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Abstract

Background: Environmental exposures and biological susceptibility contribute to the
complexity in cancer vulnerability, particularly in settings where comprehensive environ-
mental monitoring and longitudinal exposure data are limited. Scenario-based modeling
can provide a structured approach for exploring potential environmental cancer risks un-
der uncertainty and identifying priorities for future research and surveillance. Methods:
We developed a scenario-based environmental cancer risk framework for Lebanon incor-
porating three exposure domains—perchlorate contamination, nitrate/nitrite exposure,
and conflict-derived environmental contamination— and a qualitative Genetic Suscepti-
bility Index (GSI). Monte Carlo simulations with 100,000 iterations were used to propagate
uncertainty in literature-derived epidemiological effect estimates for colorectal and lung
cancers under alternative hypothetical scaling assumptions. The GSI was used to organize
qualitative susceptibility pathways but was not incorporated as a numerical modifier in
the simulations. Thyroid cancer was evaluated separately through an illustrative hypo-
thetical sensitivity analysis using author-defined relative-effect ranges because direct ep-
idemiological estimates linking perchlorate exposure to thyroid cancer incidence were un-
available. Results: For colorectal cancer, the mean simulated relative effect increased from
3.79% (95% UI: 1.90-5.70%) under the low-exposure-contrast scenario to 7.72% (95% UI:
3.83-11.71%) under the moderate scenario and 16.09% (95% UI: 7.81-24.80%) under the
high scenario, which applied the full published log-relative effect. For lung cancer, corre-
sponding mean simulated relative effects were 2.18% (95% UI: 1.01-3.36%), 4.41% (95%
UL 2.02-6.83%), and 9.03% (95% UI: 4.09-14.13%). Under the full published exposure con-
trast, 92.34% of colorectal cancer simulations exceeded a 10% relative-effect threshold and
94.52% of lung cancer simulations exceeded a 5% threshold. The thyroid cancer analysis
produced mean simulated relative effects of 1.03%, 3.50%, and 7.51% under the low-,
moderate-, and high-scenario assumptions, respectively; these outputs were conditional
on the prespecified hypothetical ranges. Conclusions: This framework demonstrates how
alternative exposure-contrast assumptions can influence the distribution of literature-de-
rived relative effects in a data-limited setting. By combining quantitative exposure-con-
trast sensitivity analysis with a qualitative genetic susceptibility framework, the approach
may support environmental health planning, surveillance prioritization, and the design
of future population-based studies in Lebanon. The thyroid cancer results illustrate model
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behavior under author-defined hypothetical assumptions and do not constitute epidemi-
ological estimates of perchlorate-associated thyroid cancer risk. The findings are explora-
tory and should not be interpreted as estimates of cancer incidence, population-attributa-
ble risk, or causal effects in the Lebanese population.

Keywords: cancer risk; conflict-related environmental contamination; environmental
exposure modeling; environmental risk assessment; genetic susceptibility; Lebanon;
Monte Carlo simulation; nitrate contamination; perchlorate exposure; scenario-based
modeling

1. Introduction

Environmental contamination is increasingly recognized as a major contributor to
global disease burden, particularly in regions affected by industrial accidents, armed con-
flict, and inadequate environmental governance. Exposure to hazardous chemicals can
have long-term consequences on human health, including increased risks of endocrine
disorders, respiratory diseases, reproductive dysfunction, and cancer [1]. Contemporary
environmental health research has increasingly shifted from evaluating individual toxi-
cants in isolation toward understanding cumulative exposures and the biological factors
that modify individual susceptibility to their effects. This perspective is reflected in the
emerging exposome framework, which emphasizes the lifelong interaction between envi-
ronmental exposures and host biological characteristics in shaping disease risk [2,3].

Lebanon has experienced longstanding environmental challenges characterized by
multiple and overlapping sources of pollution, including inadequate waste management,
deteriorating air quality associated with traffic and diesel generator emissions, contami-
nation of water resources, and the persistence of agricultural and industrial pollutants in
environmental media [4-6]. These long-term environmental problems have been com-
pounded by recent disasters and conflict-related events. The Beirut Port explosion on 4
August 2020, involving approximately 2750 tons of ammonium nitrate, was one of the
largest non-nuclear explosions in history and resulted in widespread environmental dis-
ruption, generating concerns regarding air quality deterioration and long-term public
health consequences [7,8]. In parallel, ongoing military activity in southern Lebanon has
raised concerns regarding additional conflict-related environmental contamination, in-
cluding exposure to incendiary agents such as white phosphorus [9].

Within this complex environmental landscape, three exposure domains were se-
lected for the present modeling framework: perchlorate contamination, nitrate/nitrite ex-
posure, and conflict-derived environmental contamination. These domains were specifi-
cally selected to explore the potential health implications of environmental exposures that
are newly recognized or of emerging concern in the Lebanese context, for which popula-
tion-level exposure and long-term health consequences remain incompletely character-
ized in Lebanon. Other environmental contaminants, including heavy metals and diesel-
generator emissions, may also contribute to environmental health risks in Lebanon but
were beyond the specific scope of the present study. The selected exposure domains differ
in their sources, environmental persistence, and biological effects, yet may converge on
shared molecular pathways implicated in carcinogenesis, including oxidative stress,
chronic inflammation, endocrine disruption, and genomic instability. These shared path-
ways provide a conceptual basis for organizing the exposure domains; they do not estab-
lish that each selected contaminant has a demonstrated causal association with the cancer
endpoints considered.
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Perchlorate is a highly soluble environmental contaminant associated with fertilizers,
explosives, rocket propellants, and other anthropogenic sources. Its persistence and mo-
bility in water systems can facilitate contamination of groundwater and surface water and
subsequent entry into the food chain [10]. Although direct environmental measurements
of perchlorate in Lebanon remain limited, its potential relevance in settings affected by
military activity, explosive residues, and agricultural chemical use warrants consideration
as a candidate exposure domain [11,12]. Perchlorate competitively inhibits the sodium-
iodide symporter in the thyroid gland, reducing iodide uptake and potentially disrupting
thyroid hormone synthesis [13]. While perchlorate is not an established human carcino-
gen, its effects on thyroid physiology support further investigation of potential health con-
sequences without establishing a causal relationship with thyroid cancer [14]. Accord-
ingly, perchlorate was included in the present framework as a hypothetical exposure do-
main with a separately evaluated thyroid cancer sensitivity analysis, rather than as an
established carcinogenic exposure or a quantitatively parameterized epidemiological as-
sociation.

Nitrate contamination of groundwater and surface water arises primarily from agri-
cultural fertilizer application, wastewater discharge, livestock production, and industrial
activities, resulting in increased human exposure through drinking water and the food
chain [15]. In Lebanon, concerns regarding environmental contamination have been
heightened by recent industrial disasters, including the Beirut Port explosion, which un-
derscored the potential public health implications of large-scale chemical releases [7].
However, the extent to which the explosion contributed to sustained population-level ni-
trate exposure remains uncertain, and the present analysis does not quantify such an ef-
fect. Following ingestion, nitrate can undergo endogenous conversion to nitrite and sub-
sequently to N-nitroso compounds, a class of chemicals with recognized carcinogenic po-
tential in experimental models [7,16]. Epidemiological studies have reported associations
between long-term nitrate exposure and increased risks of certain gastrointestinal malig-
nancies, particularly colorectal cancer, although findings remain heterogeneous across
populations and exposure settings [16]. For the present quantitative analysis, the colorec-
tal cancer parameter was taken from a published study comparing the highest and lowest
categories of long-term drinking-water nitrate exposure; the model did not estimate ni-
trate exposure levels or exposure distributions in Lebanon.

Conlflict-derived environmental contamination represents a third and less well-char-
acterized exposure domain. Military activities generate complex mixtures of environmen-
tal pollutants, including particulate matter, combustion by-products, heavy metals, explo-
sive residues, and incendiary-agent derivatives, which may persist in environmental me-
dia following armed conflict [17]. White phosphorus has received particular attention in
southern Lebanon as one example of conflict-associated contamination because of con-
cerns regarding its environmental deposition following military use [9]. Although white
phosphorus itself has not been established as a human carcinogen, its presence may serve
as a marker of broader conflict-associated environmental pollution rather than an isolated
toxicological exposure. Within this broader conceptual exposure domain, particulate mat-
ter and combustion-derived pollutants provide a more established epidemiological basis
for quantitative cancer-risk parameterization; accordingly, PM2s was used as the quanti-
tatively parameterized component for the lung cancer analysis. The published PM:s asso-
ciation was used as a literature-derived parameter under hypothetical exposure-contrast
assumptions and was not interpreted as an estimate of exposure to, or cancer risk from,
white phosphorus or conflict-derived pollution specifically in Lebanon. Chronic exposure
to combustion-derived pollutants and fine particulate matter has been linked to biological
processes implicated in carcinogenesis, including oxidative stress, persistent
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inflammation, DNA damage, and dysregulation of cellular repair pathways [18,19]. These
mechanisms are particularly relevant for respiratory malignancies, including lung cancer.

Importantly, cancer risk is not determined solely by the magnitude of environmental
exposure. Substantial inter-individual variation exists in biological responses to environ-
mental toxicants, reflecting differences in genetic susceptibility. Genetic susceptibility
frameworks propose that inherited variation in biological pathways involved in xenobi-
otic metabolism, DNA repair, oxidative stress regulation, and endocrine function may
contribute to differences in biological responses to environmental exposures [20,21]. Var-
iants in genes involved in xenobiotic, DNA repair, and thyroid physiology have been im-
plicated as potential modifiers of environmentally mediated carcinogenesis [22]. In the
present framework, these susceptibility pathways were used to define qualitative GSI
strata rather than quantitative genetic effect modifiers, reflecting the absence of suffi-
ciently robust genotype-specific interaction estimates for the selected exposure—cancer re-
lationships. The GSI therefore serves as a qualitative organizing framework and does not
quantify individual genetic risk or modify the numerical outputs of the Monte Carlo sim-
ulations.

Despite increasing recognition of the importance of genetic susceptibility in modify-
ing responses to environmental exposures, significant knowledge gaps remain. Existing
environmental health studies have largely focused on individual contaminants or isolated
environmental events, often without considering cumulative exposure patterns or varia-
bility in host susceptibility. This limitation is particularly relevant in Lebanon, where pop-
ulations may simultaneously experience chronic environmental pollution, agricultural
contamination, industrial accidents, and conflict-related exposures. The absence of long-
term prospective exposure cohorts further complicates efforts to directly quantify popu-
lation-level cancer risks attributable to environmental contamination.

In settings where long-term prospective cohorts, comprehensive environmental
monitoring, and biomonitoring data are limited, scenario-based modeling approaches
provide a transparent framework for exploring potential environmental health implica-
tions under uncertainty [23,24]. Rather than predicting future cancer incidence, these
models can be used to examine alternative environmental exposure conditions and qual-
itatively defined susceptibility profiles, while propagating uncertainty in available epide-
miological effect estimates. The interpretation of such analyses depends on clearly distin-
guishing uncertainty propagated from published epidemiological estimates from out-
comes generated using hypothetical, author-defined assumptions.

This study therefore presents a scenario-based environmental cancer risk framework
that considers environmental exposure scenarios and qualitative genetic susceptibility
profiles as conceptual dimensions, while using probabilistic simulation to propagate un-
certainty in selected literature-derived cancer risk estimates. The framework integrates
perchlorate contamination, nitrate/nitrite exposure, and conflict-derived environmental
contamination with qualitatively defined genetic susceptibility strata. For colorectal and
lung cancer, Monte Carlo simulations were used to evaluate how alternative hypothetical
scaling factors applied to published log-relative effect estimates influence the distribution
of simulated relative effects. These analyses do not incorporate Lebanese-specific expo-
sure distributions or quantitatively model genetic susceptibility. Thyroid cancer was eval-
uated separately through an illustrative hypothetical sensitivity analysis using author-de-
fined relative-effect ranges, because direct epidemiological estimates linking perchlorate
exposure with thyroid cancer incidence were unavailable. The thyroid ranges were not
derived from epidemiological effect estimates, and the mechanistic evidence provides bi-
ological context rather than quantitative validation of those ranges. Breast cancer and
other cancer types were not modeled because the selected exposure domains were not
parameterized for these endpoints within the present framework. The framework is
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intended as an exploratory approach for organizing environmental cancer risk hypothe-
ses, evaluating sensitivity to alternative exposure assumptions, and identifying priorities
for environmental monitoring, surveillance, and future population-based research in Leb-
anon. The findings should be interpreted as assumption-dependent sensitivity-analysis
results rather than estimates of actual cancer risk or future cancer burden in the Lebanese
population.

2. Materials and Methods
2.1. Study Design

This study employed a Monte Carlo simulation framework to explore uncertainty in
selected environmental cancer risk estimates under alternative exposure scenarios. The
modeling approach combined a qualitative genetic susceptibility framework with a quan-
titative sensitivity analysis of alternative exposure-contrast assumptions. The analysis fo-
cused on thyroid, colorectal, and Iung cancers because of their mechanistic relevance to
perchlorate contamination, nitrate/nitrite exposure, and conflict-derived environmental
contamination, respectively [13,16,18]. The thyroid cancer component was treated sepa-
rately as an illustrative hypothetical sensitivity analysis because robust epidemiological
estimates linking perchlorate exposure to thyroid cancer incidence were unavailable for
quantitative parameterization.

The quantitative component did not constitute a calendar-year-specific projection of
cancer incidence or population cancer burden. Instead, published epidemiological effect
estimates were used as literature-derived parameters for probabilistic uncertainty propa-
gation under alternative exposure-contrast assumptions for colorectal and lung cancer.
GLOBOCAN 2022 estimates were not used as model inputs for the quantitative analysis
and are therefore not included in the simulation framework [25].

The objective of the quantitative analysis was not to predict future cancer incidence
or estimate absolute cancer burden in Lebanon, but rather to characterize uncertainty
around selected literature-derived relative risk estimates and to evaluate the sensitivity of
these estimates to alternative assumptions regarding the magnitude of the relevant expo-
sure contrast. Accordingly, the simulated relative changes represent uncertainty propa-
gated from published effect estimates under specified mathematical assumptions; they
are not estimates of actual exposure-related risk in the Lebanese population, effects of
specific exposure reductions, or predictions of future cancer incidence.

2.2. Environmental Exposure Framework

Environmental exposures were represented using a scenario-based Environmental
Exposure Index (EEI) developed to capture uncertainty across three exposure domains
relevant to the Lebanese environmental context:

1. Perchlorate contamination;
2. Nitrate/nitrite exposure;
3. Conflict-derived environmental contamination.

These exposure domains were selected based on evidence of environmental occur-
rence, biological plausibility, and potential relevance to carcinogenic pathways identified
in previous epidemiological and toxicological studies. Perchlorate contamination was in-
cluded because of its established effects on thyroid physiology through inhibition of the
sodium-iodide symporter. Nitrate and nitrite exposure were included because of their
role in endogenous N-nitroso compound formation and epidemiological evidence linking
nitrate exposure to colorectal cancer risk. Conflict-derived environmental contamination
was included as a composite exposure domain representing particulate matter, combus-
tion products, explosive residues, incendiary-agent derivatives, and other pollutants

https://doi.org/10.3390/toxics14100921



Toxics 2026, 14, 921

6 of 19

generated during military activities and armed conflict. Within this broader domain, par-
ticulate matter was considered the component for which a quantitative epidemiological
cancer-risk estimate was available for parameterization of the lung cancer endpoint.

Because comprehensive nationwide environmental monitoring data remain limited,
the EEI was modeled as a scenario-based construct rather than a direct measure of popu-
lation exposure. Three environmental scenarios were evaluated:

¢  Low exposure (hypothetical mitigation scenario);
e  Moderate exposure (intermediate hypothetical scenario);
e  High exposure (persistent contamination scenario).

For the quantitative colorectal and lung cancer sensitivity analyses, the qualitative
EEI categories were mapped to hypothetical scaling factors of 25%, 50%, and 100% of the
corresponding log-relative effect. For the lung cancer analysis, they represent hypothetical
fractions of the published effect associated with a 10 pg/m? increase in PM2s. Under the
assumed log-linear exposure-response relationship, these scenarios therefore corre-
sponded to 2.5, 5, and 10 pg/m?, respectively. For the colorectal cancer analysis, the pub-
lished exposure contrast represented the comparison between the highest and lowest lev-
els of drinking-water nitrate exposure. Because this estimate is categorical rather than a
per-unit concentration coefficient, the 25%, 50%, and 100% values were applied as hypo-
thetical scaling factors to the published log-hazard ratio. They should not be interpreted
as defined fractions of the nitrate concentration difference or estimates of the effects of
specified nitrate reductions. Thus, the scaling factors for colorectal cancer represent hypo-
thetical mathematical scaling of the published log-hazard ratio, whereas those for lung
cancer correspond to hypothetical PM:z5 contrasts under the assumed log-linear exposure—
response relationship. Thyroid cancer was evaluated separately using author-defined hy-
pothetical effect ranges, rather than a literature-derived epidemiological effect estimate.
These ranges were selected solely to illustrate the sensitivity of model outputs to alterna-
tive assumed effect magnitudes and were not intended to represent empirically estab-
lished thyroid cancer effects.

No Lebanese population exposure concentrations, exposure prevalence estimates, or
annual exposure trajectories were assigned to the EEI categories. Accordingly, the EEI
should not be interpreted as a measured environmental exposure index or as a popula-
tion-level exposure distribution.

2.3. Genetic Susceptibility Framework

Genetic susceptibility was incorporated through a Genetic Susceptibility Index (GSI),
developed as a qualitative population-level framework representing biologically plausi-
ble variation in responses to environmental exposures. Because nationally representative
genotype prevalence data and population-specific exposure-susceptibility estimates are
unavailable in Lebanon, candidate genes were identified from published international ep-
idemiological and mechanistic literature on genetic susceptibility and environmentally
mediated carcinogenesis (Table 1). These studies were used to establish biological plausi-
bility and pathway relevance rather than to infer Lebanese-specific genetic effects.

Table 1. Candidate Genes Representing Exposure-Relevant Biological Pathways in the Qualitative

Genetic Susceptibility Framework.

Gene

Relevant Cancer
Biological Function Pathway/End- Reference
point

GSTM1 (Glutathione S-transferase Mu 1)

Glutathione-dependent conjugation and

detoxification of electrophilic xenobiotics Colorectal, Lung [26]
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GSTT1 (Glutathione S-transferase Theta 1) Gluta‘t}'uor.le—dependent co'n'] ugatlon' ar.1d Colorectal [26]
detoxification of electrophilic xenobiotics
Phase II acetylation of aromatic amines
NAT?2 (N-acetyltransferase 2) .. Colorectal [27]
and related xenobiotic compounds
. . Scaffold protein involved in base exci-
XRCCT (X-ray repair czross—complementmg sion repair and single-strand DNA break Lung [28]
protein 1) .
repair
CYP1A1 (Cytochrome P450 Family 1 Sub- I.’has_e I oxidative m'etabohsn.l and bioac-
) tivation of polycyclic aromatic hydrocar- Lung [29]
family A Member 1) .
bons and other procarcinogens
SLC5A5 (Solute Carrier Family 5 Member —°01um-iodide symporter mediating ac-
Y tive iodide uptake into thyroid follicular Thyroid [30,31]

5; Sodium/lodide Symporter)

cells

The GSI included six candidate genes representing biological pathways relevant to
the selected exposure domains, including xenobiotic metabolism, nitrosamine metabo-
lism, DNA repair, metabolism of combustion-derived carcinogens, and thyroid iodide
transport (Table 1). The genes were selected as representative pathway markers based on
published evidence of their potential relevance to environmentally mediated carcinogenic
processes and were not intended to constitute a comprehensive or validated genetic sus-
ceptibility panel. Although oxidative stress is an important pathway in environmentally
mediated carcinogenesis, antioxidant-response genes were not included as separate can-
didate loci because the GSI was designed as a focused, exploratory framework rather than
a comprehensive assessment of genetic susceptibility. The candidate genes were therefore
used to establish biologically relevant susceptibility pathways rather than to calculate a
composite genetic risk score or numerical susceptibility multiplier.

Three qualitative susceptibility strata were evaluated:

e  Low susceptibility;
e Intermediate susceptibility;
e  High susceptibility.

These strata were used as qualitative scenario-defining constructs for comparative
analyses rather than as measures of genotype prevalence or quantitative genetic risk. No
numerical effect modifiers or genotype-specific risk estimates were assigned to the GSI,
which served solely as a conceptual framework for representing biologically plausible
variation in population susceptibility under alternative environmental exposure scenar-
ios. Accordingly, the GSI categories were not used to mathematically modify the litera-
ture-derived relative risk or hazard ratio distributions in the Monte Carlo simulations

The nine combinations (Table 2) represent qualitative exposure-susceptibility sce-
narios used to structure comparative interpretation within the framework. The GSI re-
mained qualitative and was not assigned numerical genetic effect modifiers. For the colo-
rectal and lung cancer endpoints, the EEI categories were linked to hypothetical scaling
factors of 25%, 50%, and 100% applied to the published log-relative effects for sensitivity
analysis; however, these quantitative assumptions were not stratified by GSI and did not
generate nine independently parameterized Monte Carlo simulations. Thus, the nine EEI
x GSI combinations define the conceptual scenario space, whereas the quantitative analy-
sis evaluates exposure-contrast sensitivity independently of genetic-stratum-specific ef-
fect modification.
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Table 2. Qualitative Environmental Exposure—Genetic Susceptibility Scenario Matrix.

Environmental Exposure In-

dex (EET) Low Susceptibility Intermediate Susceptibility High Susceptibility

Low exposure (mitigation) Low EEI x Low GSI Low EEI x Intermediate GSI Low EEI x High GSI
1\3i’izr;;;i:ﬁ:;g:f;i;?ﬁ:; Moderate EEI x Low GsI vioderate EEé;IIntermEdiate Moderate EEI x High GSI

High exposure (persistent con- o} prr 10w GSI High EEI % Intermediate GSI High EEI x High GSI

tamination)

2.4. Cancer-Specific Risk Parameterization

Cancer-specific epidemiological effect estimates were derived preferentially from
published systematic reviews, meta-analyses, and large population-based cohort studies.
Relative risk distributions were parameterized using reported effect estimates and corre-
sponding 95% confidence intervals (Table 3). For each parameter, the exposure contrast
reported in the source study was retained as the basis for interpretation. The colorectal
cancer estimate from Schullehner et al. [16] represents the comparison between the highest
and lowest levels of drinking-water nitrate exposure, while the lung cancer estimate from
Hamra et al. [32] represents the relative risk associated with a 10 pg/m? increase in ambient
PM2zs. These estimates were therefore treated as literature-derived reference parameters
for uncertainty propagation rather than as Lebanon-specific exposure-response functions.
The published effect estimates were not statistically transported, recalibrated, or other-
wise adjusted to the Lebanese population; they were used as literature-derived parame-
ters for exploratory sensitivity analysis under alternative exposure-contrast assumptions.

Table 3. Epidemiological Effect Estimates and Hypothetical Assumptions Used in the Quantitative

Sensitivity Analyses.

Effect Estimate

Exposure Domain  Cancer Endpoint Source Exposure Contrast (95% CI) Distribution
o
. o Highest vs. lowest
Nitrate/Nitrite Expo-  Colorectal Can- o . HR1.16 (1.08-
Schullehner et al., 2018 [16]  drinking-water ni- Log-normal
sure cer 1.25)

Conflict-Derived Envi-
ronmental Contamina-

tion (PMz2s component)

Perchlorate Exposure

Lung Cancer

Thyroid Cancer maus, 2016 [34]; Nizinski et al.,

trate exposure

P 1 3 in-
er 10 pg/min- ¢ o 1 00 (1.04-

i bient
crease in ambien 1.14)

PM:zs

Hamra et al., 2014 [32] Log-normal

Author-defined

Unif ithi
hypothetical rorm Within

Leung et al., 2010 [33]; Stein- . . .
No direct epidemi- defined .

redefined scenario

ological estimate ranges: 0.05-2%, P

2021 [35
[35] 2-5%, and 5-10%

range

2.5. Monte Carlo Simulation

Monte Carlo simulations were performed using 100,000 iterations for each quantita-
tive exposure-contrast scenario, a number selected to ensure stable estimation of summary
statistics and uncertainty intervals while minimizing Monte Carlo sampling error.

For each cancer endpoint:

1. A relative risk or hazard ratio was sampled from the corresponding log-normal dis-
tribution parameterized from the published point estimate and 95% confidence in-
terval.

2. The sampled log-relative effect was scaled according to the assumed scenario factor:
25% (low), 50% (moderate), or 100% (high) of the published log-relative effect. This
scaling was applied on the logarithmic relative-risk scale. For colorectal cancer, these
values represent hypothetical scaling factors applied to the published log-hazard
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ratio, not defined fractions of the underlying nitrate concentration contrast. For lung
cancer, they represent hypothetical fractions of the published effect associated with
a 10 pg/m? increase in ambient PMas, under the assumed log-linear exposure—re-
sponse relationship.

3. The scaled log-relative effect was exponentiated to obtain the scenario-specific rela-
tive effect, which was then converted to a relative percentage change from the null
value of 1.0 using (exp(scaled log-relative effect) — 1) x 100.

4.  For colorectal cancer, the exposure contrast corresponded to the highest-versus-low-
est drinking-water nitrate comparison reported by Schullehner et al. [16]. For lung
cancer, the exposure contrast corresponded to the 10 pg/m? increase in ambient PM2.5
reported by Hamra et al. [32].

5. The resulting distributions were summarized using means, medians, standard devi-
ations, and 95% uncertainty intervals.

Thyroid cancer was evaluated separately using predefined low-, moderate-, and
high-exposure scenario ranges because direct epidemiological estimates linking perchlo-
rate exposure to thyroid cancer risk were unavailable. The ranges were author-defined
hypothetical assumptions, sampled using uniform distributions solely to illustrate the ef-
fect of alternative assumed magnitudes on the simulated outputs. They were not derived
from epidemiological effect estimates, and the resulting distributions do not quantify em-
pirical uncertainty in a perchlorate—thyroid cancer association or the likelihood of in-
creased thyroid cancer risk in Lebanon.

Simulation outputs were summarized using means, medians, standard deviations,
and 95% uncertainty intervals. For colorectal and lung cancer, uncertainty reflected pub-
lished epidemiological effect estimates combined with the assumed exposure-contrast
scaling, whereas the thyroid analysis reflected only the predefined hypothetical scenario
ranges.

2.6. Statistical Software

All simulations were conducted in Google Colab (Google LLC, Mountain View, CA,
USA) using Python (Python Software Foundation, Wilmington, DE, USA). Monte Carlo
simulations were implemented using NumPy (version 2.1.3) and SciPy (version 1.16.3)
libraries, and data visualization was performed using Matplotlib (version 3.10.0).

The modeling framework was designed to explore plausible environmental health
scenarios and the sensitivity of literature-derived cancer risk estimates to alternative ex-
posure assumptions and should not be interpreted as establishing causal relationships
between environmental exposures and cancer incidence.

The complete Python code used to generate the Monte Carlo simulations, summary
statistics, threshold sensitivity analyses, and quantitative figures is provided in Supple-
mentary Material S1 to support reproducibility of the quantitative analysis.

3. Results
3.1. Overview of the Modeling Framework

Figure 1 presents the conceptual structure of the framework, which organizes envi-
ronmental exposure classifications and qualitative genetic susceptibility strata within a
shared scenario structure. Detailed descriptions of the EEI and GSI classifications, model
assumptions, and thyroid cancer scenario definitions are provided in Supplementary Ta-
ble S1. The simulation code and analytical workflow used to generate the quantitative
simulation results are provided in Supplementary Material S1.

https://doi.org/10.3390/toxics14100921
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Environmental Exposure Domains Genetic Susceptibility Framework
« Perchlorate contamination « Xenobiotic metabolism
« Nitrate/nitrite exposure « DNA repair
« Conflict-derived environmental contamination + Oxidative stress regulation

« Thyroid physiology

\ /

Environmental Exposure Index (EEI)
+
Genetic Susceptibility Index (GSI)

Conceptual Scenario Framework
3 EEIl categories x 3 GSl strata
= 9 qualitative exposure-susceptibility combinations

}

Quantitative Sensitivity Analysis

Monte Carlo Simulation
100,000 iterations
Literature-derived effect estimates
+ exposure-contrast sensitivity scenarios
EEI quantitative; GSI qualitative
(GSI not assigned a numerical effect modifier)

¢

Quantitative Outputs

Simulated relative effects
Summary statistics and uncertainty intervals
Exposure-contrast and threshold sensitivity analyses

Figure 1. Conceptual framework linking environmental exposure scenarios and qualitative genetic
susceptibility in Lebanon. Environmental exposure domains (perchlorate contamination, nitrate/ni-
trite exposure, and conflict-derived environmental contamination) and genetic susceptibility path-
ways were integrated through Environmental Exposure Index (EEI) and Genetic Susceptibility In-
dex (GSI) classifications. Three EEI categories and three GSI strata define nine qualitative exposure—
susceptibility combinations that provide the conceptual scenario structure of the framework. For
the quantitative analysis, EEI categories were additionally represented by alternative exposure-con-
trast assumptions, whereas GSI provided a qualitative conceptual dimension and was not assigned
a numerical genetic effect modifier in the Monte Carlo simulations. Monte Carlo simulations
(100,000 iterations) were used to propagate uncertainty in selected literature-derived epidemiolog-

ical effect estimates.

3.2. Monte Carlo Simulation Outputs

Monte Carlo simulations were conducted using 100,000 iterations for each cancer
endpoint and exposure-contrast scenario. For colorectal and lung cancer, the quantitative
analysis evaluated the sensitivity of simulated relative effects to hypothetical scaling fac-
tors of 25%, 50%, and 100% applied to the published log-relative effects; the interpretation
of these factors differed by endpoint, as described in the Methods. For thyroid cancer,
simulations represented the predefined assumption-based low-, moderate-, and high-ex-
posure scenario ranges described in the Methods. Summary statistics are presented in Ta-
ble 4 and visualized in Figure 2.

Table 4. Summary Statistics of Simulated Relative Effects Across Exposure-Contrast Scenarios.

Cancer Endpoint EEI Scenario Mean (%) Median (%) SD 95% UI (%)
Colorectal Low 3.79 3.78 0.97 1.90-5.70
Colorectal Moderate 7.72 7.71 2.01 3.83-11.71
Colorectal High 16.09 16.01 4.33 7.81-24.80

Lung Low 2.18 2.18 0.60 1.01-3.36
Lung Moderate 441 4.40 1.22 2.02-6.83
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Lung High 9.03 9.00 2.55 4.09-14.13
Thyroid Low 1.03 1.02 0.56 0.10-1.95
Thyroid Moderate 3.50 3.50 0.87 2.07-4.92
Thyroid High 7.51 7.51 1.44 5.13-9.88
Simulated Relative Effects Under Alternative Exposure-Contrast Scenarios
25 A =
20 A

15 4

10 4

Simulated Relative Effect (%)

)

O

N N N - O -O
P <P P SN SN S N N S
&K & & N SR W& S & S & S &
NN NN Ny & & S L@ e O
@V Obq,« o v & & v & S
N N °

Figure 2. Mean simulated relative effects and corresponding 95% uncertainty intervals across low-,
moderate-, and high-exposure-contrast scenarios for colorectal, lung, and thyroid cancer. Colorectal
and lung cancer estimates reflect uncertainty propagated from literature-derived epidemiological
effect estimates under alternative exposure-contrast assumptions, whereas thyroid cancer results
represent an illustrative hypothetical sensitivity analysis based on author-defined effect ranges and

are not epidemiologically parameterized risk estimates.

For colorectal cancer, the mean simulated relative effect increased progressively with
the assumed exposure contrast, from 3.79% (95% UI: 1.90-5.70%) under the low-exposure-
contrast scenario to 7.72% (95% UI: 3.83-11.71%) under the moderate scenario and 16.09%
(95% UI: 7.81-24.80%) under the full published exposure contrast. The corresponding me-
dian values were 3.78%, 7.71%, and 16.01%, respectively. These results represent uncer-
tainty propagated from the published colorectal cancer hazard ratio under alternative as-
sumptions regarding the magnitude of exposure contrast and do not constitute Lebanon-
specific estimates of colorectal cancer incidence or burden.

For lung cancer, the mean simulated relative effect similarly increased from 2.18%
(95% UI: 1.01-3.36%) under the low-exposure-contrast scenario to 4.41% (95% UI: 2.02—
6.83%) under the moderate scenario and 9.03% (95% UI: 4.09-14.13%) under the full pub-
lished exposure contrast. Median values were 2.18%, 4.40%, and 9.00%, respectively.
These results reflect uncertainty propagated from the published PM2s-lung cancer asso-
ciation under alternative exposure-contrast assumptions and do not represent Lebanon-
specific estimates of lung cancer incidence or burden.

Because direct epidemiological estimates linking perchlorate exposure to thyroid
cancer incidence were unavailable, thyroid cancer was evaluated separately using an il-
lustrative hypothetical sensitivity analysis. Mean simulated relative effects were 1.03%
(95% UI: 0.10-1.95%), 3.50% (95% UI: 2.07-4.92%), and 7.51% (95% UI: 5.13-9.88%) under
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Density

the low-, moderate-, and high-exposure scenarios, respectively. These results are condi-
tional on the author-defined hypothetical uniform distributions and their prespecified
bounds. They should not be interpreted as epidemiological estimates of perchlorate-asso-
ciated thyroid cancer risk, evidence of an exposure-response relationship, or predictions
of thyroid cancer risk in Lebanon.

The distributions of simulated colorectal and lung cancer relative effects shifted pro-
gressively toward larger values as the assumed exposure contrast increased from the low-
to the high-exposure-contrast scenario. The thyroid cancer distributions reflected the pre-
defined hypothetical low-, moderate-, and high-exposure scenario assumptions. The re-
sulting distributions are presented in Figure 3.

Distributions of Simulated Relative Effects Across Exposure-Contrast Scenarios
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Figure 3. Distributions of simulated relative effects across exposure-contrast scenarios based on
100,000 Monte Carlo simulation iterations. (A) Colorectal cancer distributions under low-, moder-
ate-, and high-exposure-contrast scenarios based on the hazard ratio reported by Schullehner et al.
(B) Lung cancer distributions under low-, moderate-, and high-exposure-contrast scenarios based

on the relative risk estimate reported by Hamra et al.

3.3. Threshold Sensitivity Analysis

For colorectal cancer, under the high-exposure-contrast scenario, 92.34% of simulated
relative effects exceeded a 10% threshold, 59.20% exceeded 15%, and 18.27% exceeded
20%. Under the moderate-exposure-contrast scenario, 12.97% of simulations exceeded
10%, while 91.40% exceeded 5%. These findings reflect the distribution of uncertainty in
the literature-derived colorectal cancer effect estimate under the specified exposure-con-
trast assumptions.

For lung cancer, under the high-exposure-contrast scenario, 94.52% of simulated rel-
ative effects exceeded a 5% threshold and 34.84% exceeded 10%. Under the moderate-
exposure-contrast scenario, 31.36% exceeded 5%. These findings similarly reflect the dis-
tribution of uncertainty in the literature-derived lung cancer effect estimate under alter-
native exposure-contrast assumptions.

For thyroid cancer, 66.66% of simulations under the moderate-exposure scenario ex-
ceeded a 3% relative effect, while 100% of simulations under the high-exposure scenario
exceeded a 5% relative effect. These proportions are conditional on the author-defined
hypothetical uniform distributions and their selected bounds. They describe the fraction
of simulated values exceeding predefined thresholds under those assumptions, not the
probability of thyroid cancer incidence or burden increasing by the stated percentages in
Lebanon.
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4. Discussion

This study presents a scenario-based environmental cancer risk modeling framework
designed to explore environmental cancer risk under conditions of exposure uncertainty
in Lebanon, while considering heterogeneous biological susceptibility as a qualitative con-
ceptual dimension. By organizing environmental exposure domains (perchlorate contam-
ination, nitrate/nitrite exposure, and conflict-derived environmental contamination)
alongside genetic susceptibility classifications, the model provides a structured approach
for exploring plausible variations in environmental risk under alternative environmental
scenarios. Because direct population-level environmental measurements for these con-
taminants were limited, the exposure domains were represented through qualitative sce-
narios, while the quantitative analysis evaluated alternative exposure-contrast assump-
tions for selected cancer endpoints using literature-derived relative effect estimates. Im-
portantly, the results should be interpreted as an exploratory, assumption-based charac-
terization of uncertainty around these published estimates, rather than as causal estimates
of cancer risk, Lebanon-specific risk estimates, or projections of future cancer burden. The
quantitative simulations did not incorporate Lebanese-specific exposure distributions or
quantitatively model genetic susceptibility.

The Monte Carlo simulations demonstrated uncertainty distributions around the lit-
erature-derived relative effect estimates for colorectal and lung cancer. For colorectal can-
cer, the mean simulated relative effect increased from 3.79% under the low-exposure-con-
trast scenario to 7.72% under the moderate scenario and 16.09% under the full published
exposure contrast, illustrating the sensitivity of the simulated effect distribution to the
assumed magnitude of exposure. Similarly, lung cancer simulations showed mean rela-
tive effects of 2.18%, 4.41%, and 9.03% under the low-, moderate-, and high-exposure-
contrast scenarios, respectively. These results illustrate how the simulated effect distribu-
tions change under the specified scaling assumptions; they do not provide independent
evidence of an exposure-response relationship or estimates of cancer risk in Lebanon [32].

The threshold analysis further characterized the distributions of simulated relative
effects under the specified scaling assumptions; it did not provide independent evidence
of an exposure-response relationship. Under the high-exposure-contrast scenario, 92.34%
of colorectal simulations exceeded a 10% relative-effect threshold, while 59.20% exceeded
15% and 18.27% exceeded 20%. For lung cancer, 94.52% of simulations under the high-
exposure-contrast scenario exceeded a 5% threshold, while 34.84% exceeded 10%. These
proportions describe the fraction of simulated literature-derived effect values exceeding
predefined thresholds under the model assumptions. They are not probabilities that can-
cer incidence or burden will increase by these percentages in Lebanon. The results should
therefore be interpreted as a characterization of uncertainty under hypothetical scaling
assumptions, rather than as predictions of absolute future cancer incidence or independ-
ent estimates of cancer risk in the Lebanese population.

The thyroid cancer analysis was included as an illustrative hypothetical sensitivity
analysis to examine how prespecified relative-effect assumptions influence model outputs
across low-, moderate-, and high-exposure scenarios. Perchlorate can inhibit the sodium-
iodide symporter and disrupt thyroid hormone synthesis, providing a biologically plau-
sible basis for investigating thyroid-related effects [33,34]. However, this established
mechanism of thyroid hormone disruption does not establish a quantitative effect on thy-
roid cancer incidence or justify the specific numerical ranges used in this analysis. Because
robust epidemiological estimates linking perchlorate exposure to thyroid cancer incidence
were unavailable to parameterize the model, the selected ranges were author-defined as-
sumptions rather than literature-derived risk estimates. Consequently, the thyroid out-
puts should be interpreted solely as illustrations of the model’s behavior under the
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specified assumptions, not as estimates of thyroid cancer risk, evidence of a causal associ-
ation, or projections of cancer burden in Lebanon.

A conceptual contribution of this study is the organization of environmental expo-
sure scenarios alongside a qualitative genetic susceptibility framework. The GSI was de-
signed to represent variability in biological responsiveness across pathways involved in
xenobiotic metabolism, oxidative stress regulation, DNA repair, and thyroid physiology.
Epigenetic mechanisms, including DNA methylation, histone modifications, and non-
coding RNA regulation, may also influence toxicant-responsive signaling pathways and
contribute to environmentally mediated susceptibility; however, these mechanisms were
beyond the scope of the present genetic susceptibility framework. Importantly, the GSI
was used only as a qualitative conceptual framework; it was not used to stratify the Monte
Carlo simulations or to modify the quantitative effect estimates. This approach aligns with
broader environmental epidemiology frameworks that recognize the importance of bio-
logical susceptibility in modifying responses to environmental exposures [2,3]. In the ab-
sence of population-specific genotype prevalence data and validated interaction coeffi-
cients for Lebanon, GSI was used to represent biologically plausible heterogeneity rather
than measurable genetic risk modification.

The EEI was constructed as a scenario-based representation of environmental condi-
tions rather than a direct measurement of exposure. This is particularly relevant in Leba-
non, where systematic environmental monitoring data remain limited for groundwater
contamination, air quality, and conflict-related pollutants. Accordingly, EEI categories
(low, moderate, high exposure) should be interpreted as comparative environmental
states rather than quantified exposure levels. The low-exposure scenario represents a hy-
pothetical environmental state characterized by greater monitoring, remediation, regula-
tory control, and exposure reduction; the moderate scenario represents an intermediate
hypothetical environmental condition; and the high-exposure scenario represents persis-
tent or increasing contamination with limited mitigation. For the quantitative colorectal
and lung cancer analyses, these EEI categories represented by hypothetical scaling factors
of 25%, 50%, and 100% applied to the published log-relative effects. For lung cancer, these
factors corresponded to hypothetical PM2s exposure contrasts of 2.5, 5, and 10 pig/m? PM2s
under the assumed log-linear exposure-response relationship. For colorectal cancer, the
factors were applied to the published log-hazard ratio and did not represent fractions of
the highest-versus-lowest drinking-water nitrate exposure contrast rather or measured
Lebanese exposure levels. These categories therefore do not represent quantitative annual
exposure-reduction rates or concentration trajectories, and should not be interpreted as
quantitative exposure forecasts. This approach is consistent with global scenario-based
environmental health modeling frameworks used in environmental health scenario mod-
eling studies when empirical monitoring data are incomplete or unavailable [23].

Conflict-related environmental contamination represents an important but often un-
der-characterized environmental exposure domain. Recent evidence indicates that armed
conflict can generate persistent environmental contamination through multiple pathways,
including particulate emissions from explosions, combustion by-products, heavy metal
deposition, and destruction of industrial infrastructure [36].

Contemporary reviews further highlight that such exposures may persist long after
active conflict periods, contributing to long-term soil contamination, ecosystem disrup-
tion, and degradation of environmental quality [37,38]. Within this context, inclusion of
conflict-derived contamination in the present framework reflects an attempt to capture a
plausible and environmentally relevant exposure domain for Lebanon, given its docu-
mented exposure to repeated armed conflict and infrastructure damage. Within this
broader conceptual exposure domain, PM:s represents the component that was quantita-
tively parameterized in the lung cancer analysis; the published PMas effect estimate was
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not used as a quantitative estimate of the cancer effect of white phosphorus or other indi-
vidual conflict-related contaminants.

Several limitations should be acknowledged. First, the model does not incorporate
individual-level exposure measurements or longitudinal epidemiological data from Leb-
anon. Instead, it relies on scenario-based constructs (EEI and GSI), which were not empir-
ically validated. Second, the genetic susceptibility framework does not include quantita-
tive exposure—susceptibility interaction coefficients or population-specific allele frequen-
cies. It therefore represents a conceptual stratification tool rather than a predictive genetic
risk model. Third, the thyroid cancer analysis uses author-defined hypothetical effect
ranges rather than epidemiologically derived estimates. Although the analysis illustrates
how these assumptions influence the simulated outputs, the selected ranges are not em-
pirically validated and should not be interpreted as plausible bounds on the actual thyroid
cancer effect of perchlorate exposure. The thyroid results are therefore particularly sensi-
tive to the prespecified assumptions and do not provide independent evidence of thyroid
cancer risk. Fourth, the quantitative simulations propagate uncertainty from the pub-
lished effect estimates and the specified scaling assumptions but do not quantify other
important sources of uncertainty, including differences between the source-study popu-
lations and the Lebanese population, exposure measurement error, residual confounding,
between-study heterogeneity, and uncertainty in the applicability of the published asso-
ciations to the Lebanese context. The hypothetical scaling assumptions introduce addi-
tional uncertainty, particularly for colorectal cancer, where the source estimate compares
categories of drinking-water nitrate exposure rather than a per-unit concentration con-
trast. These sources of uncertainty were not independently quantified in the present anal-
ysis. In addition, the colorectal and lung cancer simulations do not incorporate Lebanese-
specific exposure distributions, exposure trajectories, population projections, or latency
functions and therefore should not be interpreted as estimates of future national cancer
incidence or absolute cancer burden. Finally, the results should not be interpreted as
causal estimates of environmental exposure effects on cancer incidence but rather as ex-
ploratory scenario-based analyses intended to characterize uncertainty, generate testable
hypotheses, and inform future research and environmental health planning.

Despite these limitations, the framework has potential relevance for environmental
health planning in Lebanon and similar settings characterized by environmental data scar-
city and complex exposure profiles. Rather than serving as a substitute for empirical epi-
demiological assessment, the framework can be used to help identify exposure domains
and cancer endpoints that may warrant targeted environmental monitoring, biomonitor-
ing, epidemiological investigation, or surveillance. Strengthening environmental moni-
toring systems for groundwater contamination, air pollution, and post-conflict environ-
mental assessment may improve the empirical basis for future risk modeling efforts.

Integration of environmental surveillance with cancer registry systems could support
earlier identification of potential exposure-related health burdens. More broadly, the sce-
nario-based framework presented here may assist in prioritizing environmental health
research, supporting environmental surveillance strategies, and informing resource allo-
cation in settings where direct exposure measurement is limited. For example, alternative
environmental scenarios can be used to identify which exposure pathways require better
characterization, where biomonitoring may be most informative, and which cancer out-
comes could be prioritized for further epidemiological investigation. Such applications
should be viewed as hypothesis-generating and planning tools rather than evidence of
attributable cancer burden.
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5. Conclusions

This study developed a transparent, scenario-based environmental risk modeling
framework examining environmental exposure uncertainty alongside qualitative genetic
susceptibility concepts to explore environmental cancer risk in Lebanon under alternative
exposure conditions. By combining multiple exposure domains, including perchlorate
contamination, nitrate/nitrite exposure, and conflict-derived environmental contamina-
tion, with Monte Carlo simulation methods, the framework provides a structured ap-
proach for characterizing uncertainty in selected literature-derived cancer risk estimates
while incorporating qualitative environmental and susceptibility scenarios. Given its sce-
nario-based structure, the framework may also be adapted to other countries or settings
characterized by similar environmental exposure profiles, data limitations, and heteroge-
neous susceptibility, with exposure domains and model parameters tailored to the local
context.

The model is not intended to establish causal relationships or provide predictions of
future cancer incidence; rather, it offers a probabilistic approach for characterizing plau-
sible environmental health scenarios and identifying potential areas of concern. The find-
ings demonstrate that alternative assumptions regarding exposure contrast can substan-
tially influence the distribution of simulated literature-derived relative effects, while the
genetic susceptibility component provides a qualitative framework for considering bio-
logical heterogeneity. These findings should not be interpreted as estimates of cancer in-
cidence, population-attributable risk, or causal environmental effects in Lebanon. The thy-
roid cancer component was an illustrative hypothetical sensitivity analysis based on au-
thor-defined assumptions, rather than a quantitative estimate of perchlorate-associated
thyroid cancer risk. Its results should therefore be interpreted as demonstrations of model
behavior under specified assumptions, not as evidence of future thyroid cancer risk in
Lebanon.

The practical value of the framework lies in its potential to support environmental
health planning and surveillance prioritization rather than to estimate attributable cancer
burden. It may help identify priority exposure pathways for environmental monitoring,
inform the design of biomonitoring and epidemiological studies, and guide hypotheses
regarding cancer outcomes that warrant further investigation. In this context, the frame-
work complements rather than replaces empirical exposure assessment and longitudinal
epidemiological research.

Future research should prioritize the integration of empirical environmental moni-
toring data, population-specific genetic information, longitudinal epidemiological stud-
ies, and validated exposure-response relationships to improve model precision and
strengthen causal inference. Future iterations could also incorporate quantitative expo-
sure trajectories, population projections, validated gene—environment interaction param-
eters, and cancer-specific latency assumptions once these data become available. As envi-
ronmental health data systems continue to develop, this framework may serve as a foun-
dation for more refined environmental cancer risk assessments in Lebanon and other data-
limited settings.
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The following abbreviations are used in this manuscript:

GSI Genetic susceptibility index
EEI Environmental Exposure Index
IARC International Agency for Research on Cancer

GSTM1 Glutathione S-transferase Mu 1

GSTT1 Glutathione S-transferase Theta 1

NAT2 N-acetyltransferase 2

XRCC1 X-ray repair cross-complementing protein 1

CYP1A1 Cytochrome P450 Family 1 Subfamily A Member 1

SLC5A5  Solute Carrier Family 5 Member 5 (Sodium/Iodide Symporter)
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