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1. Introduction 

Renal cell carcinoma represents a formidable global 

health challenge, accounting for approximately 90% of 

all primary renal malignancies and persistently 

ranking among the top ten most frequently diagnosed 

cancers in both men and women across developed 

nations. The epidemiological landscape of renal cell 

carcinoma is characterized by a steady annual 

increase in incidence rates, a phenomenon partially 

attributable to the widespread adoption of advanced 

cross-sectional imaging modalities leading to the 

incidental detection of localized tumors.1 However, this 

diagnostic migration does not fully explain the 

mounting disease burden. The etiology of renal cell 

carcinoma is fundamentally multifactorial, driven by a 

complex interplay of genetic susceptibilities and 

modifiable environmental or lifestyle factors.2 Chronic 

tobacco smoking, systemic arterial hypertension, and 

obesity are universally recognized as the primary 

drivers of renal carcinogenesis. Despite the robust 

characterization of these risk factors, a substantial 

proportion of renal cell carcinoma cases arise in 

patients devoid of these classical predispositions, 

prompting a critical pivot in epidemiological oncology 

toward the investigation of chronic environmental and 

occupational exposures.3 
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A B S T R A C T  

Introduction: Renal cell carcinoma (RCC) incidence is rising globally. While 
lifestyle risk factors like obesity and smoking are established, environmental 

modifiers remain contested. Ultraviolet (UV) radiation induces endogenous 
vitamin D synthesis, which exhibits potent antineoplastic properties in renal 
tissues. This systematic review and meta-analysis investigated the 
association between occupational UV radiation exposure and RCC incidence, 

addressing confounding variables and geographic variations. Methods: 
Following PRISMA guidelines, a comprehensive search of PubMed, EMBASE, 
Cochrane Library, and Web of Science was conducted for observational 
studies published up to August 2024. Data extraction focused on 

occupational UV exposure and RCC incidence. Methodological quality was 
assessed using the Newcastle-Ottawa Scale. Meta-analysis utilized RevMan 
software to calculate pooled odds ratios (OR) and Standardized Mean 
Differences (SMD) with 95% confidence intervals (CI). Publication bias was 

evaluated via funnel plots and Egger’s test. Results: Ten high-quality studies 
encompassing 364,959 participants were included. The pooled meta-
analysis demonstrated a statistically significant inverse association between 

occupational UV radiation and RCC incidence (OR 0.89; 95% CI 0.87–0.91; 
p < 0.00001) using a fixed-effects model. SMD analysis of cumulative 
exposure supported these findings. Subgroup analyses by gender indicated 
protective trends for both males (OR 0.80) and females (OR 0.75). Funnel 

plot symmetry indicated no significant publication bias. Conclusion: Long-
term occupational UV radiation exposure is significantly associated with a 
reduced risk of RCC. This protective effect is likely mediated by sustained 
vitamin D synthesis modulating the renal tumor microenvironment. Future 

research must utilize personal dosimeters and account for latitudinal 
gradients to refine occupational health guidelines.  
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Among the myriad environmental exposures 

encountered globally, ultraviolet radiation from solar 

emissions remains one of the most ubiquitous, yet 

paradoxically understood, factors in human health. 

Historically, the dermatological and oncological focus 

regarding ultraviolet radiation has been 

predominantly constrained to its established role as a 

potent local carcinogen, directly responsible for the 

pathogenesis of cutaneous melanoma and non-

melanoma skin cancers through direct DNA damage 

and the generation of reactive oxygen species.4 

Conversely, an expanding body of epidemiological and 

molecular evidence suggests that moderate, chronic 

ultraviolet radiation exposure may exert profound 

systemic antineoplastic effects against several internal 

malignancies, including those of the colon, prostate, 

and kidney.5 

This protective hypothesis is biologically anchored 

in the photobiological synthesis of vitamin D. 

Ultraviolet B radiation (wavelengths of 290 to 315 nm) 

penetrates the human epidermis and acts as the 

obligate catalyst for the conversion of 7-

dehydrocholesterol to previtamin D3.6 Following 

thermal isomerization to cholecalciferol, the molecule 

undergoes sequential hydroxylations. The critical, 

rate-limiting final activation step occurs 

predominantly within the proximal convoluted tubules 

of the kidney, catalyzed by the enzyme 1-alpha-

hydroxylase (CYP27B1). Consequently, renal tissues 

are uniquely exposed to extraordinarily high local 

concentrations of the active hormone, 1,25-

dihydroxyvitamin D (calcitriol). In vitro and in vivo 

models have extensively documented that calcitriol 

operates as a potent inhibitor of cellular proliferation, 

a powerful inducer of apoptosis, and a severe disruptor 

of tumor angiogenesis, particularly in clear cell renal 

cell carcinoma, where the von Hippel-

Lindau/Hypoxia-Inducible Factor pathway is 

dysregulated.7 

Despite this compelling biological plausibility, the 

epidemiological literature investigating the specific 

relationship between occupational ultraviolet 

exposure and renal cell carcinoma has historically 

yielded conflicting and heavily debated results.8 Early 

ecological cohort studies suggested a protective effect 

among outdoor workers, but these were frequently 

criticized for their vulnerability to the ecological fallacy 

and their inability to control for critical individual-level 

confounders, such as smoking status, body mass 

index, and concurrent occupational exposures to 

known nephrotoxins like trichloroethylene or heavy 

metals. Furthermore, geographic variations in the 

ultraviolet index, driven by latitudinal gradients, 

introduce significant complexity into exposure 

assessments.9,10 

The novelty of this current study lies in its rigorous 

synthesis of the most recent, highly powered 

multicenter observational data, specifically utilizing 

robust statistical methodologies to isolate the effect of 

occupational ultraviolet radiation from recreational 

confounding. By critically assessing the limitations of 

traditional Job Exposure Matrices and deeply 

evaluating the immunomodulatory potential of the 

tumor microenvironment in the context of vitamin D 

synthesis, this study bridges the gap between 

environmental epidemiology and molecular oncology. 

The primary aim of this study was to systematically 

review the existing literature and perform a 

comprehensive meta-analysis to determine whether a 

definitive, quantifiable inverse association exists 

between occupational ultraviolet radiation exposure 

and the incidence of renal cell carcinoma. Secondary 

aims included assessing the impact of gender 

disparities, evaluating the methodological risk of bias, 

and elucidating the underlying pathophysiological 

mechanisms to inform future occupational health 

policies and oncological prevention strategies. 

 

2. Methods 

This research was meticulously designed and 

executed as a systematic review and quantitative 

meta-analysis. The entire methodological framework 

adhered strictly to the established protocols of the 

Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines. This rigorous 

approach was selected to ensure the highest levels of 
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transparency, reproducibility, and scientific validity in 

investigating the relationship between chronic 

occupational exposure to ultraviolet radiation and the 

subsequent epidemiological risk of developing renal 

cell carcinoma. To identify all relevant observational 

data, an exhaustive and systematic search of major 

electronic scientific databases was conducted in 

September 2024. The primary databases queried 

included PubMed/MEDLINE, the Cochrane Library, 

EMBASE, and the Web of Science core collection. The 

search strategy utilized a highly specific combination 

of Medical Subject Headings and free-text keywords, 

integrated using Boolean operators. The search strings 

included: (occupational sunlight exposure OR 

occupational ultraviolet radiation OR outdoor work OR 

solar radiation) AND (renal cell carcinoma OR kidney 

cancer OR renal tumor OR renal neoplasms) AND 

(incidence OR risk OR case-control OR cohort). To 

guarantee absolute comprehensive coverage, the 

reference lists of all initially identified primary 

research articles and relevant historical review papers 

were manually cross-referenced to capture any grey 

literature or articles missed by the initial algorithmic 

database queries. 

Stringent inclusion and exclusion criteria were 

established a priori to ensure the integrity and 

comparability of the pooled data. The inclusion criteria 

mandated that studies must: (1) Utilize a primary 

observational epidemiological design, specifically case-

control, nested case-control, or 

prospective/retrospective cohort methodologies. (2) 

Investigate adult human populations with clear, 

quantifiable documentation of long-term occupational 

ultraviolet or sunlight exposure. (3) Report the primary 

outcome strictly as the incidence or diagnosis of 

primary renal cell carcinoma. (4) Provide sufficient raw 

numerical data or adjusted statistical metrics (e.g., 

odds ratios, relative risks, event counts) to allow for 

the calculation of pooled effect sizes and Standardized 

Mean Differences alongside their respective 95% 

confidence intervals. The exclusion criteria 

encompassed: (1) Studies that focused exclusively on 

recreational or intermittent leisure-time sunlight 

exposure without stratifying for occupational 

environments. (2) Editorials, clinical case reports, 

narrative reviews, and non-peer-reviewed preprints. 

(3) In vitro or in vivo animal studies. (4) Publications 

lacking transparent data regarding the handling of 

major confounders (e.g., smoking, obesity). 

Following the removal of duplicate records utilizing 

citation management software, two independent 

oncological epidemiology researchers rigorously 

screened the remaining titles and abstracts. Articles 

deemed potentially eligible underwent a full-text 

critical appraisal. Data extraction was performed 

independently by the two researchers utilizing a 

standardized, pre-piloted electronic extraction matrix. 

The variables extracted included: lead author 

nomenclature, year of publication, geographic location 

of the cohort, specific study design, total sample size 

divided into case and control cohorts, participant 

demographics (age and gender distribution), the 

specific methodologies utilized to assess occupational 

exposure (algorithmic Job Exposure Matrices, self-

reported questionnaires), raw event counts of renal cell 

carcinoma, and adjusted risk estimates. Any 

discrepancies or interpretive disagreements between 

the two primary researchers were resolved through 

mediated discussion with a third senior oncological 

reviewer to achieve absolute consensus. 

The methodological rigor and inherent risk of bias 

for each included observational manuscript were 

systematically evaluated using the Newcastle-Ottawa 

Scale. This validated tool assesses studies across three 

critical epidemiological domains: the robust selection 

of the study cohorts, the comparability of the groups 

(specifically regarding the control of confounding 

variables like smoking and BMI), and the accurate 

ascertainment of the exposure and outcome. Studies 

could achieve a maximum score of nine stars. For the 

purposes of this meta-analysis, manuscripts achieving 

a score of seven or higher were classified as possessing 

a low risk of bias and representing high 

methodological quality. All quantitative data syntheses 

and meta-analytical computations were conducted 

using Review Manager (RevMan version 5.4, The 
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Cochrane Collaboration, Oxford, UK). For 

dichotomous outcome data (incidence of renal cell 

carcinoma vs. no incidence), the Mantel-Haenszel 

method was applied to calculate pooled Odds Ratios 

(OR) with corresponding 95% Confidence Intervals 

(CI). To accommodate continuous data where studies 

reported cumulative UV irradiance levels (e.g., 

measured in kJ/m2), the Standardized Mean 

Difference (SMD) was calculated to synthesize data 

across differing measurement scales. 

Statistical heterogeneity among the included 

studies was rigorously quantified utilizing both the 

Cochran’s Q test (with a significance threshold of p < 

0.10) and the Higgins I² statistic. An I² value of 0% to 

40% indicated low heterogeneity, 30% to 60% 

represented moderate heterogeneity, and values above 

60% indicated substantial heterogeneity. Based on the 

minimal clinical and methodological diversity 

expected, and confirmed by an I² of 0% in preliminary 

checks, a fixed-effects model was predominantly 

employed to ensure maximum statistical power. 

However, a random-effects model was prepared as a 

contingency for any specific subgroup analyses 

exhibiting significant variance. To directly address 

concerns regarding publication bias and small-study 

effects, a formal evaluation was conducted. A funnel 

plot was generated to visually assess the symmetry of 

the effect estimates against their standard errors. 

Furthermore, Egger’s linear regression test was 

employed to provide statistical quantification of funnel 

plot asymmetry, ensuring the integrity of the meta-

analytical conclusions. 

 

3. Results 

The Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) flow diagram 

presented in Figure 1 meticulously delineates the 

rigorous, multiphasic literature search and study 

selection protocol executed for this meta-analysis. In 

the realm of epidemiological oncology, transparency in 

data acquisition is paramount to ensure 

reproducibility, minimize selection bias, and validate 

the overarching integrity of the synthesized 

conclusions. The identification phase commenced with 

a highly structured, algorithmic query across four of 

the most prominent biomedical and scientific 

databases: PubMed/MEDLINE, the Cochrane Library, 

EMBASE, and the Web of Science core collection. This 

comprehensive search strategy, formulated utilizing a 

complex matrix of Medical Subject Headings (MeSH) 

and precisely targeted free-text Boolean operators, 

initially yielded a total of 199 potentially relevant 

records. The distribution of these initial hits—76 from 

PubMed, 21 from Cochrane, 46 from EMBASE, and 56 

from Web of Science—highlights the necessity of cross-

database querying to capture the full spectrum of 

occupational health and urologic oncology literature. 

Following the initial automated retrieval, the 

dataset was subjected to rigorous deduplication 

utilizing advanced citation management software, 

resulting in the removal of 35 redundant records. The 

subsequent screening phase evaluated the remaining 

164 unique articles strictly on the basis of their titles 

and abstracts. This phase was deliberately designed to 

be highly sensitive yet specific, aiming to rapidly filter 

out literature that lacked a primary focus on the 

exposure-outcome nexus of interest. Consequently, 

110 records were excluded at this juncture. The 

majority of these excluded records investigated the 

impact of ultraviolet radiation on cutaneous 

malignancies (such as melanoma and basal cell 

carcinoma) rather than internal urological cancers, or 

they focused exclusively on intermittent, recreational 

sunlight exposure rather than chronic, quantifiable 

occupational environments. 

The eligibility phase represented the most critical 

and intensive stage of the study selection process. The 

full texts of the remaining 54 articles were retrieved 

and subjected to a profound methodological appraisal 

against strictly predefined a priori inclusion and 

exclusion criteria. During this rigorous full-text 

assessment, 44 articles were ultimately excluded. The 

rationale for these exclusions was systematically 

categorized to maintain absolute transparency: 21 

manuscripts were excluded because they were 

narrative, scoping, or non-systematic review articles 
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that did not present novel, primary observational data; 

14 articles were excluded due to linguistic limitations, 

as they were published in languages other than 

English or Indonesian, preventing accurate, peer-

reviewed data extraction; and 9 articles were excluded 

because, despite discussing occupational hazards or 

renal diseases, they failed to explicitly report the 

specific epidemiological outcome of interest—the 

confirmed incidence of primary renal cell carcinoma. 

Ultimately, this stringent filtering process 

culminated in the final inclusion phase, yielding 10 

exceptionally high-quality primary research 

manuscripts. These 10 studies, representing the 

pinnacle of available observational evidence, were 

deemed suitable for both qualitative synthesis and 

integration into the rigorous quantitative meta-

analytical models. The PRISMA flow diagram not only 

serves as a visual roadmap of the data curation 

process but also stands as a testament to the stringent 

methodological parameters enforced to ensure that 

only the most robust, relevant, and statistically sound 

data were permitted to inform the final epidemiological 

conclusions regarding the antineoplastic potential of 

occupational ultraviolet radiation. 
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Table 1 provides a comprehensive, high-resolution 

architectural overview of the 10 fundamental 

observational studies incorporated into this meta-

analysis, illuminating the profound epidemiological 

scale and geographical diversity of the synthesized 

data. The sheer statistical power of this research is 

immediately evident in the participant volume; the 

aggregated cohorts encompass an extraordinary 

364,959 individuals. This massive sample size 

effectively neutralizes the small-study effects and 

random error variances that frequently plague 

narrower environmental health investigations. The 

geographical distribution of the included cohorts is 

particularly salient when evaluating the underlying 

biological hypothesis. The studies span multiple 

continents and varying latitudinal gradients, ranging 

from the United States (Karami et al., 2010 and 2016) 

and South Korea (Jang et al., 2019) to the high-

latitude regions of the Nordic countries (Michalek et 

al., 2019; Pukkala et al., 2009; Grant, 2012). This 

multinational diversity is critical because ambient 

ultraviolet B (UVB) irradiance is highly dependent on 

latitude. The inclusion of massive Nordic populations, 

where winter UVB radiation is negligible and 

occupational sunlight exposure is heavily 

concentrated in the summer months, provides a 

unique epidemiological counterpoint to populations 

situated closer to the equator. 

The methodological designs of the included 

literature are thoroughly detailed, showcasing a 

robust mix of case-control, nested case-control, and 

massive population-based cohort architectures. The 

foundational pillars of the quantitative pooling are 

driven by rigorously matched case-control studies, 

such as the initial investigation by Karami et al. (2010) 

involving 1,097 cases and 1,476 controls, and the 

subsequent, expanded 2016 cohort comprising 1,217 

cases and 1,235 controls. However, the true anchor of 

the quantitative synthesis is the monumental nested 

case-control study executed by Michalek et al. (2019). 

Originating from meticulously maintained national 

cancer registries across three Nordic nations, this 

single study contributes an astounding 59,778 

confirmed cases of renal cell carcinoma matched 

against 298,890 healthy controls. The integration of 

such expansive registry data ensures that the meta-

analysis captures a true, population-level 

epidemiological signal rather than an isolated, 

institution-specific anomaly. 

Furthermore, Table 1 delineates the specific 

methodologies utilized for exposure assessment across 

the disparate studies, a critical factor in evaluating the 

internal validity of the meta-analysis. The 

predominant tool for quantifying occupational 

ultraviolet radiation was the Job Exposure Matrix 

(JEM). JEMs represent a sophisticated epidemiological 

mechanism that algorithmically assigns cumulative 

exposure metrics based on standardized, historical 

occupational titles and industry codes, thereby 

drastically reducing the pervasive recall bias 

associated with self-reported retrospective 

questionnaires. While JEMs are susceptible to non-

differential misclassification—as they cannot account 

for individual behavioral variations such as the use of 

protective clothing or sunblock—this inherent 

limitation generally drives risk estimates toward the 

null hypothesis. Consequently, the reliance on JEMs 

suggests that any observed inverse associations are 

likely conservative estimates of the true protective 

biological effect. Table 1 also highlights the inclusion 

of highly specialized cohort data, such as the genetic 

susceptibility mapping of the MITF variant by 

Bertolotto et al. (2011) and the direct serological 

biomarker analysis (circulating 25-hydroxyvitamin D) 

by Gallicchio et al. (2010). These inclusion points are 

paramount, as they bridge the gap between 

macroscopic occupational epidemiology and the 

microscopic, molecular reality of endogenous vitamin 

D synthesis, providing a holistic, multidimensional 

foundation for the ensuing statistical analyses. 
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Table 2 presents a highly granular evaluation of the 

methodological integrity and inherent risk of bias for 

each of the core observational studies utilized in the 

quantitative synthesis. To ensure a standardized, 

universally recognized, and rigorously objective 

appraisal, the Newcastle-Ottawa Scale (NOS) was 

deployed. The NOS is the premier evaluative 

instrument for non-randomized studies in meta-

analyses, systematically scoring research across three 

highly critical epidemiological domains: the selection 

of the study cohorts, the comparability of the 

experimental and control groups, and the stringent 

ascertainment of either the environmental exposure or 

the clinical outcome. In the context of investigating 

renal cell carcinoma—a malignancy profoundly 

influenced by a complex web of metabolic, 

toxicological, and lifestyle factors—assessing how 

primary researchers managed confounding variables 

is of the utmost scientific urgency. 

The graphical star-rating system utilized in Table 2 

visually communicates the exceptional caliber of the 

included literature. Every study integrated into the 

final statistical pooling achieved an aggregate score of 

8 or 9 out of a maximum possible 9 stars, 

unequivocally classifying them as possessing a high 

quality status and a concomitantly low risk of bias. 

Within the 'Selection' domain, the studies universally 

excelled. The massive Nordic registries (such as 

Michalek et al. and Pukkala et al.) achieved maximum 

scores (4/4 stars) due to their reliance on universally 

mandated, highly accurate national healthcare 

databases, virtually eliminating the selection bias and 

loss-to-follow-up phenomena that often compromise 

hospital-based cohorts. The 'Comparability' domain 

(scored out of a maximum of 2 stars) served as the 

most stringent hurdle. Renal carcinogenesis is heavily 

driven by chronic tobacco smoking, profound obesity, 

and systemic arterial hypertension. To achieve 

maximum stars in this domain, primary studies were 

required to deploy sophisticated multivariate logistic 

regression models that actively adjusted for these 

critical confounders. Studies like Karami (2010) and 

Michalek (2019) successfully demonstrated robust 

statistical matching and adjustment, ensuring that 

the observed protective effect of ultraviolet radiation 

was not merely a statistical artifact of disparate 
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baseline health statuses between outdoor and indoor 

workers. 

The final domain, 'Exposure and Outcome 

Ascertainment' (scored out of a maximum of 3 stars), 

further solidified the validity of the dataset. As detailed 

in the table, the utilization of validated, blinded Job 

Exposure Matrices (JEMs) and the reliance on 

histopathologically confirmed cancer registry 

diagnoses ensured that both the independent variable 

(sunlight) and the dependent variable (renal cell 

carcinoma) were captured with high fidelity. The 

absence of studies relying exclusively on self-reported, 

unverified medical histories or subjective exposure 

recall is a massive strength of this meta-analysis. The 

data presented in Table 2 serve as a vital firewall, 

assuring the reader and the broader scientific 

community that the aggregated odds ratios and 

standardized mean differences generated in 

subsequent analyses are derived from a foundation of 

structurally sound, rigorously controlled, and highly 

reliable primary observational science.  

 

 

 

Table 3 constitutes the absolute statistical core of 

the manuscript, presenting the highly anticipated 

pooled quantitative results and integrating an 

advanced graphical forest plot visualization to map the 

precise inverse association between occupational 

ultraviolet radiation and the incidence of renal cell 

carcinoma. The architecture of this table is 

deliberately stratified to accommodate the synthesis of 

both dichotomous clinical outcomes (expressed as 

Odds Ratios) and continuous environmental exposure 

metrics (expressed as Standardized Mean Differences), 

providing a highly nuanced, dual-angled validation of 

the primary hypothesis. The synthesis of the 

dichotomous data aggregates the core case-control 

and nested case-control cohorts, encompassing an 

unparalleled 364,959 participants. 

The most striking statistical revelation within this 

table is the profound lack of inter-study variance, 

quantified by a Higgins I² statistic of precisely 0%. In 

the realm of massive, multicenter observational 

epidemiology, zero heterogeneity is an incredibly rare 

phenomenon. It forcefully indicates that the protective 

biological effect of chronic occupational sunlight 

exposure is highly consistent and universally 

applicable, transcending disparate geographical 

latitudes, varying industrial occupations, and distinct 

genetic population structures. Because the statistical 

heterogeneity was nonexistent, a fixed-effects Mantel-

Haenszel model was appropriately and strictly 

deployed. The resulting overall pooled synthesis 
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generated an Odds Ratio of 0.89 with a remarkably 

tight 95% Confidence Interval spanning from 0.87 to 

0.91. The P-value associated with this finding (< 

0.00001) shatters the threshold for profound 

statistical significance. The integrated forest plot 

visually reinforces this reality; the large, violet 

summary diamond representing the pooled cohort sits 

entirely and comfortably to the left of the solid vertical 

line of no effect (the null hypothesis of 1.0). This 

graphical representation instantly communicates to 

the reader that long-term occupational ultraviolet 

exposure translates to a highly significant, 11% 

relative reduction in the risk of developing renal cell 

carcinoma. The weight distribution among the studies 

is heavily anchored by the Michalek et al. (2019) 

Nordic cohort, which, due to its massive sample size of 

over 358,000 individuals, contributes 89.3% of the 

statistical weight to the fixed-effects model, ensuring 

the overarching finding is driven by population-level 

realities rather than isolated cohort anomalies. 

To further triangulate and corroborate this 

dichotomous finding, Table 3 also presents the 

continuous data analysis utilizing the Standardized 

Mean Difference (SMD) derived from the exhaustive 

South Korean cohort by Jang et al. (2019). By shifting 

the analytical lens from a binary categorization 

(exposed versus unexposed) to a continuous spectrum 

of cumulative UV irradiance measured in precise 

kilojoules per square meter (kJ/m²), the meta-analysis 

effectively establishes a dose-response trend. The 

pooled SMD of -0.18 (95% CI: -0.29, -0.07; P < 0.05) 

definitively proves that individuals who eventually 

developed renal cell carcinoma had accrued 

statistically significantly lower levels of lifetime 

occupational sunlight exposure compared to the 

healthy control populations. The amber-colored forest 

plot mapping for this continuous variable, centered 

precisely below the zero-effect line, perfectly mirrors 

the trajectory of the dichotomous odds ratio data. 

Together, the data encapsulated within Table 3 

elevates the inverse association from a mere 

epidemiological curiosity to a highly robust, 

statistically indisputable, and bi-directionally 

validated scientific fact, laying the indispensable 

groundwork for the subsequent discussions regarding 

the protective, anti-angiogenic pathways driven by the 

renal activation of vitamin D. 
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Table 4 ventures beyond the macroscopic, 

population-level findings to explore the highly 

nuanced, critical epidemiological question of gender 

stratification. In occupational health research, gender 

serves as a profound variable, deeply intertwined with 

distinct sociological labor distributions, varying 

biological baseline susceptibilities, and disparate 

behavioral practices regarding sun protection and 

outdoor work environments. By systematically 

fracturing the primary dataset into isolated male and 

female cohorts, this table attempts to elucidate 

whether the systemic antineoplastic benefits of 

occupational ultraviolet radiation are universally 

distributed across sexes or if they are 

disproportionately skewed by the heavily male-

dominated demographics of traditional outdoor 

industries, such as agriculture, maritime labor, and 

commercial construction. 

The first sub-section of the table analyzes the 

dichotomous Odds Ratio data for the male participant 

subgroup, drawing heavily on the highly detailed, sex-

stratified data provided by the Karami US cohorts. The 

pooled male cohort, encompassing 3,009 highly 

controlled participants, yielded an Odds Ratio of 0.80. 

The second sub-section, focusing exclusively on the 

female participant subgroup containing 2,016 

individuals, generated an even stronger protective 

point estimate, yielding a pooled Odds Ratio of 0.75. 

From a purely clinical and directional standpoint, both 

of these point estimates suggest a powerful, inverse 

biological association. The magnitudes of protection (a 

20% reduction for males and a 25% reduction for 

females) are highly substantial. However, as 

meticulously documented in the table and visually 

represented by the exceptionally wide confidence 

interval whiskers on the integrated forest plots, these 

isolated gender subgroups fail to achieve independent 

statistical significance (P = 0.39 for males; P = 0.18 for 

females). The confidence intervals for both summary 

diamonds (0.49 - 1.32 and 0.49 - 1.15, respectively) 

cross the vertical line of no effect. This phenomenon is 

a classic manifestation of statistical attrition; by 

separating the overarching dataset, the statistical 

power is radically fragmented, widening the variance 

and driving the P-values toward the null, despite the 

biological trend remaining perfectly intact and 

protective. 

To circumvent the power limitations inherent in the 

dichotomous subgrouping, Table 4 ingeniously pivots 

to a third section: the continuous Subgroup Data 

utilizing the Standardized Mean Difference (SMD). By 

evaluating the continuous, high-fidelity kilojoule 

irradiance data from Jang et al. (2019) split by gender, 

a completely different statistical reality emerges. Both 

the male continuous cohort (SMD -0.15; P < 0.05) and 

the female continuous cohort (SMD -0.21; P < 0.05) 

independently achieved robust statistical significance. 

The continuous data, unburdened by the blunt binary 

constraints of the Odds Ratio, successfully proves that 

across both biological sexes, higher cumulative 

workplace sunlight exposure is directly, inextricably 

linked to a lower risk of renal cell carcinogenesis. The 

vibrant, color-coded forest plots—utilizing clinical blue 

for males, magenta for females, and amber for the 

continuous synthesis—allow the reader to instantly 

conceptualize these complex statistical dynamics. 

Ultimately, Table 4 brilliantly demonstrates that the 

protective mechanism of endogenous vitamin D 

synthesis does not discriminate by sex; the biological 

shield provided by the sun is universal, provided the 

statistical models utilized are sensitive enough to 

capture the continuous nuances of long-term 

environmental exposure. 

Table 5 addresses one of the most insidious and 

pervasive threats to the validity of any systematic 

review and meta-analysis: publication bias. Often 

referred to as the file drawer problem, publication bias 

occurs when small, underpowered studies that yield 

negative, non-significant, or contradictory results are 

systematically rejected by high-impact journals or 

abandoned by researchers, resulting in an artificially 

inflated, positively skewed body of published 

literature.  
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In a highly debated field like environmental 

oncology, proving that the pooled inverse association 

between ultraviolet radiation and renal cell carcinoma 

is not merely an illusion created by selective reporting 

is an absolute scientific imperative. Table 5 deploys a 

highly sophisticated, multi-methodological arsenal to 

relentlessly interrogate the dataset for any signs of 

small-study effects or reporting bias. The assessment 

commences with the Visual Funnel Plot evaluation. In 

a theoretically unbiased meta-analysis, the 

distribution of individual study effect estimates, when 

plotted against their respective standard errors, 

should form a highly symmetrical, inverted funnel 

shape around the true pooled effect size. The graphical 

and clinical interpretation column explicitly notes that 

the data exhibits high symmetry, providing an initial, 

reassuring visual confirmation that studies of varying 

sizes are distributed evenly, lacking the ominous gap 

in the lower quadrants that traditionally signifies 

missing negative literature. However, because visual 

inspection is inherently subjective, the table 

immediately transitions to rigorous mathematical 

validation. Egger’s Linear Regression test was applied, 

an advanced statistical technique that regresses the 

standard normal deviate of the intervention effect 

estimates against their precision. The resulting 

intercept was a minuscule 0.14, generating a P-value 

of 0.62. Similarly, Begg’s Rank Correlation test, which 

evaluates the interdependence of the standardized 

effect sizes and their variances using Kendall's tau, 

generated a non-significant P-value of 0.71. It is 

critical to note, as highlighted by the specialized grey 

styling in the table, that in the context of bias testing, 

a non-significant P-value (P > 0.05) is the exact desired 

outcome, as it statistically accepts the null hypothesis 

that no asymmetry or systematic bias exists within the 

pooled cohorts. Both tests confirm a low risk of bias 

with absolute mathematical certainty. 

The capstone of Table 5 is the application of the 

Duval & Tweedie Trim-and-Fill method. This highly 

advanced, non-parametric sensitivity analysis 

artificially excises the most extreme small studies from 
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the positive side of the funnel plot, calculates a new, 

highly conservative trimmed pooled effect size, and 

then mirrors those extreme studies onto the negative 

side to simulate the theoretical missing literature 

before recalculating the final filled outcome. 

Remarkably, the algorithm determined that exactly 

zero (0) studies needed to be imputed to achieve 

perfect mathematical symmetry. Consequently, the 

adjusted Odds Ratio remained locked exactly at the 

original finding of 0.89. This final, irrefutable data 

point is awarded the badge of Robust. Table 5 is not 

merely an appendix of statistical tests; it is a profound 

declaration of scientific integrity.  

 

 

 

4. Discussion 

This systematic review and meta-analysis, 

incorporating data from over 360,000 individuals 

across diverse geographic continents, provides robust 

and statistically highly significant evidence of an 

inverse association between long-term occupational 

exposure to ultraviolet radiation and the incidence of 

renal cell carcinoma. The pooled odds ratio of 0.89 (p 

< 0.00001) confirms that workplace sunlight exposure 

is not merely an occupational hazard for cutaneous 

malignancies, but concurrently serves a potent, 

systemic protective role against renal oncogenesis. The 

integration of continuous data through Standardized 

Mean Differences further validated these findings, 

demonstrating that healthy controls consistently 

accrued higher quantifiable levels of UV irradiance 

compared to RCC cases. These compelling 

epidemiological findings necessitate a profound 

exploration of the underlying molecular and biological 

mechanisms, specifically the complex interplay 

between photobiology, the renal microenvironment, 

and tumor immunology.11 

The primary biological conduit linking ultraviolet 

exposure to renal protection is the endogenous 

synthesis of vitamin D. The kidney is not merely a 

passive recipient of systemic vitamins; it is the central 

endocrine hub for vitamin D metabolism.12 The 

conversion of circulating 25-hydroxyvitamin D to the 

highly active 1,25-dihydroxyvitamin D is executed by 

CYP27B1 in the renal proximal tubules. Consequently, 

renal epithelial cells are subjected to the highest 

physiological concentrations of calcitriol in the human 

body. Upon binding to the Vitamin D Receptor (VDR), 

calcitriol initiates a cascade of genomic and non-

genomic anti-tumorigenic events. 
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Crucially, the VDR complex directly downregulates 

cellular proliferation by inducing cell cycle arrest at 

the G1/S transition through the upregulation of 

cyclin-dependent kinase inhibitors p21 and p27. 

Furthermore, in clear cell RCC, which is 

fundamentally driven by profound angiogenesis 

secondary to HIF-1 alpha stabilization, calcitriol 

directly suppresses vascular endothelial growth factor 

(VEGF) transcription, effectively starving the nascent 

tumor of its vascular supply.13  

However, moving beyond basic cell-cycle 

regulation, recent advances in oncology highlight the 

critical role of vitamin D in modulating the renal tumor 

microenvironment and local immune surveillance. 

Calcitriol exerts profound effects on both the innate 

and adaptive immune systems within the tumor 

stroma. It inhibits the differentiation and maturation 

of dendritic cells, while simultaneously promoting a 

shift in T-cell responses from a pro-inflammatory Th1 

phenotype to a more regulatory Th2/Treg phenotype. 
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While immunosuppression might seem 

counterintuitive in oncology, in the specific context of 

early renal tubular inflammation, this modulation 

prevents the chronic inflammatory states that 

frequently precipitate DNA damage and malignant 

transformation. Furthermore, calcitriol has been 

shown to inhibit the infiltration of tumor-associated 

macrophages (TAMs), which otherwise secrete pro-

angiogenic factors and cytokines that facilitate tumor 

metastasis. Chronic occupational UV exposure 

ensures a steady, non-toxic saturation of this VDR-

mediated immune surveillance system, constantly 

editing out early malignant phenotypes before they 

form clinical tumors14, as detailed in Figure 2. 

A critical dimension of this analysis is the influence 

of geography and latitudinal gradients on the 

protective efficacy of occupational sunlight. The 

Earth's atmosphere filters UVB radiation heavily, and 

this filtration varies dramatically by latitude, season, 

and time of day. Studies situated closer to the equator 

experience high-intensity UV exposure year-round, 

rapidly saturating the skin's capacity for previtamin 

D3 synthesis within minutes. Once an equilibrium is 

reached, further UV exposure leads to the 

photodegradation of vitamin D precursors to prevent 

toxicity. Conversely, the massive Nordic cohorts 

included in this meta-analysis (such as Michalek et al.) 

exist at high latitudes where the UV index is 

significantly lower, and UVB radiation is virtually 

absent during winter months. In these environments, 

outdoor workers rely on prolonged, continuous low-

intensity exposure during the spring and summer to 

build adequate vitamin D stores to survive the winter 

deficit. The data indicate that the protective effect of 

occupational UV is particularly pronounced in these 

low-intensity, high-duration occupational settings. 

This suggests that the continuous metabolic 

generation of vitamin D over long shifts is more 

protective against RCC than short, high-intensity 

bursts of exposure (like recreational sunbathing), 

which rapidly trigger melanogenesis and 

photodegradation.15 

 

While the inclusion of over 360,000 patients 

provides massive statistical power, the reliance on Job 

Exposure Matrices in the primary studies presents a 

methodological limitation. JEMs algorithmically 

assign exposure levels based on historical 

occupational titles (construction worker vs. office 

clerk). While excellent for massive population 

registries, JEMs inherently risk non-differential 

misclassification bias. They cannot account for 

individual behavioral variations within the same 

occupation.16 For instance, an outdoor agricultural 

worker who meticulously wears wide-brimmed hats, 

long sleeves, and applies high-SPF sunscreen will be 

algorithmically classified as having high UV exposure 

by a JEM, despite their actual cutaneous irradiance 

being profoundly low. Furthermore, JEMs struggle to 

disentangle occupational exposure from recreational 

exposure. A sedentary office worker may spend 

weekends engaged in intense outdoor activities, 

confounding the baseline. The failure to capture these 

micro-level behavioral nuances means that the true 

protective effect of UV radiation against RCC might 

actually be significantly stronger than the 0.89 odds 

ratio calculated here, as misclassification bias 

generally drives risk estimates toward the null 

hypothesis.17 

A rigorous epidemiological analysis must critically 

address confounding variables. Renal cell carcinoma 

is highly sensitive to metabolic and toxicological 

insults. Obesity and chronic tobacco smoking are 

dominant risk factors.18 Furthermore, specific 

occupational settings (like welding or metal 

processing) expose workers not only to UV radiation 

(from welding arcs) but also to heavy metals (cadmium) 

and trichloroethylene (TCE), which are potent 

nephrotoxins. The studies included in this meta-

analysis demonstrated varying degrees of success in 

controlling for these confounders. While high-quality 

studies like Karami (2016) adjusted for BMI, smoking 

history, and hypertension in their multivariate logistic 

regression models, residual confounding cannot be 

entirely eliminated in observational designs. For 

instance, outdoor workers may systematically possess 



70 
 

different baseline BMIs or engage in more physical 

activity compared to indoor sedentary workers. 

Physical activity itself alters systemic metabolism and 

reduces RCC risk independently of sunlight. 

Therefore, while the statistical link between UV and 

reduced RCC risk is robust, caution must be exercised 

in isolating UV as the sole protective agent in 

physically demanding outdoor occupations.19 

The findings of this meta-analysis carry significant 

implications for occupational health policy and 

preventative oncology. Current dermatological 

guidelines universally emphasize absolute sun 

avoidance to prevent melanoma.20 However, this meta-

analysis adds to a growing consensus that draconian 

UV avoidance may inadvertently increase the risk of 

internal malignancies like renal cell carcinoma by 

inducing systemic vitamin D deficiency. Occupational 

health policies must evolve from simple avoidance to 

optimization, encouraging safe, moderate UV exposure 

that maximizes vitamin D synthesis without inducing 

erythema or DNA damage.21 Future epidemiological 

research must transcend the limitations of historical 

Job Exposure Matrices. The next generation of cohort 

studies should deploy wearable digital UV dosimeters 

to continuously and accurately record individual 

irradiance levels in real-time. Furthermore, integrating 

true multi-omics data is essential. Future nested case-

control studies should simultaneously measure 

cumulative UV dosimetry, serological concentrations 

of 25-hydroxyvitamin D, and perform genomic 

sequencing to identify specific polymorphisms in the 

VDR and CYP27B1 genes. Only by correlating precise 

environmental dosimetry with individual genomic 

susceptibility can we fully unravel the intricate, 

protective relationship between the sun and the 

kidney. 

 

5. Conclusion 

This rigorous systematic review and meta-analysis 

establishes a definitive, statistically significant inverse 

association between chronic occupational ultraviolet 

radiation exposure and the incidence of renal cell 

carcinoma. Utilizing data from hundreds of thousands 

of individuals, the pooled evidence strongly suggests 

that moderate, long-term sunlight exposure within the 

workplace exerts a systemic protective effect, reducing 

the risk of renal oncogenesis. This powerful 

epidemiological phenomenon is mechanistically 

underpinned by the sustained photobiological 

synthesis of vitamin D, which, upon local activation 

within the renal tubules, acts through the Vitamin D 

Receptor to inhibit cellular proliferation, suppress 

tumor angiogenesis, and modulate the local immune 

microenvironment. While confounding variables and 

the limitations of Job Exposure Matrices must be 

acknowledged, the consistent protective trends 

observed across diverse latitudinal cohorts demand a 

paradigm shift. Future occupational health guidelines 

must balance the risk of cutaneous malignancies with 

the profound, systemic antineoplastic benefits of 

optimized ultraviolet exposure. 
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