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Abstract
BACKGROUND

Benzola]pyrene (BaP) is a carcinogenic, particle-bound polycyclic aromatic hydrocarbon generated by
incomplete combustion. Poland experiences high and strongly seasonal ambient BaP concentrations,
but evidence for a specific short-term association with emergency department (ED) service use,
particularly among children, remains limited. We evaluated this association in Bydgoszcz and
Czestochowa, Poland; adult ED services were a secondary comparison.

METHODS

This two-city ecological time-series study covered January 2018—-December 2025. Monthly BaP
concentrations in PM10 were linked with aggregated pediatric and adult ED service counts and annual
city populations. City-specific negative binomial models used a population offset and adjusted for
calendar month, linear time trend, the COVID-19 pandemic period, and the post-pandemic period.
Heteroskedasticity- and autocorrelation-consistent standard errors were estimated using 12 lags.
Associations are reported as incidence rate ratios (IRRs) per 1 ng/m? increase in BaP.

RESULTS

The dataset comprised 192 city-months; BaP was available for 96 months in Bydgoszcz and 87 in
Czestochowa. Median monthly BaP concentrations were 1.74 and 1.91 ng/m3, respectively (paired p =
0.195), and the exposure trajectories were highly concordant (Spearman p = 0.952). Adjusted pediatric
IRRs were 0.999 (95% CI: 0.986, 1.012) in Bydgoszcz and 0.975 (95% CI: 0.931, 1.021) in Czestochowa.
Adult IRRs were 1.007 (95% Cl: 0.998, 1.017) and 0.991 (95% CI: 0.974, 1.009), respectively. None of the
four primary associations was statistically significant after false discovery rate control.

CONCLUSIONS

Strong BaP seasonality and between-city concordance did not translate into detectable independent
associations with monthly all-cause ED service use after population and temporal adjustment. These null
short-term findings do not establish that ambient BaP exposure is safe; daily, diagnosis-specific,
multipollutant analyses are needed.

Background

Benzola]pyrene (BaP) is a five-ring polycyclic aromatic hydrocarbon formed during incomplete
combustion of carbon-containing fuels and materials. In ambient air, it is carried predominantly on
particulate matter and is widely used as an indicator of a carcinogenic polycyclic aromatic hydrocarbon
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mixture [1, 2]. Metabolic activation can produce DNA adducts and alter methylation, linking exposure to
mutagenic and carcinogenic pathways [3, 4]. Experimental evidence also supports airway epithelial injury
through Wnt5a-mediated noncanonical Wnt—YAP/TAZ signaling [5], and human biomonitoring studies
have linked particle-bound BaP and 1-nitropyrene exposure with oxidative stress [6]. Chronic toxicity is
therefore well documented, whereas evidence for a BaP-specific, short-term effect on emergency
healthcare use remains limited.

Children warrant particular attention because their lungs and immune systems are still developing, their
ventilation per unit body mass is higher, and activity patterns may increase inhaled dose [7, 8]. The
literature identifies polycyclic aromatic hydrocarbons as plausible contributors to nonmalignant
respiratory disease [9], divergent asthma pheno-endotypes [10], airway inflammation, respiratory
symptoms, and impaired lung function in children with asthma [11, 12]. Studies using daily or individual-
level data have associated ambient pollutants with nonviral asthma exacerbations [13] and asthma-
related ED visits, including analyses of PM2.5-bound polycyclic aromatic hydrocarbons and other fine-
particle constituents [14, 15]. Results from ecological studies of pediatric ED use have nevertheless been
inconsistent [16].

Poland remains a European hotspot for ambient BaP [17]. The European Union annual target value is 1
ng/m? [18], and residential combustion of solid fuels is an important national source, especially during
the heating season [17, 19]. Annual polycyclic aromatic hydrocarbon exposure has also been associated
with asthma exacerbation frequency among adults [20]. These observations support biological
plausibility but do not establish whether month-to-month changes in a city-level BaP indicator
correspond to changes in broad ED service use.

We compared Bydgoszcz in north-central Poland with Czestochowa in the more industrialized Silesian
region. The primary objective was to estimate the city-specific association between monthly ambient
BaP concentration and pediatric ED service use. Adult ED services were examined as a secondary
comparison. We hypothesized greater exposure and a stronger association in Czestochowa, while
allowing monitoring data to test the exposure contrast itself.

Methods
Study design and setting

We conducted a two-city ecological time-series study spanning 96 consecutive months from January
2018 through December 2025. The analytic dataset contained monthly aggregate counts and no
individual-level records or patient identifiers. Pediatric and adult strata followed the source-data labels:
pediatric services were those for patients aged < 18 years, and adult services were those for patients
aged = 18 years. Bydgoszcz and Czestochowa were analyzed separately and then compared.

Ambient exposure
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The exposure was the monthly BaP concentration in PM10 reported by the Polish State Environmental
Monitoring program and obtained from the Chief Inspectorate of Environmental Protection Measurement
Data Bank [21]. BaP monitoring in Poland is based on laboratory analysis of selected PM10 filters, with
manual measurements published after laboratory processing. Missing BaP values were not imputed.
Annual arithmetic means were calculated descriptively from available months; annual estimates based
on incomplete monthly data were not treated as formal compliance determinations. The heating season
was defined as October through March.

Emergency department outcomes

Regional branches of the Polish National Health Fund provided monthly numbers of pediatric and adult
ED services. The data represented services or encounters, not necessarily hospital admissions. They did
not include diagnoses, residential addresses, hospital disposition, or individual characteristics. Outcome
counts were complete for both cities.

Population denominators

City population values for 2018 and 2025 were obtained from the Statistics Poland Local Data Bank [22],
and values for 2019-2024 were linearly interpolated. The natural logarithm of population divided by
1,000 was used as the model offset. The total administrative population was used for both age strata;
therefore, the resulting rates describe ED service use per 1,000 total residents and are not age-specific
incidence rates. Because patient residence and hospital catchment areas were unavailable, the
denominators may not represent the populations actually served by the EDs.

Statistical analysis

Monthly BaP concentrations and ED service rates from matched months were compared between cities
with two-sided Wilcoxon signed-rank tests. Spearman correlation quantified agreement between the two
exposure series. Levene’s test compared exposure variability. Crude Spearman correlations between BaP
and ED service rates were descriptive because both series were strongly seasonal and healthcare use
was disrupted during the COVID-19 pandemic.

For each city and age stratum, we fit a negative binomial model with a log link, an offset equal to the
logarithm of population divided by 1,000, 11 indicator variables for calendar month, a linear monthly time
trend, an indicator for March 2020—-December 2021, and an indicator for January 2022 onward.
Heteroskedasticity- and autocorrelation-consistent standard errors were estimated using the Newey—
West estimator with 12 lags. We report IRRs per 1 ng/m? increase in BaP. Between-city heterogeneity
was evaluated with a Wald test. A sensitivity analysis used BaP lagged by one month. Benjamini-
Hochberg q values controlled the false discovery rate across the four primary models. Tests were two-
sided. For unadjusted analyses, p < 0.05 was considered statistically significant; for the four primary
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models, g < 0.05 defined statistical significance after false discovery rate control. Analyses were
conducted in Python using SciPy and statsmodels.

Language and editorial assistance

Al-assisted language tools were used solely to support translation from Polish, English-language editing,
and adaptation to the journal’'s formatting requirements. They were not used to generate or analyze the
study data. All assisted content and references were critically reviewed and verified by the authors, who
retain full responsibility for the final manuscript.

Results

The dataset comprised 192 city-month observations. ED service counts were complete in both cities.
BaP was available for all 96 months in Bydgoszcz and for 87 months in Czestochowa. Missing
Czestochowa values occurred in July 2018; April, May, and October 2022; December 2023; September—
November 2024; and November 2025, leaving 183 city-months with exposure data.

Median monthly BaP was 1.74 ng/m?2 in Bydgoszcz and 1.91 ng/m? in Czestochowa; the paired median
difference was 0.13 ng/m? (p = 0.195), providing no evidence of a higher exposure distribution in
Czestochowa (Table 1). Exposure variability also did not differ (Levene p = 0.318). The city trajectories
were highly concordant (p = 0.952; p < 0.001; Fig. 2A). Every calculated annual mean exceeded 1 ng/m?3.
The calculated annual means were lower in 2025 than in 2018, changing from 4.44 to 1.62 ng/m?in
Bydgoszcz and from 3.15 to 1.52 ng/m? in Czestochowa. Five Czestochowa annual means used 9-11
months and should not be interpreted as formal compliance assessments. Median heating-season BaP
was 25 times the non-heating-season median in Bydgoszcz and 11 times the corresponding median in
Czestochowa (both p < 0.001; Fig. 2B).
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Table 1

Ambient exposure, population, and emergency department service use, 2018-2025. *Five annual means
for Czestochowa were calculated from 9—-11 available months. Paired p values are descriptive Wilcoxon
signed-rank tests. Person-year rates were calculated using the sum of annual population denominators
for 2018-2025. Rates may not represent resident risk if ED catchment areas extend beyond city
boundaries. IQR, interquartile range; BaP, benzo[a]pyrene; ED, emergency department.

Measure Bydgoszcz Czestochowa II:::aired
Months with ED data, n 96 96 -
Months with BaP data, n 96 87 -

BaP, ng/m3; median [IQR] 1.74[0.15-3.77] 1.91 [0.36-3.86] 0.195
Calculated annual mean >1 ng/m? 8/8 years 8/8 years* -
Population, June 30, 2018 351,254 223,322 -
Population, June 30, 2025 322,464 (- 8.2%) 202,415 (- 9.4%) —
Children: services/1,000 residents/month; 2.59[2.17-3.08] 6.18 [5.32-6.84] <0.001
median [IQR]

Children: total services, n 82,844 120,151 —
Children: services/1,000 person-years 30.84 70.83 -
Adults: services/1,000 residents/month; 21.54[19.30- 22.73[20.72- 0.002
median [IQR] 24.00] 25.16]

Adults: total services, n 688,846 467,892 -
Adults: services/1,000 person-years 256.42 275.84 -

Population declined from 2018 through 2025 by 8.2% in Bydgoszcz and 9.4% in Czestochowa. Median
monthly pediatric service rates were 2.59 and 6.18 per 1,000 total residents, respectively; the median
Czestochowa-to-Bydgoszcz ratio was 2.27 (paired p < 0.001). Adult service rates were closer: 21.54 and
22.73 per 1,000 total residents (paired p = 0.002). Both cities showed a marked decline in ED service use
during the pandemic period, followed by recovery, especially among children (Fig. 1).

Crude correlations between BaP and ED service rates were negative in Bydgoszcz for children (p=-0.372;
p <0.001) and adults (p=-0.454; p < 0.001). Corresponding correlations in Czestochowa were - 0.173 (p
=0.109) and - 0.243 (p = 0.023). After adjustment for population and temporal variables, none of the
four BaP coefficients was statistically significant (Table 2; Fig. 3).

Among children, the adjusted IRR per 1 ng/m? increase in BaP was 0.999 (95% Cl: 0.986, 1.012) in
Bydgoszcz and 0.975 (95% CI: 0.931, 1.021) in Czestochowa; between-city heterogeneity was not
detected (p = 0.316). Adult IRRs were 1.007 (95% CI: 0.998, 1.017) and 0.991 (95% Cl: 0.974, 1.009),
respectively, with heterogeneity p = 0.113. Benjamini—Hochberg q values ranged from 0.427 to 0.886. In
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the one-month-lag sensitivity analysis, pediatric estimates remained null (IRRs 0.994 and 0.988 in
Bydgoszcz and Czestochowa, respectively).

Table 2

Crude and adjusted associations between monthly benzo[a]pyrene and emergency department
service use. Adjusted IRRs are from negative binomial models with a log-population offset,
calendar-month indicators, linear trend, pandemic and post-pandemic indicators, and
heteroskedasticity- and autocorrelation-consistent standard errors using 12 lags. Between-city
heterogeneity p values were 0.316 for children and 0.113 for adults. BH, Benjamini—Hochberg; CI,
confidence interval; IRR, incidence rate ratio.

Group City n Spearman p (p)  AdjustedIRR(95%Cl) p BH q

Children  Bydgoszcz 96 -0.372(<0.001) 0.999(0.986,1.012 0.886 0.886

Adults Bydgoszcz 96 -0.454(<0.001) 1.007(0.998,1.017

( )

Children Czestochowa 87 -0.173(0.109)  0.975(0.931,1.021)  0.279  0.427
( ) 0139 0.427
( )

Adults Czestochowa 87 -0.243(0.023) 0.991 (0.974, 1.009 0.320 0.427

Discussion

In this eight-year, two-city ecological time-series study, monthly BaP concentration was not
independently associated with the frequency of all-cause pediatric ED services after adjustment for
population, seasonality, secular trend, and pandemic-related structural changes. Adult results were also
null, and there was no evidence of between-city heterogeneity. Negative crude correlations disappeared
after temporal adjustment, illustrating the risk of interpreting strongly seasonal exposure and outcome
series without adequate control for time.

The monitoring data did not support the contextual assumption that Czestochowa had a higher BaP
distribution than Bydgoszcz. The two series were strikingly synchronized despite the approximately 300-
km separation and different regional industrial profiles. This pattern, together with 25-fold and 11-fold
heating-season contrasts, is consistent with a common seasonal driver and the importance of dispersed
residential solid-fuel combustion in Poland [17, 19]. Industrial context and topography should therefore
not substitute for measured exposure within each city.

Several nonexclusive explanations may account for the null findings. First, biologically relevant short-
term effects may unfold over days, whereas monthly aggregation smooths peaks and precludes detailed
distributed-lag analysis. Second, BaP is not an isolated environmental exposure but a component of a
correlated combustion mixture. Co-occurrence with particulate matter, shared sources, and
meteorological influences make a single-pollutant coefficient difficult to interpret as a BaP-specific toxic
effect [14, 15, 23, 24]. Third, monthly all-cause ED service use is an outcome with low specificity. A signal
restricted to asthma, respiratory infection, or another susceptible subgroup may be diluted by injuries
and conditions unrelated to ambient pollution; injuries constitute a substantial component of pediatric
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emergency care [25]. Finally, well-established genotoxic and carcinogenic pathways develop over longer
time scales and are not expected to be captured by an analysis of short-term service use [1, 3, 4].

The broader literature supports biological plausibility but remains heterogeneous. Designs using daily
data, diagnosis-specific outcomes, or individual exposure estimates are more sensitive to acute
respiratory effects than monthly all-cause counts [10-16]. The pandemic also altered access to and use
of emergency care in Poland, independently of environmental exposure; an ecological study from the
authors’ team documented marked changes in ED visit volume before, during, and after the pandemic
[26]. The explicit pandemic and post-pandemic terms in our models reduced, but cannot eliminate, this
source of structural confounding.

The more than twofold crude pediatric service-rate difference between cities should not be attributed to
BaP: exposure distributions were similar, and the adjusted models showed no association. A likely
explanation is misalignment between city administrative populations and hospital catchment
populations, together with differences in the organization of pediatric care. The much smaller adult rate
difference reinforces the need to define catchment areas before interpreting intercity service-use
contrasts.

Strengths include an eight-year observation period, complete outcome series, independent evaluation in
two cities, population offsets, explicit control for calendar month and pandemic-related periods,
autocorrelation-robust standard errors, multiple-testing control, and a prespecified lag sensitivity
analysis. We also separated descriptive annual means from formal regulatory compliance judgments
when exposure months were missing.

The study also has important limitations. Its ecological design cannot link an individual patient’s
exposure with an ED encounter. City-level monitoring may misclassify spatially heterogeneous exposure,
and nine BaP months were missing in Czestochowa. Monthly aggregation limits power and masks acute
peaks. Outcome data lacked diagnoses, residence, disposition, repeat-visit identifiers, and the actual
hospital catchment population. The denominator was the total city population rather than age-specific
populations. Models did not include temperature, humidity, pollen, respiratory-virus activity, school
calendars, healthcare access, other pollutants, or socioeconomic factors. BaP may therefore act as a
marker of a combustion mixture, and residual confounding and exposure measurement error remain
plausible. With only 96 or 87 exposed months per city, wide confidence intervals—especially for pediatric
services in Czestochowa—also limit the precision of null conclusions.

Conclusions

At monthly ecological resolution, ambient BaP concentration was not independently associated with all-
cause pediatric or adult ED service use in Bydgoszcz or Czestochowa during 2018-2025. This absence
of a detectable acute association does not demonstrate safety, particularly because every calculated
annual mean exceeded the European Union target value. Future work should use daily data, diagnosis-
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specific outcomes, age-specific denominators, measured catchment populations, multipollutant and
meteorological adjustment, and distributed-lag models.

Abbreviations

BaP

benzol[a]pyrene

BH

Benjamini—Hochberg

Cl

confidence interval
COVID-19

coronavirus disease 2019
ED

emergency department
EU

European Union

HAC

heteroskedasticity- and autocorrelation-consistent
IQR

interquartile range

IRR

incidence rate ratio

PM10

particulate matter with an aerodynamic diameter< 10 ym
PM2.5

particulate matter with an aerodynamic diameter < 2.5 pm.
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Figure 1

Monthly ambient BaP concentrations (A) and population-standardized ED services among children (B)
and adults (C), 2018-2025. The dashed line in panel A shows the annual European Union target value
and does not apply to individual months. Shading denotes March 2020—December 2021. BaP,
benzo[a]pyrene; ED, emergency department.
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A. Exposure concordance
p = 0.952; dashed line = identity
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Figure 2

Median BaP (ng/m?)

B. Distribution by calendar month
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Exposure concordance between cities (A) and monthly BaP medians across the calendar year (B). The
dashed line in panel A is the identity line; the dashed line in panel B marks 1 ng/m3. BaP, benzo[a]pyrene.

Children — Bydgoszcz -

Children — Czestochowar

Adults — Bydgoszcz -

Adults — Czestochowa -

1 T
0.94 0.95

I
0.96

T
0.97

T I T
0.98 0.99 1.00 1.01

IRR per 1 ng/m? increase in BaP (95% CI)

Figure 3

1
1.02

Adjusted associations between monthly BaP concentration and ED service use. Points are IRRs per 1
ng/m? increase in BaP; bars are 95% Cls; the dashed vertical line is the null. BaP, benzo[a]pyrene; Cl,
confidence interval; ED, emergency department; IRR, incidence rate ratio.
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