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exposure to ozone is associated with increased mortality, 
respiratory morbidity, hospital admissions, asthma exac-
erbations, and decreased lung function (LF) (WHO 2006, 
2013; US EPA 2020). According to several estimates (Bell 
et al. 2007; Zhang et al. 2019; HEI 2022), ozone concentra-
tions are expected to increase with global warming. There-
fore, understanding ozone-related health effects is a major 
public health concern.

The acute harmful effects of short-term ozone exposures 
on LF are well established and attributed to cellular damage, 
inflammation, airways remodeling, and neuronally-medi-
ated responses in the bronchial airways (Watson et al. 1988; 
Mudway and Kelly 2000; WHO 2006; Mumby et al. 2019; 
US EPA 2020). However, the long-term effects of ozone 
exposure on LF are less clear (WHO 2013; Nuvolone et al. 
2018; US EPA 2021). While several studies have demon-
strated an association between long-term ozone exposures 
and decreased LF (Urman et al. 2014; Chen et al. 2015; 
Xing et al. 2020), others did not find such an association 
(Barone-Adesi et al. 2015; Gauderman et al. 2015; Fuertes 
et al. 2015).

Introduction

Ozone (O3) is an oxidant gas formed in the troposphere as 
the product of photochemical reactions between oxides of 
nitrogen (NOX) and carbon-containing compounds, includ-
ing volatile organic compounds (VOCs), carbon monox-
ide (CO), and methane (CH4) (WHO 2006, 2021; US EPA 
2020). As well established in the epidemiological literature 
reviewed by the World Health Organization (WHO) and the 
United States Environmental Protection Agency (US EPA), 
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Holm and Balmes (2022) recently reviewed 53 studies 
that analyzed the association between exposure to ozone and 
LF. The studies reviewed assessed the exposure to ozone by 
using arithmetic means or by averaging the ozone maximum 
daily 8-hour running mean concentrations over at least one-
day duration. However, the reviewed studies did not con-
sider the frequency or intensity of ozone peaks exceeding 
a certain threshold over an extended exposure period. Nev-
ertheless, accounting for peak levels as part of the exposure 
assessment could reveal health phenomena that might oth-
erwise be overlooked (US EPA 1992; Berhane et al. 2004; 
Greenberg et al. 2017; Virji and Kurth 2021). Furthermore, 
as ozone formation depends on temperatures and sunlight 
(Finlayson-Pitts and Pitts 1993; WHO 2006; Pusede et al. 
2015; US EPA 2020), averaging long-term ozone exposures 
over a prolonged period may miss significant seasonal effect 
during the peak-season - the six consecutive months of the 
year with the highest six-month running-average ozone con-
centrations (WHO 2021). Therefore, alternative exposure 
assessment metrics that consider the exposure profile and 
seasonality might be important in estimating ozone’s poten-
tial health effects.

The present study aims to estimate the long-term effect of 
exposure to ozone on LF by comparing different exposure 
assessment metrics including average exposures during two 
years and the peak-season, the number of peaks and peak 
intensity during the peak-season, as well as the total excess 
of peak level over the peak-season, across a healthy adoles-
cent cohort.

Methods

Study design and population

This cross-sectional study analyzed the association between 
different ambient ozone exposure metrics and LF indices 
among a cohort of adolescent males aged 16–18 years. Par-
ticipants were examined at the Israeli Naval Medical Insti-
tute (INMI) between 2012 and 2019 as part of their medical 
screening for recruitment to an elite military unit of the 
Israel Defense Forces (IDF).

The inclusion criteria were as follows: fully-completed 
screening medical questionnaires; no current diagnosis of 
asthma by a physician; availability of at least 75% of daily 
ozone measurements during two years before the spirom-
etry test and during the six months peak-season (occurring 
in Israel between April to September) prior to the medical 
examination; residence within 2 km from an ozone back-
ground local air quality monitoring station. The 2 km prox-
imity distance was selected based on published studies 
demonstrating significant effects within this range (Chang et 

al. 2012; Dimakopoulou et al. 2020; Xing et al. 2020). Fig-
ure 1 shows the locations of background local monitoring 
stations from which ozone concentrations were measured.

Medical and socio-demographic information

Data on current or childhood asthma were obtained from 
primary care physician’s statements presented to the INMI 
and from screening medical evaluation before enlistment to 
the army, as documented in the electronic medical record 
of each recruit. Participant’s current or recent smoking 
status were extracted from questionnaires filled in by the 
participant and his parents. Recent smokers were defined as 
subjects who reported regularly smoking in the year before 
the spirometry date. Participants’ socio-economic level was 
determined based on their residence, as classified by the 
Israeli Central Bureau of Statistics (ICBS) on a scale from 
1 to 10. Low socio-economic level was categorized as 1–4, 
medium as 5–7, and high as 8–10. The classification is based 
on the financial resources of the local population (from work 
and benefits), housing (density, quality, etc.), home appli-
ances (air condition, personal computer, dishwasher, etc.), 
education, unemployment rate, amount and quality of motor 
vehicles, and additional socio-economic distress and demo-
graphic characteristics (ICBS 2021). A standardized test 
assessing general intelligence score obtained as a part of the 
military pre-enlistment evaluation was also considered. The 
test score ranges from 10 to 90 with intervals of 10 points, 
and highly correlates with the Wechsler Adult Intelligence 
Scale (WAIS) (Goldberg et al. 2011; Cukierman-Yaffe et al. 
2015). For the subsequent analysis, the score was divided 
into three groups: low (10–30), medium (40–70), and high 
(80–90).

Lung function tests

Trained medical personnel at the INMI measured height and 
administered spirometry testing according to the ATS/ERS 
2005 protocol (Miller 2005). LF tests were performed using 
a KoKo™ spirometer, which measured the forced expira-
tory volume in one second (FEV1) and forced vital capac-
ity (FVC), both derived from the best spirometry maneuver 
(the highest result of FVC + FEV1). We used percent pre-
dicted FEV1, percent predicted FVC, and the ratio of FEV1 
to FVC (FEV1/FVC) in percentage as outcome variables. 
Predicted values were calculated according to the Global 
Lung Initiative (GLI) (Quanjer et al. 2012).

Ozone measurements

Ambient air quality in Israel is monitored through a network 
of over 150 air quality monitoring stations that continuously 
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measure various air pollutants (Environment and Health 
Fund and Ministry of Health 2020). In particular, ozone con-
centrations are monitored by 63 monitoring stations using 
ultraviolet photometry according to the EN-14625 standard 
(EU 2012; MoEP 2022). As previously mentioned, we used 
ozone measurements from a local background monitoring 

station nearest the participant’s residence (≤ 2 km) to cal-
culate ozone exposures by different metrics. The nearest 
monitoring station for each participant’s residence was 
determined using the ArcGIS software (Esri Inc. 2019).

Fig. 1 Geographic location of 
ozone monitoring stations within 
a 2 km radius from which the 
study subjects were selected
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represents the maximum daily 8-hour average concentra-
tion, and Nvalid is the number of valid daily values during 
peak-season. The summation is from day i = 1 to 183 over 
the peak-season period.

Statistical analysis

Descriptive statistics were applied to characterize the 
distribution of the study population and ozone expo-
sure assessment metrics: averages, the total number of 
peaks, peak intensity, and the total excess of peak level. 
The variables of interest - ozone exposure assessment 
metrics, and the dependent variables - LF indices, were 
evaluated as continuous variables. We conduct multivari-
ate linear regressions to evaluate the association between 
ozone exposure, calculated by different metrics, and lung 
function indices. To produce the estimates of differences 
of change in lung function per 10 units of ozone exposure 
(either 10 µg/m3 or 10 peaks), we multiplied the unstan-
dardized regression coefficients by 10, for the metrics: 
two-year average, peak-season average, peak intensity 
over the peak-season, and the total number of peak over 
the peak-season. For the total excess of peak levels over 
the peak-season metric we multiplied the unstandardized 
regression coefficients by 100, to reflect an increase in 
100 µg/m3•days units. Analyses were adjusted for BMI, 
childhood asthma, current or recent smoking, socio-eco-
nomic level, and general intelligence score. The statis-
tical analyses were performed using SPSS™ v.27 (IBM 
Corp. 2020).

Results

Study population

From an original pool of 6,013 recruits examined at the 
INMI, 536 were excluded due to incomplete medical 
questionnaires. Furthermore, we excluded 199 recruits 
lacking sufficient measurement data (the closest ozone 
monitoring station to their residence recorded less than 
75% of the daily ozone measurements during the two-
year period preceding the spirometry test or less than 
75% of the daily ozone measurements during the peak-
season). Recruits with a physician diagnosis of asthma 
(13 recruits) were excluded as well, resulting in 5,265 
potential participants living at variable distances from 
ozone monitoring stations. Of these, 665 participants 
met the inclusion criteria of residing within 2 km of an 
ozone monitoring station and were eligible for participa-
tion in the study. Notably, 568 of 665 participants (85% 
of the study cohort) had more than 95% of the daily 

Ozone exposure assessment metrics

To assess ozone exposure for each participant, we calcu-
lated several exposure metrics, including the two-year 
average, the peak-season average according to the recently 
published WHO guidelines (WHO 2021), the total number 
of peaks over the peak season, the peak intensity over the 
peak season, and the total excess of peak level. To calculate 
these exposure metrics, we used the maximum 8-hour daily 
running average ozone as per WHO Air Quality Guide-
lines (AQGs) level and US EPA National Ambient Air Qual-
ity Standards (NAAQS) (US EPA 2015; WHO 2021).

The two-year average was calculated by averaging the 
maximum daily 8-hour running average over the two years 
prior to the spirometry test. Similarly, we computed the 
peak-season average using daily 8-hour running average 
measurements from April to September in the year preced-
ing the spirometry test.

Furthermore, we calculated the total number of peaks 
and the peak intensity during the peak-season for each 
participant in the study cohort. A peak was defined as an 
8-hour maximum daily running average that exceeded the 
concertation of 100 µg/m3. The threshold of 100 µg/m3 
was chosen based on its alignment with the WHO AQG 
level for short-term (8-hour) maximum (WHO 2021) and 
the target value in Israel’s clean air regulations (State of 
Israel 2008).

For participants with less than 100% daily ozone mea-
surements (between 75 and 99% daily measurements), 
we estimated the missing peaks over the peak-season as 
follows:

no. of peaksmeasured over peak season
no. of available dailymeasurments over peak season

× no. of missing daily measurments

over peak season

The missing peaks, as calculated above, were added to the 
measured peaks to produce a comparable total number of 
peaks over peak-season value.

The peak intensity over the peak-season was calculated 
by averaging only the daily values in which the 8-hour 
daily maximum running average exceeded 100 µg/m3 
concentrations, during the peak-season.

In addition, we calculated the total excess of peak 
level over the peak-season, reflecting the accumulated 
ozone concentration that exceeds the maximum 8-hour 
daily running average peak level of 100 µg/m³ during 
this period, following the SOMO (Sum Of Means Over) 
index developed by the WHO (WHO 2008). We adjusted 
the index for the 183-day peak-season duration and the 
100 µg/m³ threshold. The calculation was performed as 
follows: 

∑
i max{O, Ci − 100µg/m3} × 183

Nvalid
, where Ci 
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Exposure to ozone and LF

The results of the multivariate linear regression analyses are 
presented in Fig. 2. As shown in Fig. 2, among the LF indi-
ces examined, only the FEV1/FVC ratio exhibited a signifi-
cant decrease in response to increases in ozone calculated 
by different metrics. Neither percent predicted FEV1 nor 
percent predicted FVC showed a significant effect for any 
of the exposure metrics evaluated. analysis of unadjusted 
values of FEV1 and FVC, which was also insignificant, pre-
sented in Table S1 in the supplementary material. The great-
est reduction in the FEV1/FVC ratio was observed when 
the metric of average peak intensity over the peak-season 
was applied, with a decrease of 1.52% per 10 µg/m3 ozone 
(95%CI: -2.55, -0.49). For the remaining exposure assess-
ment metrics, the decline in FEV1/FVC was smaller. A 
10 µg/m3 increment in average ozone concentration during 
the two-year period prior to spirometry and across the peak-
season was found to be significantly correlated with a reduc-
tion of 0.81% (95%CI: -1.43, -0.19) and 0.65% (95%CI: 
-1.10, -0.20), respectively. Furthermore, an increase of 10 
peaks during the peak-season was associated with a decline 
of 0.17% (95%CI: -0.27, -0.07) in the FEV1/FVC ratio. 
Additionally, an increase in 100 µg/m3•days in the total 
excess of peak levels over the peak-season was significantly 
associated with a decrease of 0.08% (95%CI: -0.13, -0.03) 
in the FEV1/FVC ratio.

Discussion

The results of this study demonstrate that an increase in 
peak intensity during the peak-season is associated with 
the highest decrease in FEV1/FVC, almost two-times more 
than the two-year average exposure assessment metric. To 
the best of our knowledge, this is the first study to assess 
ambient ozone exposures using both peak intensity and the 
total number of peaks during the peak-season as exposure 
parameters.

measurements available for the two exposure periods 
analyzed. Study population characteristics are presented 
in Table 1. On average, the percent predicted FEV1 was 
98.13%, the percent predicted FVC was 96.44%, and the 
FEV1/FVC ratio in percentage was 87.67%.

Ozone exposure assessment metrics

Table 2 displays the distribution of ozone by different 
exposure assessment metrics. As shown in the table, the 
two-year average concentration of ambient ozone was 
89.43 µg/m3 (± 8.08 SD), while the average concentra-
tion during the peak-season was 98.89 µg/m3 (± 10.99 
SD). On average, each participant experienced 83 ozone 
peaks during the peak-season (± 48 SD), with an average 
peak intensity of 111.82 µg/m3 (± 4.80 SD). The average 
value of the total excess of peak level over peak-season 
was 1158.96 µg/m3•days (± 1039.75 SD).

Table 1 Selected characteristics of the study population (n = 665)
Variable Study population (n = 665)
Age (years); mean ± SD 17.10 ± 0.34
BMI (kg/m2); mean ± SD 22.38 ± 2.56
Childhood asthma; number (%) 18 (2.7)
Current or recent smoker; number (%) 23 (3.5)
Socio-economic level; number (%)
Low (1–4) 130 (19.5)
Medium (5–7) 241 (36.2)
High (8–10) 294 (44.2)
General intelligence score; number (%)
Low (10–30) 0 (0)
Average (40–70) 456 (68.6)
High (80–90) 209 (31.4)
Lung function indices; mean ± SD
FEV1 (% predicted) 98.13 ± 10.76
FVC (% predicted) 96.44 ± 11.67
FEV1/FVC (%) 87.67 ± 6.56
Notes: BMI = body mass index; SD = standard deviation; 
FEV1 = forced expiratory volume in one-second; FVC = forced vital 
capacity; FEV1/FVC = the ratio between FEV1/FVC

Table 2 Exposure of the study population to ozone, estimated using different exposure assessment metrics (n = 665)
Exposure assessment metric Mean ± SD Minimum Maximum Median 25th 

percentile
75th 
percentile

IQR

Two-year average (µg/m3) 89.43 ± 8.08 70.51 109.43 88.55 82.85 95.32 12.47
Peak-season average (µg/m3) 98.89 ± 10.99 69.17 124.70 98.35 90.74 107.13 16.39
Total number of peaks over peak-season 
(peaks)

83 ± 48 0 173 80 41 126 85

Peak intensity over peak-season (µg/m3) 111.82 ± 4.80 103.50 146.83 110.65 108.49 113.64 5.15
Total excess of peak level over peak-season 
(µg/m3•days)

1158.96 ± 1039.75 0 5430.48 773.69 322.94 1805.85 1482.91

Notes: IQR = Inter Quartile Range; Peak-season - six consecutive months of the year with the highest six-month running-average ozone concen-
tration (occurring in Israel between April 1st and September 30th)
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exposure assessments. According to the US EPA, “such pro-
files are very important for use in risk assessment where 
the severity of the effect is dependent on the pattern by 
which the exposure occurs rather than the total (integrated) 

The US EPA (US EPA 1992) emphasized the importance 
of using the exposure profile, the pattern of concentra-
tion over time (including peak exposure, the periodicity of 
exposure, intensity, frequency, and duration) in conducting 

Fig. 2 Estimates of differences 
in percent predicted FEV1 (A), 
percent predicted FVC (B), and 
FEV1/FVC ratio (C) associ-
ated with an increase in ozone 
assessed by different exposure 
metrics Notes: Results are pre-
sented as percent changes in lung 
function indices per increase in 
10 μg/m3 ozone for the metrics: 
two-year average, peak-season 
averages, and peak intensity over 
the peak-season, for an increase 
of 10 peaks for the total number 
of peak over the peak-season 
metric, and for 100 μg/m3•days 
increase in the total excess of 
peak level over peak-season. 
Controlled for BMI, childhood 
asthma, smoking, socio-economic 
level, and general intelligence 
score. CI= confidence interval; 
*p<0.05, **p<0.01
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al. 2023). However, we did not find significant evidence 
regarding this association.

Table 3 summarizes studies conducted between 2012 
and 2022 that evaluated the effect of long-term exposure to 
ozone (two months or more) on lung function in children and 
adolescents. As shown in Table 3, the exposure assessment 
metric used to evaluate the effect of ozone on lung function 
has been solely based on ozone averages. Among the stud-
ies reviewed in Table 3, some reported a statistically sig-
nificant association between exposure to ozone and FEV1, 
FVC, or FEV1/FVC (Urman et al. 2014; Hwang et al. 2015; 
Ierodiakonou et al. 2016; Tsui et al. 2018; Dimakopoulou et 
al. 2020; Xing et al. 2020), while others (Barone-Adesi et 
al. 2015; Gauderman et al. 2015; Fuertes et al. 2015; Use-
mann et al. 2019) have not reported any significant effect. 
These inconsistent findings across studies may be attributed 
to the use of average as the exclusive exposure parameter. 
Among the studies mentioned above, four (Fuertes et al. 
2015; Ierodiakonou et al. 2016; Tsui et al. 2018; Usemann 
et al. 2019) evaluated both FEV1/FVC ratio as well as 
FEV1 and FVC indices, similar to the present study. Iero-
diakonou et al. (2016) found a significant decrease in the 
FEV1/FVC ratio of 0.4% (95%CI: -0.8, -0.1) in asthmatic 
children after bronchodilation with an increase in IQR (Inter 
Quartile Range) ozone. However, they did not observe any 
significant association with FEV1 and FVC. These findings 
are consistent with the present study, despite differences in 
the study population (our analysis is limited to healthy ado-
lescents). In contrast, Tsui et al. (2018) observed a signifi-
cant decline in FEV1 and FVC but not in FEV1/FVC, and 
both Fuertes et al. (2015) and Usemann et al. (2019) did not 
find any correlation between exposure to ozone and FEV1, 
FVC, or FEV1/FVC ratio. These contradictory results may 
be attributed to variations in the methods used to evaluate 
ozone exposure, as described in Table 3.

The current study was conducted in Israel, a Mediter-
ranean country with relatively high ozone concentrations. 
During the peak-season, the average ozone concentra-
tion was 98.89 µg/m3 (± 10.99 SD), which significantly 
exceeded the newly recommended WHO AQG level for 
peak-season of 60 µg/m3, and almost reached the first 
interim target for peak season, set at 100 µg/m3 by WHO in 
2021 (WHO 2021).

According to a recent publication by the Health Effects 
Institute (HEI 2022), in 2019, 92% of the world’s popula-
tion lived in areas in which ozone concentrations during 
the peak-season exceeded the WHO AQG level, and 41% 
of the world’s population lived in areas where ozone levels 
exceeded the first interim target for the peak-season. Ozone 
levels have consistently increased over the past decade and 
are expected to continue to rise due to climate change and 
emissions of ozone precursors (Bell et al. 2007; Zhang et 

exposure” (US EPA 1992). In addition, the importance of 
the seasonality effect regarding ozone exposure is described 
in the recently published WHO air quality guidelines, which 
established a long-term standard for ambient ozone for the 
first time (WHO 2021). As outlined in the guidelines’ devel-
opment protocol, the recommendations for choosing the 
peak-season as the long-term standard period was based on 
a higher relative risk (RR) for respiratory mortality during 
the peak-season, compared with the RR for all non-acciden-
tal mortality (Huangfu and Atkinson 2020; WHO 2021). As 
described above, accounting for the exposure profile and 
seasonality as part of the exposure assessment has been con-
sistently proposed to reveal greater adverse health effects, 
which coincides with our study findings.

While the potential mechanism of long-term health 
effects of chronic or repeated acute ozone exposures remains 
a matter of ongoing research (WHO 2021), and a causal 
relationship can not be established in our study cohort, the 
following explanation is suggested to elucidate our findings. 
Previous studies (Jang et al. 2002; Michaudel et al. 2018; 
Lee et al. 2021) have reported that exposure to high lev-
els of ozone which exceed a certain threshold can trigger 
adverse reactions in the respiratory system through a dose-
response relationship. Additionally, as previously described 
(Virji and Kurth 2021; Albano et al. 2022), repeated peak 
exposures might overcome the respiratory system’s defense 
mechanisms, leading to potential damage. Therefore, the 
combination of high ozone levels that frequently occurred 
during the peak-season, represented by the peak intensity 
over the peak season metric, could play a significant role 
in predicting potential ozone-related health effects, as sup-
ported by the present study findings.

The current study found a decrease in the obstructive 
markers, including a significant decline in the FEV1/FVC 
ratio and a non-significant reduction in percent predicted 
FEV1, both associated with increased ozone exposure 
assessed by different metrics. As previously described in 
the introduction, ozone is known to cause airways inflam-
mation, structural and functional changes in the airways, 
potentially leading to airway obstruction (Watson et al. 
1988; Mudway and Kelly 2000; WHO 2006; Mumby et al. 
2019; US EPA 2020). The decreased ratio resulted from a 
decrease in FEV1 and an increase in FVC, an increase which 
was also observed in previous studies (Lee et al. 2011; Bar-
one-Adesi et al. 2015; Gauderman et al. 2015; Ierodiakonou 
et al. 2016).

In the current study, we incorporated the general intel-
ligence score variable as part of our analysis, given that 
several previous studies have demonstrated an association 
between intelligence and lung function (Taylor et al. 2005; 
Suglia et al. 2008; Vasilopoulos et al. 2015; Grenville et 
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in women as well as men, and in older adults, would be 
useful to understanding potential health effects in a broader 
population.

Conclusion

Our study findings suggest that exposure assessments to 
ambient ozone should consider not only ozone averages 
but also the exposure profile, including peaks and seasonal-
ity, as they may predict greater adverse health effects than 
averages alone. It is also important to note that the effect of 
exposure to ozone on LF may be overlooked when analyz-
ing only averages as an exposure parameter, especially when 
the effect is of a small magnitude. Moreover, as exposures 
to ambient ozone are anticipated to increase with climate 
change, assessing ozone exposures by the optimal exposure 
metric is of greater importance. Further research in larger 
and more diverse cohorts is needed to confirm our results 
and gain a better understanding of the potential long-term 
health effects of chronic or repeated acute ozone exposures.
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al. 2019; HEI 2020, 2022). Given the growing significance 
of this environmental pollutant, the present study may pro-
vide a valuable methodological consideration for assessing 
ozone exposures.

Finally, we should note that our study has several 
strengths and limitations. Notable strengths of the current 
study included the completeness of the exposure data set, 
as most participants (568 out of 665) had more than 95% 
of daily measurements for the two exposure period ana-
lyzed. Furthermore, our study included well-documented 
baseline information regarding each participant’s medical 
background, including asthma diagnosis by a physician, 
allowing for exclusion of participants with asthma to avoid 
bias. Another strength of this study concerns spirometry, 
a pulmonary test which greatly dependent on participant 
cooperation. Our study participants were highly motivated 
to obtain the best possible results, as spirometry tests were 
performed as part of medical screening for an elite military 
unit. In addition, the spirometry tests were performed using 
the same spirometer in the same clinic, maintaining unifor-
mity in test implementation.

This study also has some limitations that should be con-
sidered. The main limitation of our study is that the exposure 
assessment is based on the best available monitoring station 
measurements, while personal exposure to ozone cannot 
be determined. Likewise, our analysis did not account for 
other ambient pollutants, such as PM2.5, NO2, CO, and SO2. 
Future research should consider including additional pollut-
ants as part of the analysis, especially PM2.5, which may 
have a significant correlation with ozone (Zhu et al. 2019; 
US EPA 2020), potentially provide a more comprehensive 
understanding of ozone’s effect on LF. Moreover, in the cur-
rent study, we used a 2 km distance threshold from the near-
est monitoring station, consistent with previous studies on 
the effect of ozone on LF (Chang et al. 2012; Dimakopou-
lou et al. 2020; Xing et al. 2020). However, given that the 
distribution of ozone can be influenced by multiple factors 
(Lu et al. 2019; Chen et al. 2022), adopting a single distance 
threshold can be considered a limitation of the study. Addi-
tionally, the study exclusively analyzed one cut-off point of 
100 µg/m³, which corresponds to the WHO AQG’s level 
for a daily 8-hour maximum and aligns with Israel’s clean 
air regulations as the 8-hour target value. Nevertheless, to 
comprehensively explore the potential peak thresholds, fur-
ther studies should consider various other cut-off points. 
Furthermore, our study cohort consists of adolescent males, 
16 to 18 years old, who underwent medical screening dur-
ing recruitment into an elite military unit. The homogene-
ity of this cohort helps minimize confounding by limiting 
the number of potentially intervening variables. However, 
it must be acknowledged that this also limits the generaliz-
ability of our findings. Future studies investigating effects 
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