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ARTICLE INFO ABSTRACT

Keywords: Humans are exposed to environmental or occupational air pollution from combustion emissions in outdoor and
Air pollution indoor environments. Irrespective of the sources, combustion emissions are characterized by being a complex
Biomonitoring

mixture of particles, volatile compounds and gases. The present systematic review summarizes results on DNA
strand breaks measured by the comet assay in leukocytes, from studies on human exposure to traffic-related
vehicle exhaust, biomass combustion and coke oven work environments. These exposures have in common
the combustion of fuel, which generates particles and polycyclic aromatic hydrocarbons. Standardized mean
differences (SMDs) have been calculated by random effects models. Meta-analyses show increased levels of DNA
strand breaks in studies on traffic-related exhausts (SMD = 0.62, 95 % CI: 0.36, 0.89, n = 21), biomass com-
bustion (1.73, 95 % CI: 0.72, 2.74, n = 10) and coke oven emission (0.84, 95 % CI: 0.30, 1.37, n = 10). Studies
from high-income countries have reported much smaller differences in DNA strand break levels than have studies
from middle-income countries. These differences may be attributed to higher exposures related to less strict
emission control, and more susceptible populations in middle-income populations; unrecognized confounding
despite efforts to match subjects on traditional confounders; or higher risk of comet assay measurement bias and
exposure misclassification. In conclusion, this systematic review and meta-analysis show that exposure to
combustion-derived air pollution, with clear exposure gradients in terms of particulate matter or polycyclic
aromatic hydrocarbons, is associated with increased levels of DNA strand breaks in human leukocytes.

Comet assay
DNA damage
Meta-analysis
Particles

1. Introduction peripheral blood mononuclear cells (sometimes just called lymphocytes)
[1]. The standard comet assay measures DNA strand breaks and

The comet assay has been used extensively to assess DNA-damaging alkali-labile sites; for simplicity, these lesions are typically called DNA
effects of environmental and occupational exposures in humans, using strand breaks [2]. The first study on relationships between air pollution
mainly white blood cells (whole blood) or subsets thereof, such as exposure and DNA strand breaks, measured by the comet assay, was
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published in 1996 [3]. In this study, DNA strand breaks were assessed
from blood samples of female postal workers in two different districts of
Bohemia, Czechia. Studies on children in different parts of Mexico City
also belong to the group of investigations where the comet assay was
used as a new and promising test for genotoxicity in human cells [4].
Subsequently, a relatively large number of studies have been published
on various types of air pollution sources from different locations in the
world. The majority of studies entail combustion emissions in environ-
mental and occupational settings [1,5]. Based on the latest WHO air
quality guidelines, more than 90 % of the urban population is exposed to
air pollution higher than recommended [6], which then increases risks
for heart diseases, stroke, chronic obstructive pulmonary disease, and
lung cancer, and leads to an estimated 8.3 million deaths annually [7,8].

Air pollution is a complex mixture of gases, volatile organic com-
pounds (VOCs), and particulate matter (PM). Measurements of poly-
cyclic aromatic hydrocarbons (PAHs) and benzo[a]pyrene (B[a]P) in air
or PM are reliable markers of inhalation exposure to combustion-derived
air pollutants. PM is measured as mass concentration (i.e. ug/m%) of
particles in specific size fractions, including particles with less than
2.5 pm in aerodynamic diameter (PMs 5). Many studies report particle
exposure as PMj 5 or PM;( mass concentration, which might be due to
their use in monitoring air pollution levels. Alternatively, it is possible to
measure the particle number concentration (PNC, unit: particles/cms).
The PNC is considered to represent ultrafine particles (UFPs) with di-
ameters less than 0.1 pm, although the equipment used for these mea-
surements typically detects slightly larger particles too. Combustion
processes generate a high number of UFPs. Measurements of UFPs have
been introduced at a later stage in monitoring air pollution, and rela-
tively few biomonitoring studies on comet assay results have used this
type of information to assess exposure. Nevertheless, measurements of
UFPs are highly relevant in toxicology because they can deposit deep in
the airways, and small particles are considered more hazardous than
larger particles [9].

This review aims to assess the association between exposure to
combustion-derived air pollution and DNA strand breaks in human
biomonitoring studies. It is a continuation of a previous scoping review
on environmental and occupational exposure, including air pollution
[1]. The objective of the scoping review was to collect studies on air
pollution exposures, knowing very well that the studies were hetero-
geneous with respect to sources of pollutants. Unlike the scoping review,
the present systematic review uses meta-analyses, with the purpose of
incorporating comparable studies in the same statistical analysis. To this
end, we have selected studies on traffic-related combustion sources,
biomass combustion, and coke oven emissions.

2. Methods

The review is segregated into meta-analyses of specific combustion
particle emissions. A detailed description of the stepwise review process
is available in the supplement. Briefly, associations between air pollu-
tion exposure and DNA strand breaks are assessed in (i) the full dataset
of included papers (using statistical significance in the original paper as
outcome), (ii) meta-analysis of results from papers with information on
mean/median and corresponding variability results, (iii) generaliz-
ability of the meta-analysis findings to all studies on the same type of air
pollutants, (iv) subgroup analysis, and (v) sensitivity analysis. The sys-
tematic review protocol has been registered in PROSPERO
(CRD42025647927).

2.1. Literature search

The literature search follows the strategy laid out in our previous
scoping review [1]. However, the literature search in the scoping review
revealed limitations when combining diversity (i.e. many different types
of combustion emissions and exposure situations) and specificity (i.e.
only human biomonitoring studies). There tend to be too few search
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results if “biomonitoring” is a specific term and too many results if
“human” is not included in the search string. Therefore, we have used
relatively broad search terms and screened studies for relevance, using
the title (1st step) and abstract (2nd step). Based on the identified papers
in the scoping review [1], we extended the search terms to include
biomass and coke oven emissions. The search string was as follows:
(Human OR Human Biomonitoring OR monitoring) AND comet assay
AND (air pollution OR diesel exhaust OR dust OR ozone OR particulate
matter OR ultrafine particles OR hydrocarbon OR wood smoke OR
biomass OR coke oven). Fig. 1 shows a flow diagram of the search,
screening and selection of papers for the review and meta-analysis.
Certain studies have been included based on knowledge of the rele-
vance from previous reviews [10,11], or they were found in reference
lists of identified studies. The literature search was conducted in January
2025, encompassing the period from January 1st 2000 to December 31st
2024.

2.2. Inclusion criteria (in the review)

We have only included studies on inhalation exposures to
combustion-derived air pollution. In addition, only results on DNA
strand breaks in white blood cells are included. This encompasses
studies that have described results on whole blood, white blood cells,
leukocytes, peripheral blood mononuclear cells, lymphocytes and
polymorphonuclear granulocytes.

In general, studies have been considered to be excluded from the
review if they (i) were written in non-English language, (ii) were sus-
pected to have selection bias due to comparison of dissimilar study
populations in the exposure and control groups, (iii) had inadequate
information on population characteristics such as age, sex, smoking and
location of living, (iv) were influenced by effects of confounders such as
age, sex and smoking, (v) had no exposure gradient, (vi) had much larger
exposure gradient of co-exposures [e.g. an issue in occupational expo-
sure studies where the work category may entail complex exposures
such as welders], (vii) were double publication of results, (viii) lacked
information on the cell type used for the comet assay, or (ix) had results
that do not follow the state-of-the-art for studies on the comet assay [e.g.
studies that have not reported the pH of electrophoresis solution or used
neutral pH solution; studies where all scored comets have been used in
statistical analysis; or studies where the distribution of comet de-
scriptors such as y? degrees of freedom has been used rather than the
mean/SD or median/IQR]. Excluded studies are summarized in Sup-
plementary Tables S1-S3.

We have not applied specific inclusion or exclusion criteria for
measurements of combustion-derived air pollution. This is due to the
complexity and diversity of air pollution exposures and the heteroge-
neous ways used to assess levels of specific air pollutants. In addition,
measurements of certain air pollutants have evolved over the period,
such as equipment for the measurement of particle number concentra-
tion. We have included studies with study designs that generate an
exposure gradient (i.e. studies with controls and presumably exposed
subjects), irrespective of how elaborate the exposure assessment has
been. In general, the certainty of exposure has been grouped into studies
with (i) little information, (ii) moderate information based on air mea-
surements, and (iii) sufficient information based on biomarkers of
exposure or controlled exposure study design. For verification of com-
bustion sources, we have considered measurements of particles (PM or
UFPs) as indicators of combustion sources of exposure. Other indicators
of combustion processes include PAHs, B[a]P or PAH-metabolites (e.g.
1-hydroxypyrene (1-OHP) in urine). Nitrogen oxides (NO and NO») in
the air are also considered to originate from combustion sources. Mea-
surements of PAHs, B[a]P and 1-OHP in biological material are not
specific indicators of inhalation exposure to combustion emissions as
they can derive from the diet (e.g. smoked or barbecued food). Certain
studies have been included - even though they have not assessed expo-
sure to particles or PAHs - because subjects have been recruited from
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Fig. 1. Flow chart of search and inclusion of studies.

populations that are known to be exposed to particle-rich vehicle
exhaust (e.g. taxi drivers). Ozone is a relevant air pollutant, but not a
specific indicator of combustion-related air pollution, because it is
generated by solar radiation and partially removed through reactions
with NO from combustion processes. Some studies have assessed ben-
zene as an air pollutant. However, benzene is not sufficiently specific for
combustion processes to be used as a stand-alone indicator of engine
exhaust emissions.

According to these considerations, studies on traffic-related com-
bustion sources encompass subjects exposed to (i) diesel engine exhaust,
(ii) air near traffic-intense streets, and (iii) urban air (assuming living in
urban vs rural areas provides a difference in traffic vehicle exhaust in
subjects who are matched for relevant confounders). A few studies are

clearly related to combustion sources, but there is only one of each kind,
which precludes a meta-analysis. Examples include jet fuel combustion
emission [12] and candlelight combustion particles [13].

2.3. Generalizability

Certain studies have sufficient relevance to be included in the review,
although the results are not applicable in the meta-analysis. This in-
cludes studies designed for correlation or regression analysis. In addi-
tion, results reported as geometric mean and standard deviation factor
cannot be incorporated into a meta-analysis with results reported as
mean and standard deviation from a Gaussian distribution of results. The
same goes for binary data or results analysed by logistic regression.
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Thus, the results in the meta-analyses of the present review are a sub-
group of all included studies. The generalizability of the results in the
meta-analyses to all studies in the review has been assessed by a Z-test
for comparing two proportions, with correction for continuity (test re-
sults are reported as Z-value and corresponding P-value level).

2.4. Meta-analysis

Some studies have compared levels of DNA strand breaks in exposed
subjects to a control group, whereas other studies have more than two
exposure groups. For the latter studies, we have defined controls as the
group of subjects with the lowest exposure. We have dichotomized ex-
posures in studies where the subjects have been segregated into more
than two groups. This encompasses studies that have included multiple
samples from different locations or different seasons.

All studies with mean and standard deviation (or standard error of
the mean) and median and inter-quartile range have been included in
the meta-analysis. The median and inter-quartile range (i.e. the differ-
ence between 25 % and 75 % percentile) have been included in the
meta-analysis as a proxy of mean and standard deviation [14]. Studies
using other central tendencies and variability are not included in the
meta-analysis.

For the meta-analysis, we have used standardized mean difference
(SMD) as an effect measure because the studies have used different
comet descriptors (i.e. tail length, tail intensity (i.e. percentage of total
DNA fluorescence in the tail), tail moment and visual score). Values of
the same comet descriptor in different studies do not correspond to the
same number of DNA strand breaks because studies use different comet
assay procedures. SMD is the difference between groups in standard
deviation units. For instance, SMD = 1 means that the difference be-
tween two groups is the same as the pooled standard deviation. The
95 % confidence interval (95 % CI) of SMD is not statistically significant
if it includes zero. For graphical purposes, we have reproduced Forest
plots in GraphPad Prism from Review Manager. Original Forest plots
and accompanying Funnel plots from the Review Manager are reported
as Supplementary Figures S1-S6.

We have calculated SMD and 95 % CI in random effects models using
Review Manager 5.4 (The Nordic Cochrane Centre, The Cochrane
Collaboration). The random effects model assumes that the induction of
DNA damage can vary across studies because of real differences in the
treatment effect and sampling variability. IZ values are used as a measure
of heterogeneity between studies. The I value describes the percentage
of the variability in an effect estimate that is due to heterogeneity rather
than sampling error (chance). Formally, it is calculated as [(Q-df)/Q]
*100 %, where Q is the Chi-squared statistic, and df is its degrees of
freedom. The Cochrane Handbook uses these descriptions of I? values:
0-40 % “might not be important”, 30-60 % “may represent moderate
heterogeneity”, 50-90 % “may represent substantial heterogeneity”,
and 75-100 % “considerable heterogeneity” (https://training.cochrane.
org/handbook).

We have used Egger’s test to test Funnel plot asymmetry; statistical
significance at p < 0.05 level is an indicator of publication bias. Statis-
tical tests have been done in Stata 15 (StataCorp LCC, College Station,
TX, USA) because the Eggers’s test is not included in the RevMan pro-
gram. We have used esize(cohensd) and meta bias, egger commands. The
individual study SMDs are the same in RevMan and Cohen’s d test [esize
(cohensd)] in Stata. The two programs generate slightly different overall
effect size and measures of inter-study heterogeneity. However, the
differences are too small to affect the interpretation of results.

Heterogeneity between studies may arise from differences in bio-
logical effects due to factors such as age, sex and exposure situation.
Some differences, such as those between occupational and environ-
mental exposure studies, may be relatively straightforward to explain.
Heterogeneity might also be related to differences between workplaces
in their ability to implement and enforce protection procedures to
minimize exposure of workers to hazardous compounds. It is virtually
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impossible to assess the magnitude of exposure between studies, except
maybe by comparing PM; 5 concentrations in air samples. In addition,
heterogeneity in effect sizes might be dependent on procedures to con-
trol random variation that occurs in biological techniques such as the
comet assay. This applies to both blinded scoring of samples and in-
clusion of samples with contrasting exposures in the same comet assay
experiment (i.e. analysis of matched pairs of pre- and post-samples or
exposed/controls from the same comet assay experiment).

The meta-analyses in this review have a high degree of heterogeneity
(% > 75 %). Visual inspection of Forest plots does not reveal a strongly
skewed distribution of SMDs to the right (i.e. the central tendency being
influenced by studies with high effect size). It suggests that the dataset is
not strongly affected by small studies with high effect (which would
indicate possible publication bias). Nevertheless, the SMD is calculated
by parametric test, assuming a normal distribution of individual SMDs
from each study. In order to assess the robustness of the meta-analysis,
we have also used non-parametric analysis to calculate the overall
central tendency. For this analysis, we have used the SMDs from each
study for the calculation of the median and 95 % CI. The 95 % CI has
been calculated by the equation as follows: rank number = n*q + z*
[SQRT(n*q*(1-q)], where n =sample size, q = median (0.5),
z = critical value (1.96 for p < 0.05). The rank number has been
rounded down and up to the nearest whole number for the lower and
upper 95 % CI, respectively. These ranks have subsequently been con-
verted to absolute values. We refer to this calculation of effect size as
SMDypedian to distinguish it from the regular SMD.

2.5. Subgroup analyses

The studies have been segregated into populations from high-income
and middle-income countries. We have determined the origin of the
study population from information on the location of the study popu-
lation; it is not based on the country of the first author or the laboratory/
country where the comet assay has been done. We have used the World
Bank classification for the segregation of populations into high-income
and middle-income countries (https://data.worldbank.org/, down-
loaded March 2025). The World Bank uses the Gross National Income
per capita for its classification of income groups. Some high-income
countries have been upgraded from the middle-income group in the
period 2000-2025. In these cases, we have used the highest possible
rank because these countries have most likely made progress to become
a high-income country prior to the upgrade. The World Bank ranking has
been used as a proxy-measure of countries regulation of environmental
and occupational exposures (including economic means to uphold
control over emissions) and research (including equipment and orga-
nisation of scientific work). High-income countries represented in the
present dataset are Bulgaria, Czechia, Denmark, Germany, Greece, Italy,
the Netherlands, Poland, Portugal, Slovak Republic, Sweden and South
Korea. Countries in the group of middle-income economics are Benin,
Brazil, China, Colombia, Iran, India, Mexico, Pakistan and Thailand.
Countries in the lower-middle and upper-middle categories have been
pooled into one group.

2.6. Sensitivity analyses

Uncertainty (potential bias) related to comet assay experiments and
exposure assessment has been assessed on a scale with low, moderate or
high risk of bias/exposure misclassification. The classification system is
described in detail in the supplementary material. The description of
comet assay procedures has been rated according to the recommended
Minimum Information for Reporting on the Comet Assay (MIRCA) [15],
the inclusion of assay controls and coded/blinded analysis of samples or
slides. We refer to this as a marker of risk of comet assay measurement
bias.

The studies on combustion emissions can be grouped into controlled
exposure studies and cross-sectional (or field) studies. By analogy with
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epidemiological study designs, controlled exposure studies are experi-
mental, whereas cross-sectional studies have observational study de-
signs. There is a low risk of exposure misclassification in controlled
exposure studies because the researchers allocate subjects to groups
with contrasting levels of exposure. In contrast, the risk of exposure
misclassification in cross-sectional studies is more complex, encom-
passing the categorization of subjects into exposure groups, measure-
ments of air pollution compounds and/or biomarkers of exposure. We
have used measurements as follows to assess the certainty of inhalation
exposure to air pollution in cross-sectional studies:

(i) Grouping based on work categories or areas.

(ii) Environmental monitoring assessment, including PM mass con-
centration, PNC (for UFPs) and concentration of PAHs (e.g. extracted
from respirable particles). Other air pollution constituents have been
used as indicators of combustion emissions from vehicles, although they
may not have DNA-damaging properties (e.g. NOx). Certain constituents
are not considered to be sufficiently specific, including ozone (generated
by solar radiation), and benzene (industry emissions).

(iii) Biomarkers of exposure and environmental monitoring assess-
ment: Alternatively, biomarkers of exposure and exclusion of con-
founding factors (e.g. diet). It should be noted that biomarkers of
internal/effective doses of combustion-derived air pollutants are not
specific for inhalation exposure because a significant contribution comes
from dietary sources such as smoked food items. Biomarkers of internal/
effective dose cannot be used alone to confirm inhalation exposure with
certainty.

For visual presentation, we have used traffic light plots where red,
yellow and green colours refer to studies with high, moderate and low
risk of bias/exposure misclassification. The traffic light plots have been
generated in robvis (https://mcguinlu.shinyapps.io/robvis/) [7]. Dif-
ference in distributions has been tested by the y-test.

3. Results

The literature search identified 52 studies, of which 40 are included
in meta-analyses. The studies are grouped into traffic-related air pollu-
tion (Table 1), biomass fuel smoke (Table 2), and coke oven emission
(Table 3). Table 4 summarises effect sizes in each exposure group and
subgroup analyses. Table 5 shows results from sensitivity analyses
related to risk of comet assay measurement bias and exposure
misclassification.

3.1. Traffic-related combustion

Table 1 summarizes the results from the studies included in the re-
view. The meta-analysis includes 21 studies [16-36]. Additionally, six
studies have been included in the review [37-42].

The included studies on traffic-related emission can be grouped into
four different types of study depending on the source of exposure (i.e.
diesel engine exhaust or road traffic emission), and study design (i.e.
controlled exposure or cross-sectional studies). In controlled exposure
studies, the same subjects are exposed to different types of air in either a
chamber or a setting in the field where the exposure can be controlled. In
cross-sectional studies, by contrast, exposure gradients are obtained by
comparing different groups of exposed subjects.

(i) Controlled exposure studies on diesel engine exhaust emissions. A
chamber study showed unaltered levels of DNA strand breaks after 3 h
exposure to diesel engine exhaust from fossil fuel compared to clean air
(PM;: 276 vs 2 ug/m>) [28]. The same research group also found un-
altered levels of DNA strand breaks at 3 and 24 h after 3 h exposure to
exhaust from biofuel combustion (i.e. hydrogenated vegetable oil;
PM35:93vs 1 pg/ms) [34]. However, a third controlled exposure study
showed an increased level of DNA strand breaks after exposure to diesel
engine exhaust in a passenger compartment of a diesel-powered train for
three consecutive days as compared to the same exposure time in an
electric train (PNC: 133,400 vs 9100 particles/cm3) [16].
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(i) Cross-sectional studies on diesel exhaust emissions. The first study on
diesel engine exhaust found higher levels of urinary 1-OHP excretion
and DNA strand breaks in automobile emission inspectors from South
Korea [32]. A study from China showed that diesel engine testing
workers, who were exposed to diesel engine exhaust (assessed by air
concentrations of PM; 5 and elemental carbon as well as urinary excre-
tion of PAH metabolites), had higher levels of DNA strand breaks than
water pump operators (PMa 5: 288 vs 92 pg/m>) [35]. Another study by
the same research group in China showed an increased level of DNA
strand breaks from subjects in a diesel engine testing department. The
subjects in the exposure group worked in areas with high air concen-
tration of PMj 5 and had higher levels of 1-OHP and PAH-metabolites in
urine as compared to a control group (i.e. water pump operators) [25].
These two Chinese studies have similar levels of PMjy 5 air concentra-
tions, subject characteristics and DNA strand break levels, but it is not
the exact same number of subjects in the two publications (see supple-
mental material for further details on the similarities of the two studies).
A fourth study showed an increased level of DNA strand breaks in me-
chanics as compared to a reference group from “Departamento del
Atlantico” [30]. The exposed group had relatively high exposure levels
in the workplace (PM; 5 = 250 pg/m3). However, there was no personal
exposure assessment of the workers, and the levels of exposure in the
control group are not reported. Lastly, one study on workers in bakeries
has shown an increased level of DNA strand breaks among subjects who
use diesel-powered ovens as compared to a control group, consisting of
university staff employees [29]. As the study does not have PAH expo-
sure measurement, confounding cannot be ruled out due to co-exposures
and non-comparable populations (i.e. bakers and university staff).

One cross-sectional study on diesel engine exhaust has been included
in the review, although excluded from the meta-analysis. This study
assessed diesel engine exhaust exposure in underground mine workers
compared to surface workers. The underground workers had higher
exposure to PAHs (1-nitropyrene in respirable particles) and benzene,
but there was no difference in levels of DNA strand breaks [39].

(iii) Controlled exposure studies on traffic-related emissions. Three
studies have been conducted in Copenhagen (Denmark). The first study
showed no effect on DNA strand breaks when subjects were exposed to
traffic-related emissions (bicycling on busy streets: 32,400 particles/
cm®, measured by person-borne samplers) as compared to a reference
period (bicycling in a laboratory: 13,400 particles/cm®) [36]. The bi-
cycle route was designed to pass two curb side busy street stationary
monitoring stations that measured UFPs (30,400 + 13,800 parti-
cles/cm®) and PMy (23.5 =+ 14.8 ug/m>). A later study used a chamber
to expose subjects to air from a busy street for 24 h. The study showed
increased levels of DNA strand breaks when subjects were exposed to
non-filtered air from traffic-related emissions (10,067 particles/cmg) as
compared to particle-filtered air (235 particles/cm®) [20]. Interestingly,
the same study also showed a correlation between a 57 nm size mode of
PNCs that represent carbonaceous soot from diesel engines and DNA
strand breaks, whereas other size modes did not correlate with DNA
strand breaks [20]. Lastly, a chamber study did not find differences in
DNA strand break levels after exposure to non-filtered air (PMys =
24 pg/m® and 23,000 particles/cm®) compared to particle-filtered air
(PMa5 = 3 ug/m> and 1800 particles/cm?) from a traffic-intense street
[27].

One study, using personal PM exposure, has been included in the
review, but excluded from the meta-analysis. The study assessed DNA
strand break levels in subjects from Copenhagen four times over one
year to obtain differences in exposure within the same subject. There
was no association between personal PM, 5 exposure and DNA strand
breaks [40]. There was a significant effect of the season, with the lowest
level of DNA strand breaks in the winter as compared to the summer.
However, this association was attributed to a seasonal effect as
demonstrated by a correlation between ambient temperature and DNA
strand break levels. A similar effect of the season has been observed in
Denmark, although it has been attributed to solar radiation in other
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Table 1
Summary of findings from the included studies on traffic-related air pollution.
Author Year  Main Country Exposure Assessment or Population DNA Damage Reference
Chemical Biomarkers of Exposure Characteristics
Exposure
Andersen 2019  Diesel engine Denmark PNC: 133,400 vs 9100 83 healthy volunteers e VS: exposed/diesel train (0.18 [16]
exhaust (PAH) (NanoTracer), 189,200 vs. (54 exposed to diesel, =+ 0.13) vs. control/electric train
8100 (DiscMini) 29 exposed in electric (0.12 + 0.13); sig. (Mean and
Air (black carbon, NOx) and train) SD). Results reported as lesions/
urine (1-OHP, 2-OHF, 1-NAPH, 10° bp
and 2-NAPH).
Avogbe1 2005 Outdoor air Benin PNC: 265,145 (busy street), 135 city traffic e TI: drivers (6.09 + 3.46) vs. [17]
(UFP, benzene) 19,580 (suburban), 6961 exposure roadside residents (6.32 + 4.00)
(rural) (stationary (29 drivers, 37 vs. suburban (5.42 + 2.28) vs.
measurement) roadside residents, 42 rural (4.26 + 1.76); sig. (Mean
Urine (S-PMA) suburban, 27 rural) and SD)
Bagryantsava2 2010 Outdoor air Czechia Air (PAH abstracted from 120 e TI: bus drivers (1.60 + 0.90), [18]
(PAH, VOC) filters, personal samplers) (50 bus drivers, 20 garagemen (2.42 + 2.19),
garagemen, 50 controls (1.31 =+ 0.88); sig. (Mean
controls) and SD)
Barth 2016 Outdoor air Brazil Urine (1-OHP) 82 e TI: exposed (11.58 + 0.35) vs. [19]
(PAH) (45 taxi drivers, 37 controls (8.28 =+ 0.21); sig. (Mean
controls) and SEM)
e TM: exposed (2.64 + 0.17) vs.
controls (1.83 =+ 0.20); sig. (Mean
and SEM)
e Combined: exposed (1.42 + 0.45)
vs. controls (1 + 0.41)
Brauner 2007  Outdoor air Denmark PNC: 10,067 vs 235 particles/ 29 e VS: exposed/non-filtered air [20]
(chamber cm?® (before and after 24 h (0.24, 0.14-0.35) vs. controls/
study) Air (NOx, CO, 03) exposure period) particle-filtered air (0.16,
0.09-0.25). Sig. (Median and
25th-75th percentile). Results re-
ported as lesions/10° bp
Carere 2002 Outdoor air Italy Air (benzene, personal 190 e TM: exposed (0.46 + 0.46), [21]
(benzene) samplers) (133 traffic policemen, controls (0.36 + 0.32); non-sig.
57 office workers as (Mean and SD)
controls)
Cebulska- 2005 Outdoor air Czechia Air (PAH abstracted from 78 e TI: exposed (winter: 2.72 + 1.70, [22]
Wasilewska® (PAH) filters, personal samplers) (40 policemen, 38 summer: 2.91 + 1.05) vs. controls
controls) (winter: 2.64 + 1.37, summer:
2.62 + 1.04); non-sig. (Mean and
SD)
Cebulska- 2007  Outdoor air Slovak Air (PAH abstracted from PM,s 174 policemen e TI: controls (4.06 + 1.40), [23]
Wasilewska (PAH) Republic and filters, personal samplers) (99 exposed, 75 exposed (3.86 + 1.28); non-sig.
Bulgaria controls) (Mean and SD)
Cetkovic 2023 Outdoor air Bosnia and PM, 5: 46 pg/m3 (winter) vs 33 volunteers e TL: winter (2.20 + 0.14); summer [37]
(PM,5) Herzegovina 20 1.lg/m3 (summer) (summer and winter (2.25 + 0.17); Sig (Mean and SD,
sampling) positive correlation with PMy s in
winter samples)
e TI: winter (1.14 + 0.23); summer
(1.19 + 0.19); non-sig. (Mean
and SD)
e TM: winter (1.03 + 0.29);
summer (1.07 + 0.25); non-sig.
(Mean and SD)
Chu* 2015 Outdoor air China PM, 5: 68 (Zhuhai), 115 301 e TI: Tianjin (2.97, 1.47-6.32), [24]
(PM,5) (Wuhan), and 147 ug/m3 (108 from Zhuhai, 114 Wuhan 2.15 (0.77, 4.63), Zhuhai
(Tianjin) (personal exposure) from Wuhan, 79 from 1.36 (0.67, 2.66); sig. (Median
Tianjin) and 25th-75th percentile)
Duan 2016  Diesel engine China PM,_5: 288 vs 92 ug/m> 207 e TI: exposed (60.02 + 28.59) vs. [25]
exhaust (stationary measurement) (101 exposed workers controls (18.75 + 28.29); sig.
Air (elemental carbon, NO,, and 106 controls) (Mean and SD)
SO,, and airborne PAHs) and e TM: exposed (4.68 + 2.55) vs.
urine (1-OHP) exposed (1.06 =+ 2.33); sig. (Mean
and SD)
e Combined: exposed (3.81 + 1.97)
vs. controls (1 £+ 1.85)
Geric 2024 Outdoor air Croatia PM, 5: 24 pg/m3, range: 123 (students) e TL: 14.32 + 1.40; non-sig (Mean [38]
3-73 pg/m?>, 24 h before and SD, correlation analysis)
sampling) e TI: 1.62 + 0.86; non-sig (Mean
Air (PM;, gases) and SD, correlation analysis)
e TM: 0.21 + 0.12; non-sig (Mean
and SD, correlation analysis)
Goethel® 2014 Outdoor air Brazil Urine (t,t-muconic acid) 99 e VS: gas station staff (89.8 [26]

(benzene and
CO)

(43 gas station staff, 34
drivers, 22 unexposed)

+ 21.5), drivers (94.2 + 12.8),

(continued on next page)
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Author Year  Main Country Exposure Assessment or Population DNA Damage Reference
Chemical Biomarkers of Exposure Characteristics
Exposure
unexposed (48.6 + 35.9); sig.
(Mean and SD)
Hemmingsen 2015  Diesel engine Sweden PM;: 276 vs 2 ug/m> 18 individuals with e VS: exposed (after: 0.30 & 0.04, [28]
exhaust PNC: 390,000 particles/cm® controlled exposure before: 0.32 + 0.04) vs. control/
(during exposure) (3h) after (after: 0.24 + 0.06, before:
0.30 £ 0.07); non-sig. (Mean and
SEM)
Hemmingsen 2015  Outdoor air Denmark PM, 5: 24 vs 3 ug/m> 60 overweight subjects o VS: exposed/non-filtered air [27]
(chamber PNC: 23,000 vs 1800 particles/  with controlled (0.59 + 0.05) vs. controls/
study) cm?® exposure (5 h) particle-filtered air (0.57 + 0.04);
non-sig. (Mean and SEM). Results
reported as lesions/10° bp
Kianmehr 2017  Diesel engine Iran No exposure assessment 55 o TL: exposed (12.31 + 4.51) vs. [29]
exhaust (11 diesel engine controls (2.89 =+ 1.22); sig. (Mean
(bakers) exhaust, 11 unexposed) and SD)
e TI: exposed (4.03 £ 1.95) vs.
controls (6.21 =+ 1.88); sig. (Mean
and SD)
e TM: exposed (1.85 + 1.33) vs.
controls (0.17 + 0.23); non-sig.
(Mean and SD)
e Combined: exposed (6.11 + 3.64)
vs. control (1 + 0.74)
Le6n-Mejia 2019 Diesel exhaust Colombia PM, 5: 250 pg/m3 in workplace 220 e TI: exposed (30.91 + 17.52) vs. [30]
(gases, PAH, (stationary sampling; no (120 exposed controls (23.39 + 9.18); sig.
PM) information about exposure in mechanics and 100 (Mean and SD)
controls) controls) e VS: exposed (131.22 + 48.15) vs.
controls (107.05 + 27.88); sig.
(Mean and SD)
e Combined: exposed (1.27 + 0.60)
vs. controls (1 + 0.33)
Novotna® 2007  Outdoor air Czechia PM, 5: 33.2 (January) and 65 non-smoking city o TI: exposed (January: 7.04 [31]
14.5 ;.lg/rn3 (September) policemen (54 outdoor + 0.38, September (4.72 + 0.29)
(stationary sampling) policemen, 11 indoor vs. unexposed (January: 3.75
Air (PAH abstracted from policemen) =+ 0.85, September (2.65 + 0.18);
filters, personal samplers) sig. (Mean and SEM)
Oh 2006  Automobile South Korea Urine (1-OHP and 2-naphthol) 138 e TI: exposed (mononuclear cells: [32]
emission (PAH) (54 automobile 14.91 =+ 2.37, polynuclear cells:
emission inspectors, 84 15.58 + 3.58) vs. controls
controls) (mononuclear cells: 9.17 + 2.22,
polynuclear cells: (13.35 + 2.44);
sig. (Mean and SD)
e TM: exposed (mononuclear cells:
1.71 + 0.23, polynuclear cells:
3.21 + 0.42) vs. controls
(mononuclear cells: 1.34 + 0.16,
polynuclear cells: 2.76 + 0.38);
sig. (Mean and SD)
e Combined: exposed (1.31 + 0.21)
vs. controls (1 + 0.21)
Piperakis 2000 Outdoor air Greece No exposure assessment 80 healthy e VS: urban non-smokers (78 [33]
individuals living in =+ 10.2), urban smokers (99
urban and rural areas + 10.9), rural non-smokers (71
with =+ 7.8), rural smokers (98 + 12.5);
different smoking sig. (Mean and SD)
habits
Scheepers 2002  Diesel engine Estonia, Air (1-nitropyrene on respirable 92 underground miners e VS: exposed (134) vs controls [39]
exhaust Czechia particles) and urine (1-OHP and (drivers of diesel- (104); non-sig. (Mean, variation
(benzene, metabolites of PAH and powered excavators) not reported)
PAH) benzene) (46 underground
workers, 46 surface
workers)
Scholten 2021  Diesel engine Sweden PM, 5: 93 vs 1 pug/m° 19 subjects with e VS: exposed (0.014 + 0.009) vs. [34]
exhaust Air (PM;, elemental carbon, controlled exposure controls (0.018 & 0.017); non-
(chamber NOx, CO) (3 h) to biodiesel or sig. (Mean and SD, estimated
study) filtered air from the graph, mean of 3 and
24 h post-exposure). Results re-
ported as lesions/10° bp
Shen 2016 Diesel engine China Air (elemental carbon (267 vs 185 e TI: exposed (66.44 + 25.93) vs. E7015

exhaust

96 pg/m®) and urine 1-OHP and
other PAH metabolites)

(86 exposed diesel
engine testing workers,
99 unexposed)

controls (20.20 + 29.45); sig.
(Mean and SD)

TM: exposed (5.29 + 2.30) vs.
controls (1.16 + 2.45); sig. (Mean
and SD)

(continued on next page)
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Author Year  Main Country Exposure Assessment or Population DNA Damage Reference
Chemical Biomarkers of Exposure Characteristics
Exposure
e Combined: exposed (3.92 + 1.63)
vs. controls (1 +1.78)
Sgrensen 2003  Outdoor air Denmark PM, 5: 16.1 pg/m? (quartiles: 50 students (samples e VS: 4.5, 2-10; non-sig (Median [40]
(PM) 10.0-24.5 pg/m>, personal collected during four and 25th-75th percentile, corre-
exposure), 9.2 pug/m> seasons) lation analysis)
(quartiles: 5.3-14.8 pg/m®,
monitoring station from urban
background location)
Air (black smoke) and urine (1-
OHP)
Tovalin 2006  Outdoor air Mexico PMS, 5: 133/86.6 pg/m° 55 City traffic exposure e TL: exposed (median: 46.80, [41]
(PM, 5, ozone, (Mexico City) and 122/ (28 outdoor workers, maximum: 132.41) vs. controls
VOQ) 78.3 pg/m3 (Puebla) (outside/ 27 indoor workers) (Median 30.11, maximum 51.47);
inside). sig.
Air (O3 and VOC, personal
exposure)
Ullah 2021 Outdoor air Pakistan No exposure assessment 240 e TL: exposed (28.69, 26.83-30.55) [42]
(traffic) (60 participants vs. controls (8.62, (7.98-9.26);
exposed to traffic sig. (Mean, min-max)
pollution, 60 controls)
Vinzents 2005 Outdoor air Denmark PNC: 32,400 vs 13,400 15 subjects bicycling in e VS: exposed (0.06, 0.03-0.11) vs. [36]
(PM;, UFP, particles/cm® (personal traffic or indoors on six controls (0.06, 0.02-0.12); non-
NOx, CO) exposure) occasions (controlled sig. (Median and 25th-75th

PNC: 30.400 particles/cm®

exposure)

percentile). Results reported as

(stationary monitoring along

the bicycle route)
PM,o: 23.5 pg/m°®

lesions/10° bp

Comet descriptors are segregated into visual score (VS), tail length (TL; sometimes also called comet tail length), tail intensity (TI; percentage of total DNA fluorescence
in the tail), tail moment (TM; sometimes also called comet tail moment), Olive tail moment (OTM). Results have been combined for studies with more than one comet
descriptor. Abbreviations: 1-hydroxypyrene (1-OHP), particle number concentration (PNC), polycyclic aromatic hydrocarbon (PAH), volatile organic compounds
(VOQ), ultrafine particles (UFP), S-phenylmercapturic acid (S-PMA), 2-hydroxyfluorene (2-OHF), 1- and 2-naphthol (1-NAPH and 2-NAPH).

1 Results from taxi-motor drivers, roadside and suburban have been pooled for meta-analysis (5.91 + 3.27, n = 108). Levels of ultrafine particles have been assessed in
representative areas where the subjects are located. The levels are midday hourly measurements, using portable monitors.

2 Results from bus drivers and garagemen have been pooled for meta-analysis (2.01 = 1.55, n = 70).

3 Results from summer and winter have been pooled for meta-analysis (exposed: 2.82 + 1.41, n = 86; controls: 2.63 + 1.28, n = 58).

4 Results from Wuhan and Tianjin have been pooled for the meta-analysis (2.56 + 4.31, n = 193). The paper does not report whether the results are statistically
significant. A Student’s t-test indicates a statistical significance (t-value =2.68, P < 0.01). We have considered the results to be statistically significant.

5 Results from gas station attendants and taxi drivers have been pooled for meta-analysis (91.7 + 18.2, n = 77). Results have been estimated from the graph.

© Results from January and September have been pooled for meta-analysis (exposed: 3.37 + 1.91, n = 54; controls: 1.91 + 1.38, n = 11, mean and SD).

studies [43,44].

(iv) Cross-sectional studies on traffic-related emissions. These studies
examine populations with different air pollution exposure, such as
subjects occupationally exposed to vehicle engine exhaust (e.g. taxi
drivers) or those living in locations or cities with different traffic in-
tensities. Studies on taxi or bus drivers have shown higher levels of DNA
strand breaks as compared to control groups [17-19,26]. Increased
levels of DNA strand breaks have also been observed in outdoor working
police officers as compared to subjects who worked indoors in Prague,
Czechia [31]. However, other studies on police officers with
well-documented PAH or benzene exposure from Prague [22], Kosice
(Slovak Republic), Sofia (Bulgaria) [23], and Rome (Italy) [21] have not
found different levels of DNA strand breaks between exposed subjects
and controls. Two studies on subjects in different locations (city center
in Athens, Greece vs. rural areas; Zhuhai, Wuhan and Tianjin in China
with different PMj 5 levels) showed higher levels of DNA strand breaks
in exposed subjects [24,33].

Four cross-sectional studies on air pollution exposure have been
included in the review but excluded from the meta-analysis. Two studies
have shown null results between air pollution exposure and DNA strand
breaks [37,38], whereas two other studies showed increased levels of
DNA strand breaks in exposed subjects [41,42].

3.1.1. Generalizability

The generalizability of meta-analysis results to all included studies is
somewhat statistically underpowered because most studies on traffic-
related exposures are included in the meta-analysis. The distribution

between positive and null results does not differ between the studies in
the meta-analysis (67 %, 14 out of 21 studies) and studies that are only
included in the review (50 %, 3 out of 6 studies, Z-value = 0.26,
P > 0.05) (Supplementary Table S4).

3.1.2. Meta-analysis

Fig. 2 shows results from the meta-analysis of 21 studies. There is
considerable inter-study heterogeneity (I = 89 %), although Egger’s
text does not indicate asymmetry of Funnel plots (z = 0.57, P = 0.57).
Effect sizes from the overall meta-analysis are summarized in Table 4.
Overall, there is a positive association between exposure and levels of
DNA strand breaks (SMD = 0.62, 95 % CI: 0.36, 0.89). The effect size is
slightly lower when calculated by non-parametric analysis (SMDpedian =
0.47, 95 % CI: 0.24, 0.79).

3.1.3. Subgroup analysis

Effect sizes from subgroup analysis are summarized in Table 4. The
analysis indicates that the genotoxic effect is larger in studies on pop-
ulations from middle-income countries (SMD = 1.11, 95 % CI: 0.66,
1.56, n = 8) as compared to studies from high-income countries (SMD =
0.32, 0.06, 0.58, n = 13).

3.1.4. Sensitivity analysis

Fig. 3 shows the risk of comet assay measurement bias and exposure
misclassification. With the exception of a few studies, there is a low or
moderate risk of comet assay measurement bias and exposure misclas-
sification. However, the sensitivity analysis indicates that studies with
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Table 2

Summary of findings from the included studies on biomass combustion.
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Author

Year

Main Chemical
Exposure

Country

Exposure Assessment or Biomarkers
of Exposure

Population
Characteristics

DNA Damage

Reference

Abreu

Andersen

Danielsen

Forchhammer

Jensen

Kianmehr

Miglani®

Mondal

Pandey

2017

2018

2008

2012

2014

2017

2019

2010

2005

Wildland fires Portugal

PAH (controlled Denmark

exposure)

Wood smoke Sweden

Wood smoke Denmark
(controlled

exposure)

Wood smoke Denmark

exposure

Fuel smoke Iran

(firewood)

PAH (biomass India

burning)

Fuel smoke India
(biomass and
liquefied

petroleum)

Fuel smoke India
(biomass fuel,
liquefied

petroleum gas)

No exposure assessment

Skin (PAH), urine (1-OHP)

Air (PM: 279 and 243 in two different
exposure sessions; UFP: 180,000 and
95,000 particles/cms)

Air (PMy5: 14, 220, or 354 pg/m?;
PNC: 222, 29,112, or 71,306 particles/
cma) from a well-burning modern
wood stove for 3 h in a climate-
controlled chamber with 2-week
intervals)

Exposure to high indoor
concentrations of PMs s
(700-3600 pg/m®), CO
(10.7-15.3 ppm), and NO,
(140-154 pg/m>) during 1 week.
No exposure assessment

Urine (1-OHP)

PM; 5 and PM; (stationary sampling).
PM,s: 312 vs 77 pg/m3 during
cooking period and 82 vs 45 ug/m® in
non-cooking periods

No exposure assessment

126

(63 firefighters, 63
controls)

22 professional
firefighters

13 never-smoking
subjects

20 healthy non-
smoking subjects
(controlled exposure)

11 university students

55
(11 exposed bakers, 11
unexposed)

178
(79 tandoor workers,
79 controls)

217

(132 biomass users, 85
liquefied petroleum
gas users)

144 volunteers

(70 biomass fuel
(BMF) users, 74
liquefied petroleum
gas (LPG) users)

.

.

.

.

TI: exposed (11.23 + 0.36) vs
controls (6.38 + 0.42). Sig.
(Mean and SEM)

VS: exposed (0.30 + 0.20) vs.
unexposed/before (0.23 + 0.10);
non-sig. (Mean and SD). Results
reported as lesions/10° bp

VS: exposed (20 h: 0.035
+0.019, 3 h: 0.042 + 0.036) vs.
filtered air (20 h: 0.085 + 0.043,
3 h: 0.071 £ 0.053); non-sig.
(Mean and SD). Results reported
as lesions/10° bp

Combined: exposed (0.039

+ 0.028) vs. control (0.078
+0.048)

VS: High (20 h: 0.034 + 0.030,
6 h: 0.075 + 0.042, 0 h: 0.072
+0.102), low (20 h: 0.033
+0.034, 6 h: 0.037 & 0.041, 0 h:
0.043 + 0.043), filtered air (20 h:
0.048 + 0.072, 6 h: 0.042
+0.052, 0 h: 0.037 + 0.030);
non-sig. (Mean =+ SD). Results
reported as lesions/10° bp
Combined: exposed (0.049

+ 0.072) vs. controls (0.042
+0.054)

VS: exposed/after (0.061

=+ 0.0.46) vs. unexposed/before
(0.0.51 + 0.031); non-sig. (Mean
=+ SD). Results reported as
lesions/10° bp

TL: exposed (19.35 + 5.97) vs.
unexposed (2.89 + 1.22); sig.
(Mean and SD)

TIL: exposed (6.21 + 1.88) vs.
controls (6.21 =+ 1.88); sig.
(Mean and SD)

TM: exposed (4.40 + 1.98) vs.
controls (0.17 + 0.23); sig.
(Mean and SD)

Combined: exposed (12.49

=+ 5.06) vs. controls (1 + 0.74)
TL: exposed (tobacco users: 5.82
=+ 0.61, non-tobacco: 5.62

=+ 0.92) vs. controls (tobacco
users: 1.42 + 0.19, non-tobacco
users: 1.35 + 0.34); sig. (Mean
and SD)

TL: biomass users (46.6 + 4.7) vs.
gas users (44.1 + 4.6); sig. (Mean
and SD)

TI: biomass users (21.6 & 5.2),
gas users (16.8 + 3.3); sig. (Mean
and SD)

TM: biomass users (4.2 + 1.0) vs.
gas users (4.2 + 1.0); sig. (Mean
and SD)

Combined: exposed (1.99 + 0.42)
vs. controls (1 + 0.23)

TL: exposed/BMF users (51.20

=+ 1.57) vs controls/LPG users
(40.12 + 0.92) vs.; sig. (Mean
and SEM)

TI: exposed/ BMF users (11.29
=+ 0.7) vs. controls/LPG users
(8.22 + 0.20); sig. (Mean and
SEM)

TM: exposed/ BMF users (3.90
+ 0.16) vs. controls/LPG users
(2.68 + 0.07); sig. (Mean and
SEM)

[45]

[46]

[47]

[48]

[49]

[29]

[50]

[51]

[52]

(continued on next page)
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Main Chemical
Exposure

Author Year Country

of Exposure

Exposure Assessment or Biomarkers

Population Reference

Characteristics

DNA Damage

Panumasvivat 2024 Wildland fires Thailand

2008 Biomass (indoor Mexico

air pollution)

Torres-Dosal Urine (1-OHP)

Air (PMy5: 35.3 vs 13.1 ug/m>)

Combined: exposed (1.37 + 0.40)

vs. controls (1 +0.21)

TL: —0.394 (-0.230, 0.152). Non-  [54]
sig. (Mean change for the season
as a factor and 95 % CI,
multivariate regression analysis).
TM: —0.024 (-0.01, 0.051). Non-
sig. (Mean change for the season
as a factor and 95 % CI,
multivariate regression analysis)
TM: exposed/before (6.58

+ 2.78) vs. before (2.96 + 1.14).
Sig. (Mean and SD, estimated
from the graph)

.

54 (firefighters)

20

(before and after the
wood smoke
intervention program)

[53]

Comet descriptors are segregated into visual score (VS), tail length (TL; sometimes also called comet tail length), tail intensity (TI; percentage of total DNA fluorescence
in the tail), tail moment (TM; sometimes also called comet tail moment), Olive tail moment (OTM). Results have been combined for studies with more than one comet

descriptor.

1 Combined tobacco user status: exposed (5.72 £ 0.77, n = 76) and controls (1.39 & 0.27, n = 79).

moderate/high risk of comet assay measurement bias have a higher ef-
fect size as compared to studies with low risk (Table 5). In contrast, it
seems that studies with moderate/high risk of exposure misclassification
have lower effect sizes as compared to low-risk studies (Table 5). The
combined categorization indicates a slightly lower effect size in the
group of studies with the lowest risk of comet assay measurement bias/
exposure misclassification (SMD = 0.42, 95 % CL: —0.00, 0.84) as
compared to the groups with moderate (SMD = 0.74, 95 % CI: 0.37,
1.12) and high risk of bias (SMD = 0.73, 95 % CI: —0.27, 1.73).

3.1.5. Summary of studies on traffic-related emissions

Collectively, the meta-analysis shows that exposure to traffic-related
combustion emissions is associated with increased levels of DNA strand
breaks. Studies from high-income countries have reported lower effect
sizes than have studies from middle-income countries.

3.2. Biomass combustion

Ten studies with results on DNA strand breaks after exposure to wood
smoke have been included in the review and meta-analysis [29,45-53]
(Table 2). One additional study has been included in the review [54].
The studies are segregated into controlled exposure studies and
cross-sectional studies. The controlled exposure studies have used rela-
tively clean fuel, whereas cross-sectional studies have more complex
exposures in regard to the type of biomass fuel, exposure scenario and
combustion condition.

(i) Controlled exposure studies on biomass combustion emissions. A
number of controlled exposure studies have been conducted by the same
research group (i.e. comet assay results originate from the same labo-
ratory). The first study of its kind exposed subjects to smoke from birch
and spruce wood for 4 h in an exposure chamber (PM mass: 279 and
241 pg/m3, PNC: 180,000 and 95,000 particles/cm® on two different
days of exposure). Surprisingly, there was a lower level of DNA strand
breaks after wood smoke exposure as compared to filtered air (<30 pg/
m3) [47]. The authors hypothesized that lower levels of DNA damage
correspond to increased DNA repair activity as the hOGG1l-mediated
repair activity was slightly increased in peripheral blood mononuclear
cells, and there was elevated urinary excretion of 8-oxoguanine (repair
product of hOGG1-mediated DNA repair). A later study with a cross-over
design exposed the same human subjects for 3 h to filtered air (control;
14 pg/m3 or 222 particles/cmg, PM; 5 and PNC, respectively), or to low
(220 pug/m* or 29,112 particles/cm®) or high (354 ug/m® or 71,036
particles/cm®) concentrations of smoke from beech wood. Blood sam-
ples were obtained immediately, 6 and 20 h after the exposure. There
were no differences in levels of DNA strand breaks [48]. A third study

10

assessed DNA strand breaks in conscripts who were included in fire
extinction exercises of a firefighters’ training program. As the volunteers
were wearing personal protective equipment when extinguishing fires
(mainly European Union wood pallets), the primary period of exposure
was considered to be during by-stander position (e.g. while waiting their
turn to extinguish fires, receiving specific instructions or getting feed-
back on their performance). There was a positive correlation between
personal exposure (i.e. PAHs in skin wipes and urinary 1-OHP) and DNA
strand breaks. However, DNA strand break levels did not significantly
differ between fire extinguishing exercises, and control periods before
and after the exposure [46]. The fourth study from this research group
was a somewhat opportunistic study where subjects lived for a week in a
reconstructed Viking Age house with an indoor fireplace for heating and
cooking (using mainly beech wood). The mean estimated personal PM5 5
exposure level was 471 pug/m® (range from 275 to 821 pg/m® during the
stay). Despite the high level and long exposure period, there was no
difference in DNA strand break levels before and after the exposure
period [49]. It should be noted that the study was not controlled for
exposure misclassification because the personal PMy s exposure was
modelled from information on indoor stationary measurement and time
spent in the Viking Age house.

(ii) Cross-sectional studies on biomass combustion emissions. A group of
studies was conducted in villages in West Bengal (India), where expo-
sure contrasts were assessed by comparing women living in homes with
biomass burning of wood, cow dung and agricultural waste, to those
using liquefied petroleum gas in their homes (controls). The first set of
studies showed increased levels of DNA strand breaks in the group using
biomass fuel [51]. The indoor PMs 5 levels in the kitchen were higher
during cooking compared with non-cooking periods (biomass: 312 and
82 pg/m>; liquefied petroleum gas: 77 and 45 ug/m>). Another research
group from India also showed an increased level of DNA strand breaks in
women using biomass combustion (wood, cow dung and unspecified
cake fuel) as compared to those using liquefied petroleum gas [52].
Iranian bakery workers, using wood-fuelled ovens, had a higher level of
DNA strand breaks as compared to a control group of university staff
employees [29]. Lastly, a study on wood smoke showed that tandoor
workers (i.e. a clay oven fired by wood) had higher levels of DNA strand
breaks than the control group [50].

A study of rural populations in Mexican villages showed decreased
levels of DNA strand breaks compared to controls, after an intervention
in which indoor surfaces were cleaned, dirt floors paved, and new wood
stoves installed in the dwellings to reduce wood smoke exposure [53].
Wildland firefighters in Portugal had higher levels of DNA strand breaks
compared to controls [45]. The exposure assessment only included
questionnaire data on years of firefighting activity and hours spent in
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Table 3
Summary of findings from the included studies on coke oven workers.
Author Year  Main Country Exposure Assessment or Population Characteristics DNA Damage Reference
Chemical Biomarkers of Exposure
Exposure
Chen 2006 PAH China Air (PAH) 363 e TM: exposed (1.23 + 1.12) vs. [55]
(240 coke-oven workers control (0.58 + 0.92), sig. (Mean
and 123 controls, all males) and SD)
Cheng 2009 PAH China Urine (1-OHP) 158 o TM: exposed (0.86; 0.77-0.97) vs. [56]
(94 coke-oven workers controls (0.43; 0.35-0.52); sig.
and 64 controls) (Geometric mean and 95 % CI)
Gao 2014 PAH China Urine (1-OHP) 204 e TL: exposed (7.49 + 0.89) vs. [57]
(126 coke-oven workers controls (3.16 + 0.58); sig. (Mean
and 78 controls) and SD)
e TM: exposed 10.48 =+ 3.52) vs.
controls (0.85 + 0.23); sig. (Mean
and SD)
e Combined: exposed (7.35 + 2.21)
vs. controls (1 &+ 0.23)
Huang1 2012 PAH China Air (PAH) 298 e TM: exposed (bottom: 0.98 [58]
(202 exposed coke-oven =+ 1.07); side: 1.37 + 1.07; top:
workers: bottom 67, side 57, 1.39 + 1.09) vs. controls (0.55
top 78 of the coke-oven; 96 =+ 0.93); sig. (Mean and SD)
controls)
Leng 2004 PAH China Urine (1-OHP) 193 e TM: exposed (2.6, 2.1-3.3) vs. [59]
(143 coke-oven workers, 50 controls (1.0, 0.8-1.2); sig.
controls) (Geometric mean and 95 % CI)
Marczynski2 2002 PAH Germany Air (PAH) and urine (1-OHP and 51 e TM: exposed (3.5 + 1.72) vs. [60]
other PAH metabolites) (19 coke-oven workers, 32 controls (2.54 + 0.68); non-sig.
controls (Mean and SD)
Marczynski 2009 PAH Germany Air (PAH) and urine (1-OHP and 85 e TM: exposed (2.2, 1.7-2.7) vs. [61]
other PAH metabolites) (34 coke-oven workers, 48 controls (1.3, 1.2-1.8); Sig.
controls) (median and inter-quartiles)
Siwinska 2004 PAH Poland Urine (1-OHP) 98 e TL: exposed: (32.3, 29.0-37.3) vs. [62]
(49 coke-oven workers, 49 controls (34.6, 31.4-40.4); sig.
controls) (Median and 25th-75th percentile)
van Delft 2001  PAH Netherlands ~ Urine (1-OHP) 72 e VS: exposed (1.3 £ 0.4) vs. [63]
(28 coke-oven workers, 37 controls (1.4 + 0.4); non-sig.
controls) (Mean and SD)
Wang 2010 PAH China Air (B[a]P) and urine (1-OHP) 475 workers e TM: all 0.36 (0.13-1.24), low 0.33 [65]
(157 low, 160 intermediates, (0.12-1.06), intermediate 0.38
158 high exposure) (0.17-1.74), high 0.40
(0.14-3.17); sig. (Median,
5th-95th percentiles
Wilhelm 2007 PAH Germany Air (total suspended particles: 218 children e TM: exposed (1.99, 0.55-10.65) vs. [64]
<30 ug/m3 and >45 pg/m® in (151 in Duisburg North, 67 in control (1.32, 0.73-2.47). Sig.
Borken and Duisburg North, Borken) (Median and range)
respectively) and urine (1-OHP)
Xiao 2002 PAH China Air (B[a]P) 83 e VS: exposed (67000 + 64934) vs. [66]
(43 coke-oven workers, 40 controls (28936 + 20874); Sig.
controls) (Mean and SD)
Yu® 2022 PAH China Urine (1-OHP and other PAH 332 (coke-oven workers) e TL: 3.61 (3.24-4.88); sig (Median [69]
metabolites) and 25th-75th percentile)
e TI: 3.20 (2.14, 5.18); non-sig.
(Median and 25th-75th quartiles)
e TM: 0.14(0.08, 0.33); sig. (Median
and 25th-75th percentile)
e OTM: 0.44 (0.30, 0.75); non-sig.
(Median and 25th-75th percentile)
Zhang 2015 PAH China Air (B[a]P) and urine (1-OHP) 121 (74 coke-oven workers, e TM: exposed (0.41 + 0.25) vs. [67]
47 controls) controls (0.32 + 0.12 20874); Sig.
(Mean and SD)
Zhang 2021 PAH China Urine (1-OHP) 256 e TI: exposed (40.8, 20.4-51.1) vs. [68]
(173 male coke-oven controls (4.92 (3.32-6.22); Sig.
workers, (Median and 25th-75th percentile)

83 male hot-rolling
workers not exposed as a
control group)

TM: exposed (22.1, 11.7-32.5) vs.
controls (3.73, 1.32-5.72); sig.
(Median and 25th-75th percentile)
Combined: exposed (7.11 + 5.91)
vs. controls (1 + 0.88)

Comet descriptors are segregated into visual score (VS), tail length (TL; sometimes also called comet tail length), tail intensity (TI; percentage of total DNA fluorescence
in the tail), tail moment (TM; sometimes also called comet tail moment), Olive tail moment (OTM). Results have been combined for studies with more than one comet
descriptor. Abbreviations: 1-hydroxypyrene (1-OHP), benzo[a] pyrene (B[a]P), polycyclic aromatic hydrocarbon (PAH)

! Coke oven exposure groups have been pooled for the meta-analysis (tail moment = 1.25 + 1.08, n = 202).

2 The study contains also a group of PAH-exposed graphite-electrode-producing workers. PAH exposure has only been assessed in exposed workers (not in controls).
3 Correlation between PAH metabolites and DNA strand breaks. In general, there are positive associations between urinary PAH metabolites and DNA strand breaks,
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although it is only statistically significant for tail length and tail moment. The study is considered to show a genotoxic effect of exposure in coke oven workers. Excluded

from the meta-analysis.

Table 4
Summary of meta-analysis of exposure to combustion-derived emissions.

Metal Papers (No) Subjects Overall analysis (SMD) Subgroup analysis (SMD) Median (SMDpyedian)
(No)
Traffic-related exhausts 21 2481 0.62 (0.36, 0.89) High-income: 0.32 (0.06, 0.58) 0.47 (0.24, 0.79)
Middle-income: 1.11 (0.66, 1.56)
Biomass 10 891 1.73 (0.72, 2.74) High-income: 0.34 (-0.43, 1.11) 1.37 (-0.95, 3.06)
Middle income: 3.21 (1.49, 4.92)
Coke oven 10 1622 0.84 (0.30, 1.37) High-income: 0.29 0.73 (-0.26, 1.07)

(-0.35, 0.94)
Middle-income: 1.18 (0.48, 1.89)

Standardized mean difference (SMD) is reported with a 95 % confidence interval.

Table 5

Sensitivity analysis of effect sizes in studies according to the use of blinded
analysis, the inclusion of assay controls and description of the comet assay
procedure.

Item (risk of Traffic-related Biomass Coke oven
bias) emission
Blinding/coding
High 0.71 (0.30, 1.13) (11) 3.96 (1.18, 6.74) (3) 0.86 (0.22,
1.51) (9)
Low 0.50 (0.18, 0.82) (10) 0.75 (0.12, 1.38) (7) 0.61 (0.39,
0.84) (1)
Inclusion of assay controls
High 0.67 (0.31, 1.03) (11) 2.91 (1.60, 4.23) (6) 0.84 (0.30,
1.37) (10)
Moderate 0.84 (0.24, 1.45) (6) -0.95 (-1.85, —0.06) (1) NA
Low 0.13 (-0.15, 0.40) (4) 0.33 (0.03, 0.64) (3) NA

Comet assay description

High 1.01 (-0.34, 2.37) (2) 7.35 (6.62, 8.34) (1) 1.15 (0.52,
1.77) (7)
Moderate  1.87 (0.84, 2.91) (1) 2.44 (1.63, 3.26) (3) NA
Low 0.53 (0.26, 0.81) (18) 0.50 (-0.11, 1.11) (6) 0.07 (-0.56,
0.70) (3)
Exposure assessment
High 0.51 (0.12, 0.89) (4) 1.64 (0.99, 2.28) (3) NA
Moderate 0.26 (-0.00, 0.52) (5) 1.59 (0.15, 3.04) (3) 0.66 (0.50,
0.81) (3)
Low 0.77 (0.36, 1.18) (12) 1.77 (-1.10, 4.63) (4) 0.91 (0.01,
1.80) (7)
Combined
High 0.73 (-0.27, 1.73) (3) 3.96 (1.18, 6.74) (3) 1.24 (0.46,
2.02) (6)
Moderate  0.74 (0.37, 1.12) (10) 1.64 (0.99, 2.28) (3) 0.23(-0.32,
0.77) (4)
Low 0.42 (-0.00, 0.84) (8) 0.05 (-0.49, 0.58) (4) NA

Results are mean and standard deviation of standard mean differences of studies
(the number of studies is shown in brackets). Not applicable (NA).

recent firefighting activities. The inclusion of the latter in statistical
models did not influence effects on DNA strand break levels between
firefighters and controls.

One study of wildland firefighters has been included in the review,
although excluded from the meta-analysis [54]. There was no difference
in DNA strand break levels between the peak and pre-peak seasons of
forest fires in Thailand (PMs 5: 35.3 and 13.1 pg/mg, respectively) [54].

3.2.1. Generalizability

The generalizability of meta-analysis results to all included studies is
not applicable because all but one study on biomass combustion are also
included in the meta-analysis. (Supplementary Table S5).

3.2.2. Meta-analysis
Fig. 4 shows the results of the meta-analysis of biomass combustion
exposure studies. Table 4 shows the effect sizes of the meta-analysis.
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Fig. 2. Effect sizes in studies on traffic-related air pollution. Symbols and lines
are mean and 95 % confidence intervals. Effects are statistically significant if
they do not cross the vertical line at x = 0. The forest plot has been reproduced
for graphical purposes by the Review Manager. Original Forest and Funnel plots
are included in Supplementary Figs. S1 and S2, respectively.

There is considerable inter-study heterogeneity (I> = 97 %), although
Egger’s text does not indicate asymmetry of Funnel plots (z = 0.77,
P = 0.44). Overall, the studies on biomass combustion emissions show a
relatively strong effect (SMD = 1.73, 95 % CI: 0.72, 2.74). This is lower
when using a non-parametric test to calculate the central tendency
(SMDyppedian = 1.37, 95 % CI: 0.-0.95, 3.06).

3.2.3. Subgroup analysis

Effect sizes from subgroup analysis are summarized in Table 4. Re-
sults from studies on populations from high-income countries show a
much lower effect (SMD = 0.34, 95 %: —0.43, 1.11, n = 5) compared to
populations in middle-income countries (SMD = 3.21, 95 % CL: 1.49,
4.92,n =75).

3.2.4. Sensitivity analysis
Fig. 5 shows the risk of comet assay measurement bias and exposure
misclassification for biomass emission studies. This overall
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Fig. 3. Risk of comet assay measurement bias and exposure misclassification
(traffic light plot) for traffic-related air pollution studies.

categorization indicates there is a low effect size in the group of studies
with the lowest risk of comet assay measurement bias/exposure
misclassification (SMD = 0.05, 95 % CI: —0.49, 0.58) as compared to the
groups with moderate (SMD = 1.64, 95 % CI: 0.99, 2.28) and high risk of
bias (SMD = 3.96, 95 % CI: 1.18, 6.74). Sensitivity analyses of indi-
vidual items also follow the same relationship between the risk of comet
assay measurement bias/exposure misclassification and effect size
(Table 5).

3.2.5. Summary of studies on biomass combustion emissions

Collectively, the meta-analysis shows that exposure to biomass
combustion emissions is associated with increased levels of DNA strand
breaks. Studies from high-income countries have reported lower effect
sizes than studies from middle-income countries.

3.3. Coke oven emissions

Fifteen studies have been included in the review [55-69] (Table 3).
The majority of these studies have investigated occupational exposures.
Only one study has assessed PAH exposure in children living near a coke
oven facility [64]. In the coke oven exposure studies, the airborne
concentrations of B[a]P or PAH are linked to biomarkers of exposure
(1-OHP and other PAH metabolites). None of the studies have assessed
exposures to inhalable particles or smaller size fractions.

Overall, 13 out of the 15 studies have reported a statistically sig-
nificant association between exposure and DNA strand breaks [55-59,
61,62,64-69]. One of the null effect studies had a slightly higher level of
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Fig. 4. Effect sizes in studies on biomass combustion emission. Symbols and
lines are mean and 95 % confidence intervals. Effects are statistically significant
if they do not cross the vertical line at x = 0. The forest plot has been repro-
duced for graphical purposes by the Review Manager. Original Forest and
Funnel plots are included in Supplementary Figs. S3 and S4, respectively.

DNA strand breaks in coke oven workers compared to controls, with a
borderline statistical significance (3.50 4+ 1.72vs 2.54 + 0.68, P = 0.09,
ANOVA) [60]. The other study showed increased urinary excretion of
1-OHP, but there were unaltered levels of DNA strand breaks as well as
no effect on other biomarkers of genotoxicity (micronuclei, sister
chromatid exchanges and PAH-DNA adducts) [63].

3.3.1. Generalizability

In general, there is a good generalizability between studies that have
been included and those excluded from the meta-analysis. The distri-
bution between positive and null effects does not differ between the
studies in the meta-analysis (80 %, 8 out of 10 studies) and studies that
have been excluded from the meta-analysis (100 %, 5 out of 5 studies, Z-
value = 0.30, P > 0.05) (Summary Table S6).

3.3.2. Meta-analysis

Fig. 6 shows results from the meta-analysis of 10 studies. Table 4
shows the effect sizes in overall meta-analyses. There is considerable
inter-study heterogeneity (IZ = 96 %), although Egger’s text does not
indicate asymmetry of Funnel plots (z = 0.22, P = 0.82). Overall, there
is a positive association between exposure and levels of DNA strand
breaks (SMD = 0.84, 95 % CI: 0.30, 1.37). Using a non-parametric test to
calculate the central tendency yields almost the same effect size,
although the variability is larger (SMDpedian = 0.73, 95 % CI: —0.26,
1.07).

3.3.3. Subgroup analysis

Table 2 shows the effect sizes in subgroup analyses. This indicates
that the genotoxic effect is larger in studies from middle-income coun-
tries (SMD = 1.18, 95 % CI: 0.48, 1.89, n = 6) as compared to studies
from high-income countries (SMD = 0.29, 95 % CI: —0.35, 0.94, n = 4).

3.3.4. Sensitivity analysis

Fig. 7 shows the risk of comet assay measurement bias and exposure
misclassification for coke oven emission studies. The overall categori-
zation can only be stratified into studies with moderate or high risk of
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Fig. 5. Risk of comet assay measurement bias and exposure misclassification (traffic light plot) for studies on biomass combustion emission.
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Fig. 6. Effect sizes in studies on coke oven emission. Symbols and lines are
mean and 95 % confidence intervals. Effects are statistically significant if they
do not cross the vertical line at x = 0. The forest plot has been reproduced for
graphical purposes by the Review Manager. Original Forest and Funnel plots
are included in Supplementary Figs. S5 and S6, respectively.

bias and exposure misclassification. This overall categorization suggests
a lower effect size in the group of studies with a moderate risk of comet
assay measurement bias/exposure misclassification (SMD = 0.23, 95 %
CI: —0.32, 0.77) as compared to the groups with a high risk of bias (SMD
=1.24, 95 % CI: 0.46, 2.02). Sensitivity analyses of individual items also
follow the same relationship between the risk of comet assay measure-
ment bias/exposure misclassification and effect size (Table 5).

14

3.3.5. Summary of studies on coke oven emissions

Collectively, the meta-analysis shows that exposure to coke oven
emissions is associated with increased levels of DNA strand breaks.
Studies from high-income countries have reported a lower effect size
than studies from middle-income countries.

4. Discussion

A number of previous reviews have summarized associations be-
tween outdoor air pollution exposures and levels of DNA strand breaks
in human biomonitoring studies [10,70-74]. Overall, these reviews
have concluded that there is a positive association between outdoor air
pollution exposure and levels of DNA strand breaks in human blood
cells. To the best of our knowledge, the present systematic review is the
first study to assess effect sizes of air pollution exposure in a
meta-analysis, covering specifically combustion-derived sources of
emissions.

The meta-analyses in the present systematic review show increased
levels of DNA strand breaks in leukocytes of humans by exposure to
traffic-related air pollution (0.62, 95 % CI: 0.36, 0.89), biomass com-
bustion (1.73, 95 % CI: 0.72, 2.74) and coke oven emission (0.84, 95 %
CI: 0.30, 1.37). The effect sizes between the three types of combustion
emissions appear to be different, but the difference is not so clear in the
studies from high-income countries, which typically have a lower risk of
comet assay measurement bias. The meta-analyses indicate a smaller
effect size in studies from high-income countries as compared to studies
from other countries. However, the group sizes tend to become small
when the datasets are stratified into subgroups. Thus, in the discussion,
we have used pooled datasets of traffic-related air pollution, biomass
combustion and coke oven emissions to obtain larger group sizes and
more robust findings [effect sizes of diesel and biomass combustion have
been pooled in the study by Kianmehr et al., 2017 [29]]. The discussion
adheres to the same flow as the text on individual sources of exposures, i.
e. generalizability, subgroup analysis, and sensitivity analysis (results on
merged datasets are reported in the supplementary material).
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Fig. 7. Risk of comet assay measurement bias and exposure misclassification (traffic light plot) for studies on coke oven emission.

4.1. Generalizability

There are too few studies to assess the generalizability of the overall
results in the individual exposure groups because most studies have
provided sufficient information on group statistics to be included in the
meta-analysis. Of the total number of studies in the review (n = 52, with
53 datasets), there are 12 studies with insufficient information for in-
clusion in the meta-analyses. However, the combined dataset on emis-
sion from traffic-related sources, biomass combustion and coke ovens
does not indicate a difference in statistically significant effects between
studies in the meta-analysis (68 %, 28 out of 41 studies) and other
studies (75 %, 9 out of 12 studies, Z-value = 0.82, P > 0.05, Supple-
mentary Table S7).

4.2. Subgroup analyses

The datasets on emission from traffic-related sources, biomass
combustion and coke ovens indicate that studies on populations from
high-income countries have lower effect sizes than middle-income
countries (Table 2). There are substantial differences between studies
from high- and middle-income countries in all three groups of emissions,
namely 0.32 vs 1.11 (traffic), 0.34 vs 3.21 (biomass), and 0.29 vs 1.18
(coke oven). A pooled analysis of all studies indicates a higher effect size
in middle-income countries (SMD: 1.60, 95 % CI. 1.13, 2.07) as
compared to high-income countries (SMD: 0.33, 95 % CI: 0.09, 0.57)
(Supplementary Figure S7 shows the Forest plot). The corresponding
Funnel plot suggests a difference in the relationship between effect size
and precision, where studies from high-income countries have a rela-
tively symmetrical distribution and studies from middle-income coun-
tries have a distribution that predominantly spreads from low effect/
high precision toward high effect/low precision (Supplementary
Figure S8). Based on this difference in the Funnel plot, publication bias
cannot be ruled out as a factor for the difference in effect between
studies from high- and middle-income countries (Egger’s test for high-
income countries (z =-1.19, P = 0.24) and middle-income countries
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(z = 3.68, P < 0.001)). In addition, inter-study heterogeneity may also
occur by combining results from different countries within each group of
the high- and middle-income country. Even within each country, there
can be differences in socioeconomic status and exposures across regions,
and probably more so in large countries. However, the difference in
effect sizes might also be due to stricter regulation on emissions and/or
on the use of personal protective equipment in high-income countries as
compared to at least some middle-income countries. It can also be
speculated that effect modification is important because populations in
high-income countries have better health status as e.g. documented by
longer life-time expectancy (i.e. 80 vs 70 years in high-income vs
middle-income countries, respectively) (World Bank; (https://data.
worldbank.org/). Populations in middle-income countries may have
non-optimal nutritional status due to lower access to healthy food,
associated with low-grade inflammation and oxidative stress that in-
crease susceptibility to DNA damage by environmental/occupational
exposures. In addition, differences in DNA damage effects between
middle- and high-income countries may also be due to comparisons of
populations with different genetic polymorphism in metabolism and
DNA repair.

4.3. Sensitivity analyses

There is a disproportion of studies from high- and middle-income
countries regarding the overall risk of measurement bias and exposure
misclassification. The proportion of studies from high-income countries
gradually declines from the group of low risk (92 % studies from high-
income countries; 11 out of 12 studies), through the group of moder-
ate risk (44 %, 7 out of 16 studies), to the group of high risk of bias
(25%, 3 out to 12 studies, y> 11.5, P < 0.01, Supplementary
Table S8). This difference seems to be mainly driven by a high number of
studies with low risk of comet assay measurement bias (74 %, 20 out of
27 studies) compared to studies with moderate/high risk of bias (8 %, 1
out of 13 studies; Xz = 13.4, P < 0.01). Information on assay controls,
blinded/coded analysis, and exposure assessment, are not different to
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the extent that distributions become
(Supplementary Table S8).

Table 5 suggests a relationship between the risk of comet assay
measurement bias and effect size, although the group sizes are relatively
small. Therefore, we have pooled some of the groups to obtain a more
equal number of studies in each group (Supplementary Table S9).
Combining all categories indicates a difference in effect sizes between
groups of low (0.30, 95 % CI: —0.02, 0.62), moderate (0.71, 95 % CL:
0.41, 1.01) and high (1.75, 95 % CI: 1.03, 2.47) risk of measure bias and
exposure misclassification. This difference is mainly attributed to vari-
abilities in comet assay measurement bias (low risk: 0.48, 95 % CI: 0.24,
0.72; moderate/high risk: 1.81, 95 % CI: 1.18, 2.45), inclusion of assay
controls (low/moderate risk: 0.43, 95 % CIL: 0.07, 0.78; high risk: 1.16,
0.78, 1.54) and blinding/coding of samples (low risk: 0.55, 95 % CI:
0.29, 0.82; high risk: 1.16, 95 % CI: 0.72, 1.61). There is not a clear
difference between the risk of exposure misclassification and effect size
(Supplementary Table S9).

Collectively, the sensitivity analysis indicates a linkage between
middle-income countries, a high risk of comet assay measurement bias
and a high effect size. The difference in effect sizes between high-income
and middle-income countries might be due to bias in comet assay ex-
periments in as much as insufficient description of procedures and lack
of assay controls correspond to flawed laboratory work. Still, it must be
stressed that the grouping (traffic lights) is not necessarily an indicator
of poorly conducted research. It is possible that clarity in reporting
comet assay procedures has been a larger issue among researchers in
high-income countries, especially Europe, than elsewhere. This is to
some extent documented by recent initiatives to unite recommendations
on comet assay procedures as well as reporting comet assay procedures
and results [2,15,75,76]. European laboratories have also been at the
forefront of validating the comet assay in biomonitoring studies,
including ring-trials by the European Comet Assay Validation Group
[77-83] and hCOMET [84-88]. However, the sensitivity analysis leaves
concern about reporting/publication bias if studies with clear (high)
effects are easier to publish without proper description and/or control of
experimental conditions.

statistically significant

4.4. Limitations

There are several limitations pertaining to biomonitoring studies
using the comet assay and meta-analyses of comet assay results from
studies in different laboratories. The limitations can be compiled in
challenges as follows:

(i) The studies in the meta-analyses have used different comet assay
protocols. While all studies have used the same general and
widely accepted protocol (so-called alkaline version of the comet
assay), the differences in specific steps of the protocol makes it
impossible to use primary comet descriptors directly in meta-
analyses. The meta-analysis, using SMD, is the procedure of
choice for results in different metrics or results obtained by
different methods. It is based on assumption that different labo-
ratories will obtain the same effect size, although the mean and
variability in DNA migration values cannot be compared between
studies. The assumption has been assessed in certain ring studies,
where samples have been produced in one laboratory and
distributed to other laboratories. These ring studies have shown a
variation in effect sizes, even though the samples had the same
level of DNA strand breaks [78,80].

The studies have used different comet descriptors, and the values
of these descriptors cannot be compared. To the best of our
knowledge, previous systematic reviews have either restricted
the meta-analysis to specific comet descriptors (e.g. tail intensity)
or done separate meta-analyses on different comet descriptors.
We have sought to avoid these limitations by combining comet
descriptors into an overall standardized comet descriptor. This
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does not alleviate a hypothetical issue related to the selection of
statistically significant associations for specific comet descriptors.
For instance, it can be speculated that researchers have selected
the best comet descriptor (i.e. statistically significant association)
in articles with only one comet descriptor. This type of reporting
bias would give rise to publication bias with an asymmetrical
Funnel plot as seen in the studies on air pollution exposures.
There is heterogeneity in ways the studies have controlled for
confounding factors. Controlled exposure studies are not affected
by confounders such as age and sex because subjects are their
own control. Cross-sectional studies typically control for con-
founders by matching or excluding subjects. It is likely that the
difference in controlling for confounding causes heterogeneity
between studies in the meta-analyses. However, it should also be
emphasized that the literature does not indicate that confounding
factors are consistently associated with an increased level of DNA
damage measured by the comet assay, including age, sex, BMI,
smoking status and alcohol consumption, which are important
confounders in many epidemiological studies [74,89].

There are inter-study differences in the exposure assessment of air
pollution. This pertains to exposure categories without actual
assessment of air pollutants (e.g. occupational exposure vs con-
trols), study design that ensures an exposure gradient (controlled
exposure studies), measurements of air pollutants (e.g. particle
number concentration measurement, without firm knowledge on
whether the subjects were present in the exposure environment
or used personal protective equipment), personal dosimeters, and
biomarkers of exposure (internal dose of presumed reactive spe-
cies such as PAHSs). For this reason, it is not possible to obtain a
general measure of the level of air pollution. Treating air pollu-
tion as a binary variable across studies has uncertainties because
of differences in background levels of air pollutants in the control
groups and exposure gradient. For instance, the controlled
exposure studies from Copenhagen (Denmark) have been
designed to remove air pollution exposure (i.e. subjects are
exposed to normal air pollution levels vs filtered air), whereas
other studies have compared subjects with presumably low
background exposure to a high-exposure group.

It is still uncertain whether high levels of DNA strand breaks,
measured by the comet assay, can predict higher risk of diseases.
Several cross-sectional studies have shown that patients with
non-communicable or high-prevalence diseases have higher
levels of DNA strand breaks than disease-free controls [90,91].
However, such observations may be related to reverse causality
as the disease is associated with high levels of DNA strand breaks
rather than high levels of DNA strand breaks being an underlying
cause of disease. Currently, only one prospective study has shown
a positive association between high levels of DNA strand breaks
and increased risk of mortality [92]. Considering the paucity of
prospective cohort studies, it is challenging to convert comet
assay results from occupational and environmental monitoring
programs to public health interventions.

The SMD is the most used outcome measure for continuous and
different measures in meta-analyses. However, it is difficult to
interpret because it quantifies the magnitude of a difference be-
tween two group means in standard deviation units. In addition,
the effect size depends on the SD. Therefore, it reflects both
technical and biological variability. It is vulnerable to the cor-
rectness of reported measure of variability. Especially, studies
that erroneously report SEMs and SDs will give rise to high SMDs.
Such studies tend skew the Funnel plot in right-hand direction.
The Ratio of Means (RoM) is an alternative outcome that is in-
dependent of SD, and it has a more familiar outcome (i.e. as a
ratio it is interpreted in the same way as odds ratio and relative
risk). It is easy to understand that a certain exposure is associated
with e.g. a two-fold higher level of DNA strand breaks. The
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limitation of the RoM analysis is that it can only be used on data
with the same sign, and the effect size depends on the baseline
level of DNA strand breaks. To the best of our knowledge, there
are no studies that have compared the consistency of meta-
analyses on RoM and SMD outcomes on the same comet de-
scriptors or a pooled descriptor as used in the present review.
However, considering the inter-study heterogeneity in effect
sizes, it is worthwhile to investigate alternative methods to the
SMD in future meta-analyses.

4.5. Mechanisms of action and evidence of carcinogenicity

Evaluation of the scientific evidence has led the International Agency
for Research on Cancer (IARC) to categorize outdoor air pollution,
including traffic-related combustion sources, as carcinogenic to humans
(Group 1) [93]. Indoor emission from household combustion of bio-
mass/wood is evaluated as probably carcinogenic to humans (Group
2 A), whereas coal combustion has higher evidence of carcinogenicity
(Group 1) [94]. The scientific evidence is also sufficiently strong to
consider exposure during coke production as carcinogenic to humans
(Group 1) [95]. These monographs follow a former preamble, where
mechanistic considerations could either upgrade or downgrade classi-
fications, based on epidemiological studies or long-term animal studies
with tumour endpoints. The new preamble from 2019 integrates find-
ings from epidemiology, animal models and mechanistic considerations
in the final evaluation. Specifically, the 2019 preamble includes geno-
toxicity as a key characteristic for carcinogens, and consistent and
coherent effects in exposed humans is considered strong mechanistic
evidence [96,97]. For outdoor air pollution, biomass smoke and coal
oven emissions, IARC highlights PAHs in emissions and a genotoxic
mechanism of action as key characteristics of the exposures. The outdoor
air pollution monograph highlights the mechanistic evidence including
bulky DNA adducts (sometimes called PAH-DNA adducts), DNA strand
breaks (mainly results on the comet assay), oxidatively damaged DNA
bases, chromosome damage and mutations [93]. The monographs on
wood/biomass emissions and coke production are not as elaborate as the
outdoor air pollution monograph, focussing mainly on PAH-DNA ad-
ducts [94,95]. However, recent results from human biomonitoring
studies support the notion that various chronic diseases, including
cancer, are associated with increased levels of DNA strand breaks in
leukocytes [91]. In addition, results from a prospective cohort study
have demonstrated that a high level of DNA strand breaks is associated
with an increased risk of mortality [92,98]. These findings support the
notion that the generation of DNA strand breaks is relevant as a pre-
dictor of hard outcomes.

4.6. Overall summary

The present systematic review on DNA strand breaks in leukocytes in
human biomonitoring studies shows that exposure to traffic-related
exhausts, biomass combustion and coke oven emissions is associated
with statistically significant effects in 37 (71 %) of 52 studies. The
studies from middle-income countries have higher effect sizes than
studies from high-income countries. This difference might be due to
technical issues as studies from middle-income countries tend to have a
higher risk of comet assay measurement bias than studies from high-
income countries. However, it may also be related to higher exposure
levels in middle-income countries (i.e. due to higher emissions and/or
less use of personal protective equipment in occupational settings) and
individual susceptibility to combustion-derived air pollutants (i.e. life-
style and health differences between middle- and high-income
countries).
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