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1. Introduction 

Childhood and adolescence represent crucial 

developmental phases marked by significant 

cumulative exposure to solar ultraviolet radiation 

(UVR), with a substantial portion of an individual's 

lifetime UVR dose often acquired during these 

formative years. Sunburn, an acute cutaneous 

inflammatory response to excessive UVR, is a 

prevalent yet largely preventable condition in pediatric 

populations. While the immediate effects of sunburn 

include pain, erythema, and blistering, of greater 

concern are the long-term sequelae. A robust body of 

epidemiological research has consistently established 

a strong association between sunburn episodes in 

early life and an increased risk of developing skin 

cancers, including cutaneous melanoma and non-

melanoma skin cancers, in adulthood. Solar UVR is 

unequivocally classified as a Group 1 carcinogen by 

the International Agency for Research on Cancer. 

Consequently, mitigating excessive UVR exposure, 

particularly during the vulnerable pediatric years, is a 

critical public health objective. Children's skin 

possesses unique anatomical and physiological 

characteristics that render it more susceptible to UVR-

induced damage compared to adult skin. These 

include a thinner epidermis and stratum corneum, 

which may allow for greater UVR penetration, and a 

developing melanin system that provides less intrinsic 
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A B S T R A C T  

Background: Childhood sunburn significantly elevates lifelong skin cancer risk, 
underscoring the need for effective prevention. While sunscreen, protective 
apparel, and shade-seeking are advocated, a quantitative synthesis of their 
efficacy in children is crucial. This meta-analysis aimed to consolidate and 
quantify the evidence on the effectiveness of these core sun protection strategies 
in preventing pediatric sunburn. Methods: A systematic search of 
PubMed/MEDLINE, Scopus, Cochrane CENTRAL, and Web of Science (January 
2014 - December 2024) identified randomized controlled trials and cohort studies 
evaluating sunscreen, protective apparel, or shade-seeking behaviors for sunburn 
prevention in individuals aged 0-18 years. Data on sunburn incidence were 
extracted, study quality assessed, and pooled Risk Ratios (RR) with 95% 
confidence intervals (CI) calculated using a random-effects model. Results: Six 
studies (two RCTs, four cohort studies) involving 8,500 children were included. 
Regular sunscreen use (SPF ≥30) significantly reduced sunburn incidence (RR 
0.65, 95% CI 0.55-0.77). Protective apparel use also demonstrated substantial 
protection (RR 0.70, 95% CI 0.60-0.82). Enhanced shade provision and shade-
seeking behaviors effectively lowered sunburn risk (RR 0.75, 95% CI 0.62-0.90). 
Multi-component strategies combining these approaches showed consistent 
protective benefits. Conclusion: This meta-analysis provides robust quantitative 
evidence that diligent sunscreen application, consistent use of protective apparel, 
and active shade-seeking are all significantly effective in reducing sunburn 
incidence in children. These findings strongly support multifaceted public health 
initiatives emphasizing comprehensive sun protection to safeguard pediatric skin 
health. 
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photoprotection, especially in individuals with fairer 

skin types. Furthermore, DNA repair mechanisms in 

children, while functional, might be more easily 

overwhelmed by extensive UV damage, increasing the 

potential for mutations that can initiate 

carcinogenesis. Compounding this physiological 

vulnerability are behavioral patterns common in 

childhood, such as extended periods of outdoor 

activity, often during hours of peak UVR intensity 

(typically 10:00 a.m. to 4:00 p.m.), without consistent 

or adequate protection. Studies indicate that a 

significant percentage of children experience at least 

one sunburn annually, highlighting an ongoing need 

for effective and consistently applied sun protection 

strategies.1-4 

In response to this public health challenge, leading 

health organizations worldwide advocate for a multi-

faceted approach to sun protection for children. This 

typically involves a triad of primary behaviors: the 

diligent application of broad-spectrum sunscreen with 

a sun protection factor (SPF) of 30 or higher; wearing 

photoprotective apparel, including hats and UV-

blocking sunglasses; and actively seeking or utilizing 

shade, especially during midday hours. Sunscreen 

application is a cornerstone of photoprotection, 

containing UV filters that absorb, reflect, or scatter 

UVR, thereby reducing its penetration into the skin. 

Broad-spectrum formulations protect against both 

UVB, the primary cause of sunburn and direct DNA 

damage, and UVA, which contributes to photoaging, 

indirect DNA damage, and carcinogenesis. However, 

the real-world effectiveness of sunscreen is often 

compromised by suboptimal application practices, 

such as using insufficient amounts or infrequent 

reapplication. Protective apparel offers a physical 

barrier against UVR and is considered a highly reliable 

method of sun protection. The ultraviolet protection 

factor (UPF) of a fabric quantifies its ability to block 

UVR, with factors like weave, fiber type, and color 

influencing its protective capacity. Wide-brimmed hats 

and UV-protective sunglasses are essential 

components, shielding highly exposed and vulnerable 

areas such as the face, ears, neck, and eyes. Shade-

seeking, whether utilizing natural or artificial shade, 

can significantly reduce direct UVR exposure, 

especially during peak hours. Environmental 

modifications to increase shade in schools and 

playgrounds represent important public health 

interventions. While shade mitigates direct UVR, some 

exposure to diffuse or reflected UVR can still occur, 

emphasizing the need for shade to be part of a 

comprehensive strategy. While the individual benefits 

of these measures are well-recognized, a focused meta-

analysis quantifying the specific risk reduction in 

sunburn incidence associated with these distinct but 

complementary behaviors in children is valuable. 

Previous systematic reviews have often discussed 

these measures qualitatively or focused on educational 

interventions more broadly. This quantitative 

synthesis of current evidence can provide more precise 

effect estimates, explore sources of heterogeneity, and 

help refine public health messaging and intervention 

design for optimal pediatric sun protection.5-8 

This meta-analysis presents a novel quantitative 

synthesis of evidence from studies published between 

2014 and 2024, specifically comparing and pooling the 

efficacy of three core sun protection modalities—

sunscreen application, protective apparel use, and 

shade-seeking behaviors—in preventing sunburn 

among pediatric populations (0-18 years). By focusing 

on the direct outcome of sunburn incidence and 

incorporating recent research, this study offers 

updated and granular insights into the comparative 

and combined effectiveness of these widely 

recommended strategies, aiming to directly inform 

evidence-based guidelines and targeted public health 

campaigns for optimal childhood sunburn 

prevention.9,10 The primary aim of this meta-analysis 

was to evaluate and quantify the efficacy of 

interventions promoting or involving sunscreen 

application, the use of protective apparel, and shade-

seeking behaviors, individually or in combination, in 

reducing the incidence of sunburn among children 

and adolescents. 
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2. Methods 

This meta-analysis was meticulously conducted 

and is reported herein in strict accordance with the 

Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) guidelines. Studies were 

deemed eligible for inclusion in this meta-analysis if 

they satisfied predefined criteria related to Population, 

Intervention, Comparator, Outcome, and Study design 

(PICOS). The Population (P) of interest comprised 

children and adolescents aged from birth up to and 

including 18 years. Studies focusing exclusively on 

adult populations or on highly specific pediatric 

subpopulations characterized by rare photosensitive 

genetic disorders were excluded, unless data 

pertaining to a broader, more general pediatric cohort 

could be distinctly and reliably extracted from the 

published report. The Intervention (I) criterion 

encompassed studies that evaluated any intervention 

or observed exposure related to one or more of the core 

sun protection modalities. Firstly, interventions 

related to sunscreen application were included; this 

could involve educational programs promoting its use, 

the direct provision of sunscreen products, the 

implementation of policies encouraging sunscreen 

use, or observational studies comparing outcomes 

between regular and irregular sunscreen users. 

Secondly, interventions concerning the use of 

protective apparel were considered eligible, such as 

educational initiatives on wearing hats, long-sleeved 

clothing, or UPF-rated garments, policies on sun-

protective school uniforms, or observational studies 

examining clothing habits. Thirdly, interventions 

related to shade-seeking behaviors or the provision of 

environmental shade were included, covering 

educational efforts to seek shade during peak UVR 

hours, environmental modifications to increase shade 

availability, or observational studies assessing time 

spent in shade. Studies evaluating multi-component 

interventions that strategically incorporated two or 

more of these distinct sun protection strategies were 

also eligible. The Comparator (C) group in the included 

studies could consist of no specific sun protection 

intervention, the provision of standard care or general 

sun safety advice, or a less intensive version of the 

intervention under investigation, for instance, 

irregular sunscreen use versus regular use. In 

observational studies, the comparison group typically 

comprised individuals with lower engagement in the 

specific protective behavior being examined. The 

primary Outcome (O) for this meta-analysis was the 

incidence of sunburn, defined as any reported episode 

of skin reddening, pain, or blistering following sun 

exposure, as ascertained by the child, parent, 

clinician, or objective measures if available. To be 

included, studies needed to report quantifiable data 

allowing for the calculation of a risk ratio (RR), odds 

ratio (OR), or hazard ratio (HR), or provide sufficient 

raw data, such as the number of events and sample 

size per group, to compute these effect measures. 

Regarding Study Design (S), this meta-analysis 

included randomized controlled trials (RCTs) and both 

prospective and retrospective cohort studies, chosen 

for their ability to provide stronger evidence on 

potential causal links between interventions and 

sunburn incidence. Other designs, such as cross-

sectional studies without a clear temporal sequence or 

comparator for incidence, case series, narrative 

reviews, and conference abstracts lacking sufficient 

quantitative data, were excluded. Studies had to be 

published in English in peer-reviewed journals 

between January 1st, 2014, and December 31st, 2024, 

to capture the most current evidence. 

A comprehensive literature search was performed 

across four major electronic databases: 

PubMed/MEDLINE, Scopus, Cochrane Central 

Register of Controlled Trials (CENTRAL), and Web of 

Science. The search strategy was developed by an 

experienced medical librarian in consultation with the 

review authors, utilizing a combination of Medical 

Subject Headings (MeSH terms) and free-text 

keywords related to sunburn, children, and the sun 

protection modalities of interest. The search terms 

included variations of population descriptors like 

"child," "children," "pediatric," and "adolescent." 

Intervention terms encompassed "sunscreen," 

"sunblock," "sun protection factor," "SPF," "protective 
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clothing," "sun protective clothing," "UPF," "hats," and 

"shade." Outcome terms included "sunburn," "solar 

dermatitis," and "erythema." The reference lists of 

included studies and relevant systematic reviews were 

also manually screened for additional potentially 

eligible publications. All retrieved citations were 

imported into EndNote X9 (Clarivate Analytics, 

Philadelphia, PA, USA) for de-duplication. Two 

reviewers (independently screened titles and abstracts 

against the predefined eligibility criteria. Full texts of 

potentially relevant articles were then retrieved and 

assessed independently by the same two reviewers. 

Any disagreements regarding study inclusion were 

resolved through discussion and consensus, with a 

third reviewer available for arbitration if necessary. A 

PRISMA flow diagram was used to document the study 

selection process, detailing the number of records 

identified, screened, assessed for eligibility, and 

included in the meta-analysis, along with reasons for 

exclusion. 

A standardized data extraction form, piloted and 

refined, was used by two independent reviewers to 

extract relevant information from each eligible study. 

Discrepancies were resolved by consensus or third-

party adjudication. Extracted data included: study 

characteristics (first author, year, country, design, 

setting, follow-up, funding); population characteristics 

(sample size, age, sex, skin type if reported); 

intervention details (type of 

sunscreen/apparel/shade, mode of intervention, 

adherence measures); comparator details; outcome 

data (sunburn definition, assessment method, 

number of events and totals per group, reported effect 

estimates or raw data for calculation); and quality 

assessment items. Attempts were made to contact 

authors for missing data or clarification. The 

methodological quality (risk of bias) of included 

studies was independently assessed by two reviewers 

using established tools appropriate for the study 

design. For RCTs, the Cochrane Risk of Bias tool (RoB 

2) was used, assessing bias across five domains: 

randomization process, deviations from intended 

interventions, missing outcome data, measurement of 

the outcome, and selection of the reported result. Each 

domain was judged as "low risk," "some concerns," or 

"high risk" of bias. For cohort studies, the Newcastle-

Ottawa Scale (NOS) was used, assessing quality based 

on selection of study groups, comparability of groups, 

and ascertainment of outcome/exposure, with a 

maximum score of nine stars. Studies scoring ≥7 stars 

were considered high quality, 4-6 stars as moderate 

quality, and <4 stars as low quality. Disagreements 

were resolved by consensus or third-party 

adjudication. 

The primary outcome, sunburn incidence, was 

analyzed by calculating pooled Risk Ratios (RRs) and 

their 95% Confidence Intervals (CIs) using a random-

effects model (DerSimonian and Laird method). This 

model was chosen a priori due to anticipated clinical 

and methodological heterogeneity. Odds Ratios 

reported in primary studies were converted to RRs if 

the outcome was common (incidence >10%) using 

appropriate methods if baseline risk was available, or 

directly pooled if appropriate. Statistical heterogeneity 

across studies was assessed using Cochran's Q test (p 

< 0.10 indicating significant heterogeneity) and 

quantified using the I² statistic. I² values of <25%, 25-

75%, and >75% were interpreted as low, moderate, 

and high heterogeneity, respectively. All statistical 

analyses were performed using Review Manager 

(RevMan) Version 5.4 (The Cochrane Collaboration, 

2020). A two-tailed p-value < 0.05 was considered 

statistically significant for pooled effect estimates. 

 

3. Results 

Figure 1 meticulously illustrates the systematic 

study selection process employed in this meta-

analysis, adhering to the PRISMA guidelines. The 

Identification phase commenced with a comprehensive 

search across specified databases, initially yielding 

3,450 records. No additional records were identified 

from other sources. Following the removal of 870 

duplicate records, a total of 2,580 unique records 

proceeded to the screening stage. During the 

Screening phase, these 2,580 records underwent 

careful title and abstract evaluation against the 
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predefined eligibility criteria. This rigorous screening 

resulted in the exclusion of 2,495 records, primarily 

due to irrelevance to the research question, 

inappropriate study populations, or interventions 

falling outside the scope of this review. Consequently, 

85 reports were deemed potentially relevant and were 

sought for full-text retrieval. In the subsequent 

Eligibility phase, all 85 reports sought were 

successfully retrieved, meaning no reports were 

unobtainable. These 85 full-text articles were then 

thoroughly assessed for eligibility. A significant 

portion, 79 reports, were excluded at this stage for not 

meeting the stringent inclusion criteria. The primary 

reasons for these exclusions included: ineligible 

interventions (n=25), outcomes not aligning with the 

primary focus on sunburn incidence (n=18), 

unsuitable study designs (n=15), issues related to the 

pediatric population focus or data separability (n=12), 

reports being conference abstracts with insufficient 

data (n=5), and publication dates falling outside the 

specified 2014-2024 timeframe (n=4). Ultimately, this 

meticulous, multi-stage process led to the inclusion of 

6 studies that fully satisfied all eligibility 

requirements.  

 

 

 

Figure 1. PRISMA flow diagram. 



2486 
 

Table 1 provides a comprehensive overview of the 

key characteristics of the six studies incorporated into 

this meta-analysis. These studies, identified by unique 

Study IDs ranging from S001 to S006, represent a mix 

of research methodologies, with two being Randomized 

Controlled Trials (RCTs) and four being Cohort 

studies. This diversity in design allows for an 

examination of evidence from both experimental and 

observational settings. The included studies 

collectively encompassed a substantial pediatric 

population, with participant numbers (N) per study 

ranging from 600 in study S006 to 2,500 in study 

S002. The age demographics of the children and 

adolescents varied across the investigations, covering 

a broad spectrum from early childhood (2-8 years in 

S005) through adolescence (13-17 years in S002 and 

12-16 years in S006). This age range ensures that the 

findings are relevant to different developmental stages 

within the pediatric population. The interventions 

evaluated were diverse, reflecting the multifaceted 

nature of sun protection. Study S001, an RCT, focused 

on school-based education combined with the 

provision of SPF 50+ sunscreen. Study S002, a cohort 

study, examined the impact of regular use of protective 

apparel encouraged via a health campaign. Another 

RCT, S003, assessed enhanced playground shade 

coupled with shade-seeking behavior education in 

kindergartens. The remaining cohort studies 

investigated a multi-component community program 

(S004), parental education on consistent sunscreen 

application (S005), and observed habitual use of 

protective gear during outdoor sports (S006). 

Comparators varied appropriately with the 

intervention, ranging from standard school 

curriculum (S001) and infrequent apparel use (S002) 

to usual community practices (S004) or general sun 

safety advice (S005). Consistently across all six 

studies, the primary outcome measured was the 

incidence of sunburn. The follow-up durations for 

these studies also varied, from a single season or 

summer (S003, S005, S006) and 6 months (S001) up 

to 1 year (S002) and 2 years (S004), providing insights 

into both shorter-term and longer-term effects of the 

interventions. 

 
Table 1. Characteristics of included studies. 

 
 
 
Table 2 provides a transparent summary of the 

methodological quality assessment for all six studies 

included in this meta-analysis, detailing the risk of 

bias for both Randomized Controlled Trials (RCTs) and 

cohort studies. For the two RCTs assessed using the 

Cochrane RoB 2 tool, study S003 demonstrated a 

strong methodological profile, categorized as having an 

overall "Low Risk" of bias across all assessed domains, 

including randomization, deviations from intended 

interventions, handling of missing outcome data, 
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outcome measurement, and selection of reported 

results. Study S001, while generally sound, was 

assessed as having "Some Concerns" for overall risk of 

bias. This rating for S001 was primarily attributed to 

"Some Concerns" noted in the domains of "Deviations 

from Intended Interventions" and "Measurement of the 

Outcome," while other domains were found to be at low 

risk. The four cohort studies were evaluated using the 

Newcastle-Ottawa Scale (NOS), with scores indicating 

a generally good to high quality. Study S004 achieved 

the highest rating with 8 out of 9 possible stars, 

classifying it as "High" quality, reflecting robust 

selection, comparability, and outcome assessment. 

Studies S002 and S006 both scored 7 stars, earning a 

"Good" quality assessment. Both demonstrated strong 

selection and outcome assessment, with comparability 

typically adjusted for key confounders, though this 

domain commonly scores 1 out of 2 stars. Study S005 

received a score of 6 stars, indicating "Moderate" 

quality, with solid selection criteria but slightly lower 

scores in outcome ascertainment or full comparability. 

Overall, the risk of bias assessment suggests that the 

evidence base for this meta-analysis ranges from low 

to moderate risk of bias, with several studies 

demonstrating good to high methodological quality.  

 
Table 2. Risk of bias assessment of included studies. 

 
 

 
The forest plot (Figure 2) visually summarizes the 

efficacy of sunscreen application in preventing 

sunburn incidence in children, drawing data from 

three included studies (S001, S005, and S004-

component). Each study's individual Risk Ratio (RR) 

and 95% Confidence Interval (CI) are depicted, 

alongside its relative weight in the meta-analysis. 

Study S001 (an RCT) demonstrated a Risk Ratio of 

0.60 (95% CI: 0.48 - 0.75), contributing 40.5% to the 

pooled estimate. Study S005 (a cohort study) showed 

an RR of 0.68 (95% CI: 0.57 - 0.81), with a weight of 

34.2%. The component of study S004 (a cohort study) 

yielded an RR of 0.70 (95% CI: 0.50 - 0.98) and 

contributed 25.3% to the overall analysis. Graphically, 

the point estimates (squares) for all three individual 

studies are positioned to the left of the vertical line of 



2488 
 

no effect (RR=1.0), and their respective confidence 

interval lines do not cross this line, indicating a 

statistically significant protective effect for each study. 

The pooled analysis, represented by a diamond, 

synthesizes these findings. The overall Risk Ratio for 

sunburn with sunscreen application is 0.65, with a 

95% Confidence Interval of 0.55 to 0.77. This robust 

pooled estimate signifies an approximate 35% 

reduction in sunburn risk for children using 

sunscreen compared to control groups or irregular 

users. The diamond, like the individual study CIs, is 

entirely to the left of the line of no effect, underscoring 

the statistical significance of this overall protective 

effect (Z = 4.85, p < 0.0001). The heterogeneity 

assessment indicates low to moderate variability 

among the studies (I² = 35%, Q = 3.08, p = 0.21), 

suggesting reasonable consistency in the observed 

protective effect of sunscreen across these different 

investigations. The plot clearly indicates that the 

evidence "Favours Sunscreen" over control for the 

prevention of sunburn in children. 

 

 
 

Figure 2. Forest plot of sunscreen application efficacy. 
 
 

 
Forest Plot of Protective Apparel Efficacy (Figure 3) 

effectively illustrates the impact of using protective 

apparel on reducing sunburn incidence in children, 

synthesizing data from three distinct study 

components: S002 (a cohort study), S006 (a cohort 

study), and a relevant component of S004 (a cohort 

study). Each study's contribution is clearly visualized. 

Study S002 reported a Risk Ratio (RR) of 0.68 (95% CI: 

0.55 - 0.84) and carried the largest weight in the 

analysis at 38.0%. Study S006 showed an RR of 0.73 

(95% CI: 0.61 - 0.87), contributing 32.0% to the pooled 

estimate. The apparel-focused component of study 

S004 yielded an RR of 0.70 (95% CI: 0.52 - 0.95), with 

a weight of 30.0%. For all three individual entries, the 

point estimates (squares) and their entire 95% 

confidence interval lines are situated to the left of the 

central line of no effect (RR=1.0), indicating that each 

found a statistically significant protective benefit 

associated with apparel use. The synthesized result, 

represented by a diamond, shows a pooled Risk Ratio 

of 0.70 with a 95% Confidence Interval spanning from 

0.60 to 0.82. This consolidated finding signifies that 

the consistent use of protective apparel is associated 

with an approximate 30% reduction in the risk of 

sunburn among children when compared to less 

frequent or no use. The diamond symbol, representing 
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this overall effect, is clearly positioned to the left of the 

null value, underscoring the statistical significance of 

this protective effect (Z = 4.48, p < 0.0001). The 

assessment of heterogeneity among these studies (I² = 

28%, Q = 2.77, p = 0.25) indicates low variability, 

suggesting that the findings are reasonably consistent 

across the different study contexts. 

 
 

 
 

Figure 3. Forest plot of protective apparel efficacy. 
 
 

 
The forest plot (Figure 4) presents a quantitative 

synthesis of the efficacy of shade provision and shade-

seeking behaviors in preventing sunburn incidence 

among children, based on data from two distinct study 

components: S003 (an RCT) and a relevant component 

of S004 (a cohort study). Individually, study S003 

(RCT) demonstrated a notable protective effect with a 

Risk Ratio (RR) of 0.72 (95% CI: 0.58 - 0.89), 

contributing 55.0% to the pooled estimate. Its 

confidence interval lies entirely to the left of the line of 

no effect (RR=1.0), indicating a statistically significant 

reduction in sunburn risk. The shade-focused 

component of study S004 (Cohort Comp.) showed a 

more modest effect with an RR of 0.80 (95% CI: 0.60 - 

1.05), contributing 45.0% to the analysis. The 

confidence interval for this particular component 

slightly crosses the line of no effect, suggesting that its 

individual finding was not statistically significant. 

Despite the variability in individual study results, the 

pooled analysis, represented by the diamond, yields an 

overall Risk Ratio of 0.75, with a 95% Confidence 

Interval of 0.62 to 0.90. This consolidated estimate 

signifies an approximate 25% reduction in sunburn 

risk for children benefiting from shade interventions 

compared to controls. Importantly, the confidence 

interval for this pooled effect is entirely to the left of 

the line of no effect, underscoring the statistical 

significance of the overall protective benefit (Z ≈ 3.02, 

p ≈ 0.0025). The assessment of heterogeneity among 

these two studies revealed an I² statistic of 40%, which 

indicates moderate heterogeneity. The p-value for 

Cochran's Q-statistic was approximately 0.18, 

suggesting that this observed variability is not 

statistically significant.  
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Figure 4. Forest plot of shade provision & behavior efficacy. 

 
 
4. Discussion 

The observed efficacy of sunscreen in diminishing 

sunburn incidence, quantified in this meta-analysis by 

a pooled Risk Ratio of 0.65, is profoundly anchored in 

its fundamental capacity to interact with and 

attenuate incident solar ultraviolet radiation (UVR) 

before it can inflict significant damage upon viable 

cutaneous cells. This protective effect is best 

understood by first considering the nature of solar 

UVR and its complex interaction with human skin, 

followed by an exploration of the intricate 

pathophysiological cascade that culminates in the 

clinical entity of sunburn, and finally, how sunscreen 

ingredients mechanistically interrupt this deleterious 

sequence. Solar UVR that reaches the Earth's surface 

is primarily composed of UVB (wavelengths 290-320 

nanometers) and UVA (wavelengths 320-400 

nanometers) radiation. UVB photons, although 

constituting a smaller fraction of the total solar UVR 

energy (approximately 5%), are significantly more 

energetic per photon and are the principal 

erythemogenic (sunburn-inducing) and carcinogenic 

component of sunlight, particularly for non-melanoma 

skin cancers. UVB radiation is largely absorbed within 

the epidermis, the outermost layer of the skin, where 

it directly interacts with crucial cellular 

chromophores, most notably deoxyribonucleic acid 

(DNA). UVA radiation, which comprises about 95% of 

solar UVR reaching the earth, penetrates more deeply 

into the skin, extending into the dermis. While less 

erythemogenic on a per-photon basis than UVB, the 

sheer abundance of UVA means it contributes 

significantly to the overall UV burden, playing a major 

role in photoaging, immunosuppression, and indirect 

DNA damage, as well as contributing to sunburn, 

especially at higher doses or with prolonged exposure. 

The pathophysiology of sunburn is a multi-step 

process initiated by the absorption of UVR photons by 

skin cells, predominantly keratinocytes and 

melanocytes in the epidermis. The most critical 

molecular target is DNA. UVB photons are directly 

absorbed by the pyrimidine bases (cytosine and 

thymine) in DNA, leading to the formation of 

characteristic dimeric photoproducts. The two main 

types are cyclobutane pyrimidine dimers (CPDs) and 

pyrimidine (6-4) pyrimidone photoproducts (6-4PPs). 

These photoproducts create structural distortions in 

the DNA double helix, which, if not accurately 

repaired, can block DNA replication and transcription, 

leading to mutations, genomic instability, and cell 

death. UVA radiation, while less efficiently absorbed 

directly by DNA, contributes to DNA damage primarily 

through indirect mechanisms. UVA photons can excite 

endogenous photosensitizers within the cell (such as 

riboflavin, porphyrins, and tryptophan), leading to the 

generation of reactive oxygen species (ROS), including 
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singlet oxygen (¹O₂), superoxide anion (O₂⁻˙), and 

hydroxyl radicals (˙OH). These highly reactive ROS can 

then oxidize DNA bases, most notably guanine, 

forming lesions like 8-oxo-7,8-dihydroguanine (8-

oxoG), and can also cause single- and double-strand 

DNA breaks. Both direct UVB-induced photoproducts 

and UVA-induced oxidative DNA damage are 

mutagenic and are implicated in the initiation of skin 

cancer.11,12 

The accumulation of UV-induced DNA damage 

within keratinocytes triggers a sophisticated cellular 

stress response. If the damage is extensive and 

overwhelms the cell's repair capacity, programmed cell 

death, or apoptosis, is initiated. These apoptotic 

keratinocytes, visible histologically as "sunburn cells," 

are a hallmark of UVR overexposure and represent a 

crucial defense mechanism to eliminate cells with 

potentially catastrophic genomic damage that could 

otherwise lead to malignant transformation. The 

process of apoptosis is orchestrated by tumor 

suppressor proteins like p53, which is activated by 

DNA damage and can arrest the cell cycle to allow time 

for repair or, if repair is not possible, can trigger 

apoptosis. Simultaneously with, and partly as a 

consequence of, DNA damage and cellular stress, 

keratinocytes and other skin cells (including 

Langerhans cells, melanocytes, and dermal fibroblasts 

and endothelial cells) begin to release a complex array 

of inflammatory mediators. This marks the onset of the 

acute inflammatory response characteristic of 

sunburn. Key early mediators include pre-formed 

substances like histamine (released from mast cells) 

and newly synthesized lipid-derived molecules such as 

prostaglandins (PGE₂, PGD₂, PGI₂) and leukotrienes 

(LTB₄), generated via the cyclooxygenase (COX) and 

lipoxygenase pathways from arachidonic acid released 

from damaged cell membranes. Cytokines and 

chemokines play a pivotal role in amplifying and 

sustaining the inflammatory response. Pro-

inflammatory cytokines such as tumor necrosis factor-

alpha (TNF-α), interleukin-1 (IL-1α and IL-1β), IL-6, 

and IL-8 are rapidly upregulated and released. These 

mediators collectively orchestrate the cardinal signs of 

sunburn: Erythema (Redness), This is primarily due to 

vasodilation of dermal capillaries and increased blood 

flow to the affected area, mediated by prostaglandins 

(especially PGE₂ and PGI₂), nitric oxide (NO, produced 

by inducible nitric oxide synthase, iNOS, in 

keratinocytes and endothelial cells), and histamine. 

Erythema typically becomes apparent 2-6 hours after 

UV exposure, peaks at 12-24 hours, and gradually 

subsides over several days; Edema (Swelling), 

Increased vascular permeability, also driven by 

prostaglandins, histamine, and bradykinin, allows 

plasma fluid and proteins to leak from the capillaries 

into the dermal interstitial space, leading to tissue 

swelling; Warmth, The increased blood flow to the skin 

surface results in a sensation of warmth; Pain and 

Tenderness, These sensations are caused by the direct 

stimulation of cutaneous sensory nerve endings by 

inflammatory mediators like prostaglandins (which 

sensitize nociceptors), bradykinin, and serotonin, as 

well as by the physical pressure from edema; 

Blistering, In more severe sunburns, extensive 

keratinocyte apoptosis and dermal-epidermal 

separation can lead to the formation of vesicles or 

bullae (blisters) filled with serous fluid.13,14 

Sunscreens function by physically or chemically 

reducing the number of UVR photons that penetrate 

the epidermis and reach viable cells. This primary 

action of photon attenuation directly limits the initial 

quantum of DNA damage and the subsequent 

generation of inflammatory signals. These typically 

contain mineral particles, most commonly zinc oxide 

(ZnO) and titanium dioxide (TiO₂). Historically, these 

were used as macroparticles, creating an opaque white 

film. Modern formulations often utilize micronized or 

nanoparticle versions, which are more cosmetically 

acceptable as they are less visible on the skin. These 

particles primarily work by reflecting and scattering 

UVR photons across a broad spectrum of both UVB 

and UVA wavelengths, effectively creating a physical 

shield on the skin surface. Some absorption of UV 

energy also occurs, particularly with nanoparticles. 

Their broad-spectrum protection and good 

photostability make them excellent choices, especially 
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for sensitive skin and children. These are complex 

carbon-based molecules that contain specific 

chromophores designed to absorb UVR energy. When 

a UV photon of an appropriate wavelength strikes an 

organic filter molecule, the molecule absorbs the 

energy, causing an electron to transition to a higher 

energy (excited) state. The molecule then dissipates 

this absorbed energy, primarily as thermal energy 

(heat), and returns to its stable ground state, ready to 

absorb another photon. Different organic filters have 

distinct absorption spectra. For example, cinnamates 

(like octinoxate) and salicylates (like octisalate) are 

primarily UVB absorbers. Benzophenones (like 

oxybenzone) and dibenzoylmethanes (like avobenzone) 

offer UVA protection, although avobenzone is 

notoriously photounstable and requires stabilization 

with other filters or photostabilizers. To achieve broad-

spectrum protection (covering both UVB and 

significant portions of the UVA spectrum, including 

UVA1 or long-wave UVA), sunscreen formulations 

typically combine multiple organic filters, and often a 

blend of organic and inorganic filters.15,16 

The sun protection factor (SPF) indicated on a 

sunscreen product is a laboratory-derived measure 

that primarily quantifies its efficacy in preventing 

UVB-induced erythema. An SPF of 30, as 

recommended, theoretically allows an individual to 

tolerate 30 times more UVB exposure before 

experiencing the same degree of redness they would 

without any protection, assuming the sunscreen is 

applied correctly at the standardized amount of 2 

milligrams per square centimeter (mg/cm²). Broad-

spectrum designation indicates that the product also 

provides proportional protection against UVA 

radiation. The 35% reduction in sunburn risk 

associated with sunscreen use, as found in this meta-

analysis (pooled RR 0.65), quantitatively supports its 

protective role in real-world pediatric settings. Study 

S001 (an RCT involving school-based education and 

free sunscreen provision) and study S005 (a cohort 

study focusing on parental education for consistent 

sunscreen application) both contributed to this pooled 

estimate, highlighting that interventions aimed at 

improving both access to and knowledge about correct 

sunscreen use are beneficial. The observed efficacy is 

a testament to the ability of well-formulated 

sunscreens to significantly reduce the UVR dose 

reaching the skin, thereby mitigating DNA damage, 

reducing sunburn cell formation, and dampening the 

downstream inflammatory cascade.17,18 

However, the real-world effectiveness of sunscreen 

is often less than its theoretical maximum potential. 

This discrepancy, which can contribute to inter-study 

heterogeneity (I²=35% in this analysis, considered low 

to moderate), arises from several critical factors related 

to human behavior and product characteristics: 

Application Amount, Most individuals apply far less 

sunscreen than the 2 mg/cm² used in SPF testing – 

typically only 0.5 to 1.0 mg/cm². The relationship 

between application thickness and SPF is not linear; 

applying half the recommended amount can reduce 

the effective SPF by a factor of two to three, or even 

more. This under-application dramatically 

compromises the product's protective capacity. 

Application Uniformity: Achieving an even, uniform 

film of sunscreen across all sun-exposed skin is 

challenging. Areas are often missed entirely (like ears, 

neck, feet, and back of hands) or receive inadequate 

coverage. Reapplication Frequency: Sunscreen needs 

to be reapplied regularly, typically every two hours, 

and more frequently after swimming, sweating heavily, 

or towel drying, as these activities can remove the 

sunscreen film. Failure to reapply leads to diminishing 

protection over time, as the sunscreen is physically 

removed or undergoes photodegradation (some 

organic filters can degrade upon UV exposure, losing 

their absorptive capacity). Substantivity and Water 

Resistance: The ability of a sunscreen to remain 

effective on the skin after exposure to water or sweat 

(its substantivity) is crucial, especially for children 

who are often active and engage in water play. "Water-

resistant" claims indicate protection for a specified 

duration (40 or 80 minutes) during water immersion. 

Spectrum of Protection: While SPF primarily indicates 

UVB protection, adequate UVA protection is also vital. 

"Broad-spectrum" labeling is important, but the degree 
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and uniformity of UVA protection can still vary 

between products.15 

The unique characteristics of pediatric skin further 

emphasize the importance of effective sunscreen use. 

Children possess a higher body surface area to volume 

ratio compared to adults, which, while more pertinent 

to concerns about systemic absorption of topical 

agents, also means that a given area of sunburn 

represents a proportionally larger insult to their 

system. Their thinner epidermis, particularly the 

stratum corneum, may allow for slightly greater 

penetration of UVR and could also increase 

susceptibility to potential irritants in some sunscreen 

formulations, although modern pediatric sunscreens 

are generally formulated for sensitive skin. The 

melanocytic system in children is still developing, and 

their intrinsic melanin-based photoprotection may be 

less robust than in adults, particularly in those with 

fair skin. Furthermore, their DNA repair mechanisms, 

while functional, may be more easily overwhelmed by 

high doses of UVR, making each significant UV insult 

potentially more consequential for long-term genomic 

stability. Therefore, the consistent and correct use of 

an effective broad-spectrum sunscreen from an early 

age is not merely about preventing the acute 

discomfort of sunburn; it is a critical measure to 

minimize the cumulative burden of UV-induced DNA 

damage that is a primary driver for the development of 

skin cancer later in life. The findings of this meta-

analysis robustly support sunscreen's role in this 

preventative strategy.13 

The utilization of protective apparel, which this 

meta-analysis found to be associated with a significant 

30% reduction in sunburn risk (pooled RR 0.70), 

constitutes a highly effective and often more 

consistently reliable method of sun protection 

compared to sunscreen alone. Unlike sunscreens, 

whose efficacy is critically dependent on meticulous 

application, reapplication, and environmental factors, 

clothing provides a direct and persistent physical 

barrier that intercepts UVR photons, thereby 

preventing them from reaching and damaging the 

underlying skin. The protection afforded by apparel is 

generally stable as long as the garment is worn and 

maintains its structural integrity, making it less 

susceptible to human errors and variable performance 

characteristics that can affect sunscreen efficacy. The 

fundamental mechanism by which clothing protects 

against UVR lies in the physical and chemical 

properties of the textile itself. The fabric's ability to 

attenuate UVR is comprehensively quantified by its 

Ultraviolet Protection Factor (UPF), an objective 

measure indicating how much UVR (encompassing 

both UVA and UVB wavelengths) the fabric allows to 

transmit to the skin. For instance, a garment with a 

UPF rating of 30 permits only 1/30th (approximately 

3.3%) of the incident UVR to penetrate, while a UPF of 

50+ allows less than 1/50th (or 2%) to pass through. 

The tightness of the fabric's structure is paramount. 

Tightly woven or densely knitted fabrics, which 

possess smaller interstitial spaces (pores) between the 

yarns, present a more formidable physical barrier to 

UVR penetration compared to loosely constructed, 

open-weave, or sheer fabrics. The denser the material, 

the less direct passage is available for UVR photons. 

Different textile fibers exhibit varying inherent 

capacities to absorb, reflect, or scatter UVR. Synthetic 

fibers such as polyester and nylon generally offer 

superior UV protection compared to most natural 

fibers like cotton, linen, or rayon, unless these natural 

fibers have undergone specific UV-protective 

treatments. Polyester, for example, contains aromatic 

rings (benzene rings) within its polymer structure, 

which are efficient absorbers of UVB radiation. 

Unbleached cotton contains natural lignins that 

absorb some UVR, but bleaching and washing can 

reduce this natural protection. Wool also offers good 

UV absorption. The color of a fabric significantly 

influences its UVR absorption properties. Darker 

colors, such as black, navy blue, or deep red, tend to 

absorb a broader spectrum of radiation, including 

UVR, more effectively than lighter colors like white or 

pastels. Consequently, a darker garment will typically 

possess a higher UPF than an identical garment made 

from the same fabric but in a lighter hue. Generally, 

heavier and thicker fabrics provide greater UVR 



2494 
 

protection than lightweight, thin materials. This is 

because there is more substance—more fibers and a 

more complex structure—to physically block or absorb 

the incident UVR photons. When a fabric is stretched, 

the spaces between the yarns can increase, potentially 

reducing its UPF by creating larger pathways for UVR 

transmission. Therefore, garments that are worn very 

tightly and are significantly stretched over the body 

may offer less protection than when they are loose-

fitting or when the fabric is in its relaxed state. The 

effect of moisture on UPF varies with fiber type. For 

many common fabrics, particularly cotton, becoming 

wet can lead to a reduction in their UPF. Water fills the 

air spaces within the fabric structure, which can 

reduce UV scattering and increase UV transmission, 

effectively making the fabric more transparent to UVR. 

However, some synthetic fabrics, like certain 

polyesters, may experience a slight increase or no 

significant change in UPF when wet. Many modern 

photoprotective garments are specifically treated with 

UV-absorbing chemicals or specialized dyes during the 

manufacturing process. These treatments can 

significantly enhance the UPF of even lightweight 

fabrics by adding UV-absorbing chromophores to the 

fibers. Optical brightening agents (OBAs), commonly 

used in laundry detergents, can also increase the UV 

absorption of some fabrics, particularly cotton. Over 

time, with repeated washing and wear, fabrics can 

degrade, fibers can break, and weaves can loosen, 

potentially reducing the garment's UPF.18 

The comparatively lower heterogeneity (I²=28%) 

observed in the protective apparel analysis within this 

meta-analysis, when contrasted with the sunscreen 

analysis, may suggest a more consistent and reliable 

protective effect conferred by clothing. This is plausible 

because the efficacy of apparel is intrinsically less 

prone to the wide variations in application technique, 

reapplication frequency, amount applied, and 

individual compliance that often characterize 

sunscreen use. Once an appropriately chosen garment 

with a known or reasonably high UPF is worn, its level 

of protection is relatively stable and predictable for the 

duration it covers the skin, assuming it is not 

excessively stretched, damaged, or, in some cases, 

saturated with water. The studies contributing to this 

pooled estimate, such as S002 (a cohort study 

observing adolescents who regularly used protective 

clothing) and S006 (a cohort study focusing on 

adolescents habitually wearing protective gear during 

outdoor sports), reinforce the importance of apparel in 

real-world settings. These findings are particularly 

relevant for children and adolescents who may engage 

in prolonged outdoor activities, where reliance solely 

on sunscreen can be challenging to maintain 

effectively. Instilling the habit of wearing protective 

clothing from an early age is a crucial component of 

lifelong sun safety. 

Pathophysiologically, the protection afforded by 

appropriately selected clothing is direct and highly 

effective: it serves as a physical barrier that prevents 

the vast majority of incident UVR photons from ever 

reaching the viable cells of the epidermis 

(keratinocytes, melanocytes) and the underlying 

dermis (fibroblasts, endothelial cells, immune cells). 

By substantially blocking UVR at the outermost 

interface, clothing directly prevents the critical 

initiating events of photodamage. This includes the 

formation of DNA photoproducts (CPDs and 6-4PPs), 

the generation of harmful reactive oxygen species, and 

the triggering of cellular stress responses. 

Consequently, the entire downstream inflammatory 

cascade that leads to the clinical manifestations of 

sunburn—such as the release of prostaglandins and 

cytokines, vasodilation, edema, and apoptosis of 

keratinocytes (sunburn cells)—is largely preempted in 

the skin areas effectively covered by the protective 

garment. The profoundness of this barrier effect 

means that the complex biological and immunological 

responses to UVR are significantly attenuated or 

entirely circumvented beneath the clothing. Wide-

brimmed hats and UV-blocking sunglasses are 

indispensable adjuncts to protective clothing. Hats 

with brims of adequate width (typically recommended 

to be at least 7.5 cm or 3 inches) are crucial for 

shielding the highly exposed and often sun-sensitive 

areas of the face, scalp (especially in individuals with 
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thinning hair or infants), ears, and the posterior and 

lateral neck. These anatomical regions are not only 

prone to acute sunburn but are also common sites for 

the development of both non-melanoma skin cancers 

and melanoma, as well as photodamage leading to 

premature aging. UV-blocking sunglasses, which 

should meet standards for blocking at least 99% of 

UVA and UVB radiation, are essential for protecting 

the eyes from acute conditions like photokeratitis 

(sunburn of the cornea) and chronic conditions such 

as cataracts and pterygium. They also play a vital role 

in shielding the delicate periocular skin, which is 

among the thinnest on the body and is particularly 

susceptible to photoaging (wrinkles, pigmentary 

changes) and the development of skin cancers like 

basal cell carcinoma.19 

The public health implication of these findings is 

unequivocal: the promotion of wearing sun-protective 

clothing should be a primary and emphatic message 

in all sun safety campaigns and educational 

initiatives. This includes educating the general public, 

and parents in particular, about understanding and 

utilizing UPF ratings when selecting garments for 

outdoor activities, choosing fabrics and styles that 

offer optimal coverage and protection, and ensuring 

that children are consistently and adequately covered 

when spending extended periods outdoors. For infants 

under the age of six months, for whom the routine use 

of sunscreen is generally not recommended due to 

their more permeable skin and higher surface area-to-

body mass ratio, protective clothing and diligent 

shade-seeking are the cornerstones of sun protection. 

The consistent and integrated message often 

encapsulated in slogans like "Slip, Slop, Slap, Seek, 

Slide" – where "Slip" refers to slipping on a shirt and 

"Slap" to slapping on a hat – directly emphasizes the 

critical role of apparel. This meta-analysis provides 

robust quantitative support for the efficacy of these 

"Slip" and "Slap" components, reinforcing their 

position as foundational elements of a comprehensive 

sun protection strategy. 

The finding that enhanced environmental shade 

provision or the active encouragement and adoption of 

shade-seeking behaviors resulted in a significant 25% 

reduction in sunburn risk (pooled RR 0.75) 

underscores the substantial protective value of this 

often underestimated environmental and behavioral 

strategy. Shade, whether naturally occurring from the 

dense canopies of trees and other vegetation or 

artificially created by structures such as umbrellas, 

purpose-built canopies, awnings, sails, or buildings, 

functions primarily by physically intercepting direct 

solar UVR, thereby substantially reducing the 

intensity of this radiation that reaches individuals 

situated beneath or within the shaded area. The sun 

acts as a powerful point source of direct UVR. 

However, the total UVR exposure experienced by an 

individual at ground level is a composite of this direct 

UVR component and a significant contribution from 

diffuse (or scattered) UVR. Diffuse UVR is solar 

radiation that has been scattered by various 

components of the Earth's atmosphere, including air 

molecules (a process known as Rayleigh scattering, 

which is more effective for the shorter, more energetic 

UVB wavelengths, and is responsible for the blue color 

of the sky), aerosols (such as dust, pollutants, and 

water droplets), and clouds. Even when an individual 

is positioned in a shaded area, effectively blocking 

direct sunlight, they remain exposed to a certain level 

of this diffuse UVR, which can arrive from all parts of 

the sky dome not obscured by the shade structure. 

Furthermore, UVR can also be reflected off 

surrounding surfaces – a phenomenon characterized 

by the surface's albedo (reflectivity). Common surfaces 

like sand (reflecting up to 15-25% of UVR), water 

(reflecting 5-10% from calm water, but potentially 

much more from whitecaps), concrete (8-12%), and 

especially snow (reflecting up to 80-90% of UVR) can 

significantly contribute to the UVR dose received by an 

individual, even when they are technically in shade. 

The actual amount of protection afforded by a shaded 

area is therefore dependent on a complex interplay of 

several factors: Extent and Density of the Shade: A 

small, sparsely foliated tree will naturally offer less 

protection than a large, mature tree with a dense, 

continuous canopy, or a solid, opaque roof. The 
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geometry of the shade-producing object (its size, 

shape, and orientation relative to the sun's position) 

determines how much of the sky dome, and thus the 

source of diffuse UVR, is effectively obscured from the 

individual's perspective; Solar Zenith Angle (Sun's 

Position): The position of the sun in the sky, which 

varies with time of day, season, and geographic 

latitude, dictates the length, direction, and intensity of 

shadows. During the middle of the day (typically 

between 10 a.m. and 4 p.m. in most temperate 

latitudes during summer), when the sun is at its 

highest point (smallest solar zenith angle), UVR 

intensity is at its peak, but shadows are at their 

shortest, potentially making it more challenging to find 

extensive or complete shade; Reflectivity (Albedo) of 

Surrounding Surfaces: As mentioned, highly reflective 

surfaces can substantially increase UVR exposure 

even within shaded areas by scattering diffuse 

radiation onto the skin from various angles. This is a 

particularly important consideration in environments 

like beaches, ski resorts, or areas with light-colored 

concrete paving; Type and Material of Artificial Shade 

Structures: For man-made shade structures like 

umbrellas, shade sails, or canopies, the material used 

for construction also possesses a UVR transmission 

factor, analogous to the UPF rating for clothing. Some 

materials, like densely woven, dark-colored, UV-

treated fabrics, may block almost all incident UVR, 

while others, such as light-colored, loosely woven, or 

untreated materials, might be partially transparent to 

UVR, offering less effective protection; Cloud Cover: 

While dense, overcast cloud cover can significantly 

reduce ground-level UVR, light or broken cloud cover 

can sometimes lead to an increase in diffuse UVR due 

to scattering effects at the cloud edges, a phenomenon 

known as cloud enhancement. Therefore, relying 

solely on cloud cover for protection can be misleading. 

Pathophysiologically, by reducing the total flux of UVR 

photons (both direct and, to a variable extent, diffuse 

and reflected components) that ultimately reach the 

viable cells of the skin, shade directly lessens the 

burden of UVR-induced molecular damage. A lower 

photon incidence translates directly into a reduced 

rate of DNA photoproduct formation (CPDs and 6-

4PPs), diminished generation of deleterious reactive 

oxygen species, less activation of cellular stress 

response pathways (like p53 activation), decreased 

apoptosis of keratinocytes (resulting in fewer sunburn 

cells), and a consequently blunted inflammatory 

cascade. As a result, the clinical manifestations of 

sunburn – erythema, pain, and edema – are less likely 

to occur, or if they do, will be of reduced severity. The 

RCT study S003 included in this meta-analysis, which 

specifically focused on enhancing playground shade in 

kindergarten settings through a combination of 

physical structural interventions (installation of shade 

sails) and natural elements (strategic tree planting), 

coupled with educational components encouraging 

shade-seeking behavior, demonstrated a clear and 

statistically significant reduction in sunburn 

incidence among the children. This finding powerfully 

highlights the efficacy of environmental modification 

strategies, particularly in institutional or community 

settings such as schools, childcare centers, and public 

recreational areas, where children habitually spend 

considerable periods outdoors. Creating "sun-safe" 

environments through thoughtful design and 

provision of adequate shade can confer a degree of 

passive protection, thereby reducing the exclusive 

reliance on individual behavioral compliance with 

other measures like sunscreen application or the 

consistent wearing of hats and protective clothing, 

which can be particularly variable and challenging to 

maintain among younger children. The moderate 

heterogeneity (I²=40%) observed in the pooled analysis 

for shade interventions, with the shade component of 

study S004 showing a non-significant trend towards 

protection while study S003 showed a significant 

effect, could be attributed to several factors. These 

may include inherent differences in the quality, extent, 

and type of shade provided or utilized in the diverse 

study settings (natural shade from mature trees 

versus newly planted trees or different types of 

artificial shade structures). The effectiveness of 

"seeking shade" as a purely behavioral intervention 

also critically depends on the ready availability of good 
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quality shade during times of need, as well as on the 

individual's (or caregiver's) motivation, awareness, and 

consistent practice of utilizing it, especially during 

peak UVR hours. Education undoubtedly plays a 

crucial role in fostering this awareness, ensuring that 

children and their caregivers understand that 

significant UVR exposure can still occur even on 

cloudy or hazy days (due to scattering effects) and that 

shade, while beneficial, does not offer absolute or 

complete protection, particularly if highly reflective 

surfaces are nearby. Promoting shade-seeking as a 

proactive behavior involves encouraging children to 

consciously take breaks from direct sun exposure, 

especially during the hours when UVR intensity is at 

its zenith. This behavior can be effectively integrated 

into daily routines and activity scheduling at schools, 

childcare facilities, summer camps, and during family 

outdoor excursions. From a public health policy 

perspective, interventions such as mandating or 

incentivizing the provision of adequate and 

strategically located shade in the design and 

renovation of public parks, school grounds, swimming 

pool complexes, and community recreational facilities 

can have a profound and lasting impact on reducing 

population-level UVR exposure and associated health 

risks. The findings derived from this meta-analysis 

provide further robust quantitative justification for 

prioritizing such environmental and policy-driven 

initiatives. It remains crucial to emphasize, however, 

that while shade is an indispensable protective 

measure, its efficacy is maximized when it is employed 

as part of a comprehensive sun protection regimen 

that also includes the diligent use of sunscreen on 

exposed skin and the wearing of appropriate protective 

clothing and accessories, especially for any body parts 

that may still be inadvertently exposed to significant 

diffuse or reflected UVR even while an individual is 

situated within a shaded area.19,20 

 

5. Conclusion 

This meta-analysis provides robust, quantitatively 

synthesized evidence affirming the significant efficacy 

of core sun protection strategies in pediatric 

populations. The findings conclusively demonstrate 

that diligent sunscreen application, consistent use of 

protective apparel, and active engagement in shade-

seeking behaviors each contribute to a substantial 

reduction in the incidence of sunburn among children 

and adolescents. Specifically, the regular use of 

sunscreen (SPF ≥30) was associated with an 

approximate 35% decrease in sunburn risk, while 

protective apparel yielded a 30% risk reduction, and 

shade interventions lowered risk by about 25%. These 

results underscore the individual and collective 

importance of these measures in safeguarding 

children's skin from the acute damaging effects of 

excessive ultraviolet radiation. Therefore, the evidence 

strongly supports the continued promotion of 

comprehensive, multi-faceted sun protection 

programs by healthcare providers, parents, educators, 

and public health authorities. Prioritizing these proven 

strategies is essential for protecting pediatric skin 

health, minimizing immediate sunburn incidents, and 

critically, reducing cumulative UV exposure to 

mitigate long-term risks such as skin cancer. 
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