countries (LMICs) [25]. A systematic review
of literature found that 24 studies published between
2015 and 2019 linked increased exposure to NO, to
increased childhood respiratory morbidity and mortal-
ity for children living in Asian LMICs [26]. An increased
ARIs due to an increase in ambient NO, and other pol-
lutants is a particularly salient issue in Africa, where ARIs
are the leading cause of death in children under 5 years of
age. According to a UNICEF report, despite the increase
in regulations regarding air quality, there has been a 60%
increase in deaths due to outdoor air pollution in Africa
from 1990 to 2017 [27]. Though the health outcome of
interest in this study was ARI symptoms, future studies
could investigate an association of exposure to NO, with
pneumonia and reactive airways disease in children as
such diseases also contribute to significant morbidity and
mortality in Sub-Saharan Africa. [4]

Urbanization is an important vehicle for socio-eco-
nomic development. Increased urbanization can often
foster increased industrialization, access to education,
social mobility, and access to healthcare facilities [28].
However, health detriments due to increasing NO, and
other air pollutants can offset or, in some cases, outweigh
the benefits of urbanization. Sub-Saharan Africa is facing
increasing environmental challenges largely due to rapid
urbanization and economic transformation. Further
exacerbated by lingering poverty, ambient air pollution is
expected to continue to rise in a country like Senegal. For
the health of children living in Sub-Saharan Africa, it is
essential for policy makers to take necessary measures to
mitigate ambient air pollution in parallel with promoting
economic transformation in the countries. The primary
man-made sources for air pollutants in African cities
include transportation, industries that utilize fossil fuels,
and outdoor burning of waste [29]. Each of these sources
can, and should, be addressed with policy interventions.
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Improving and expanding access to public transporta-
tion can reduce the number of personal vehicles on the
road, thus reducing the amount of air pollution per cap-
ita in urban areas [30]. Improving city infrastructure to
add more sidewalks and bike paths can also reduce the
use of personal vehicles by encouraging fuel independent
modes of transportation [30]. Industry-level pollution
can be addressed by imposing fines on sites that exceed
an emissions threshold or by providing tax incentives to
companies that produce less emissions. Finally, emissions
from uncontrolled outdoor waste burning can be reduced
by investing in the creation of recycling plants and other
waste management infrastructure. Sub-Saharan African
countries require unconventional policy interventions
that enable both economic development and environ-
mental control for the better health of children living in
the countries.

Nevertheless, we acknowledge several limitations of
this study. First, the survey data were collected in the
retrospective manner, which may lead to the poten-
tial recall bias of respondents who were asked whether
their children had symptoms of ARI in the past 2 weeks
preceding to survey. It also depends on respondents’
awareness of ARI symptoms — parents who lack such
awareness may overlook mild or moderate ARI symp-
toms. Due to this potential recall bias, disease misclas-
sification may have occurred which could have caused
either an over-estimate or under-estimate of associa-
tion. Secondly, data from Sentinel-5P was released on
July 10, 2018, which limited the amount of data avail-
able for our analysis. Since 2019 was the only full year
of Sentinel-5P data at the time of the study, we could
not utilize previous years’” DHS publication data in the
analysis. Additionally, the exposure of this study, expo-
sure to NO, concentrations may have been subject to
measurement error due to the unavailability of ground-
based monitoring of air pollution in Senegal for cali-
bration of the satellite data to ground level exposure.
In this regard, a previous study that compared relative
risk estimates of mortality for fine particulate matter
(PM 2.5) modeled from remote sensing with that for
PM 2.5 modeled using ground-level data concluded
that relative risk estimated from models using remote
sensing data could be biased toward the null or under-
estimated [31]. Finally, although NO, levels were spa-
tially matched with cluster locations provided in the
DHS Senegal 2019 dataset, we could not geographi-
cally pair them at the household level because such
individual GPS data was not available to protect the
confidentiality of respondents. Finally, our analysis did
not include the investigation of adverse health effects
associated with indoor air pollution. However, growing
evidence suggests that indoor air pollution is linked to
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a broad range of cardiorespiratory, maternal, and pedi-
atric conditions and the highest prevalence of exposure
to indoor air pollution is observed in LMICs [32]. It
is imperative to acknowledge that reducing indoor air
pollution is as essential as reducing outdoor air pollu-
tion to improve the health of children in Sub-Saharan
Africa.

In conclusion, this study provides significant evidence
that exposure to NO, is associated with an increased
risk of ARIs in children in Senegal, where adverse health
effects caused by ambient air pollution have been under-
studied due to the limited availability of ground-based
air monitoring stations. This study highlights the need
for increased research on the effects of ambient NO,
exposure in Africa as well as the need for more robust,
ground-based air monitoring in the region. Expanding
the network of real-time, ground-based monitoring of air
quality would make it possible to pinpoint the sources of
pollution and provide data to make more informed policy
implementations. The paucity of data on exposure and
outcome assessments led us to propose that more invest-
ments need to be made in establishment of reference-
grade monitoring systems as well as reliable registration
systems and electronic database of morbidity and mortal-
ity in Sub-Saharan African countries. Such investments
would also enable researchers to investigate the adverse
health effects of ambient air pollution through epidemio-
logical studies that utilize more reliable and less biased
exposure and outcome data.
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