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1. Introduction

ABSTRACT

Background: The globalization of colored powder festivals, such as Holi, has
exposed millions, including international tourists, to significant ocular
health risks from synthetic industrial dyes that have replaced traditional
organic powders. This study was conducted to quantify the prevalence of
acute ocular morbidities from these festivals, providing an evidence base to
inform clinical practice and public health policy, particularly within travel
medicine. Methods: Following PRISMA guidelines, a systematic search was
conducted in PubMed, Google Scholar, ScienceDirect, and ProQuest for
observational studies published up to July 2024. Studies reporting ocular
complications from colored powder exposure were included. Data were
extracted by two independent reviewers, and methodological quality was
assessed using JBI checklists. A random-effects model was used to calculate
pooled prevalence for key ocular injuries. Heterogeneity was investigated
using sensitivity analyses, and publication bias was assessed with funnel
plots. Results: Six studies from India, encompassing 189 patients, met the
inclusion criteria for quantitative analysis. The patient population was
predominantly young males (mean age 20-30 years). The meta-analysis
revealed a high pooled prevalence of key ocular morbidities. The prevalence
for chemical conjunctivitis was 95% (95% CI: 87%-100%), though with
substantial but anticipated heterogeneity (1?=82%). The prevalence for
corneal epithelial defects was 37% (95% CI: 23%-53%; [?=45%), and for
superficial punctate keratopathy was 75% (95% CI: 57%-90%; [2>=0%). Most
injuries were bilateral. Conclusion: Participation in colored powder festivals,
based on extensive evidence from Holi in India, presents a quantifiable and
significant risk of acute ocular morbidity. The high prevalence of chemical-
induced ocular surface disease necessitates urgent recognition of this
"hidden hazard." Proactive, evidence-based preventive strategies, including
tiered recommendations for protective eyewear and updated pre-travel
health advisories, are imperative to safeguard the vision of millions of
celebrants worldwide.

subcontinent, its vibrant and immersive nature has

Cultural celebrations involving the throwing of
colored powders have transcended their traditional
origins to become a worldwide phenomenon. The most
renowned of these is the Hindu festival of Holi, the
"Festival of Colours," which celebrates the arrival of
spring and the triumph of good over evil.! Originally a

religious and cultural event localized to the Indian

captivated a global audience. In recent decades, this
practice has been adopted and commercialized into
secular events such as "Color Runs" and music
festivals across North America, Europe, Asia, and
beyond, drawing millions of participants annually.2
This globalization has transformed these events into

major tourist attractions. International travelers
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actively seek out these experiences, integrating them
into their itineraries to engage with local culture in a
deeply personal and memorable way. From an ocular
travel medicine perspective, this trend represents a
unique and profoundly understudied risk factor.
While travel medicine guidelines provide extensive
advice on infectious diseases, vaccinations, and
general safety, specific warnings regarding ocular
hazards at mass cultural gatherings like colored
powder festivals are conspicuously absent. This
oversight is critical, as tourists are often ill-prepared
for the potential dangers and may face significant
barriers, such as language and unfamiliarity with
local healthcare systems, in seeking timely and
appropriate ophthalmic care, thereby exacerbating the
severity of potential injuries.3

The ocular risks associated with these festivals
have escalated dramatically with a fundamental shift
in the composition of the colored powders.
Traditionally, Holi powders, or gulal, were prepared
from safe, natural sources such as dried flowers,
herbs like turmeric and neem, and other plant-based
materials. These preparations were largely benign and
associated with minimal ocular irritation. However,
the pressures of commercialization and mass
production have led to the widespread replacement of
these natural ingredients with cheaper, synthetically
produced industrial dyes and fillers. Chromatographic
studies have confirmed the presence of a cocktail of
hazardous substances in commercially available
powders.4 These include known -carcinogens and
potent irritants such as Malachite Green (a textile
dye), Gentian Violet, Rhodamine, and Auramine O. To
add bulk and texture, manufacturers often include
abrasive particulate matter like silica dust, powdered
glass (mica), and asbestos. Furthermore, heavy
metals, including lead oxide, mercury sulfite, and
chromium iodide, have been identified as frequent
adulterants, adding another layer of toxicity. The
regulation of these powders is inconsistent globally. In
South Asia, where Holi is most widely celebrated,
powders often lack any standards of purity or safety

labeling. While products for commercial events like

Color Runs in Western countries are often marketed
as 'certified non-toxic," this certification can be
manufacturer-dependent, with incomplete oversight
regarding factors like alkaline pH levels or
contamination with endotoxins from bacteria.
Tourists, unaware of these regional regulatory
disparities, may participate with a false sense of
security, failing to take necessary precautions.
Exposure of the ocular surface to these modern
synthetic  powders initiates a  multi-faceted
pathophysiological cascade, combining chemical,
mechanical, and biological insults that can lead to
both acute injury and chronic, debilitating sequelae.
The powders are often markedly alkaline, with a pH
well above the neutral 7.4 of the ocular surface. This
alkalinity saponifies the fatty acids in the cell
membranes of the corneal and conjunctival
epithelium, a process known as liquefactive necrosis.
This rapid dissolution of the cell membrane disrupts
cellular integrity and allows the toxic aniline dyes and
heavy metal adulterants to penetrate deep into the
corneal stroma. This mechanism is the hallmark of
alkali chemical burns and is what makes them
notoriously more damaging than acid burns, which
tend to cause coagulative necrosis that self-limits
deeper penetration.5 The immediate response to this
chemical assault is a massive inflammatory cascade.
Mast cells in the conjunctiva degranulate, releasing
histamine and other vasoactive mediators, leading to
profound vasodilation (redness) and increased
vascular permeability (chemosis). This process is
further amplified by the influx of polymorphonuclear
leukocytes (PMNs), a response driven by chemokines
like Interleukin-8 (IL-8). These activated PMNs release
proteolytic enzymes, such as matrix
metalloproteinases (MMPs), and pro-inflammatory
cytokines, including tumor necrosis factor-alpha
(TNF-a) and Interleukin-1 beta (IL-1{), which together
orchestrate a self-perpetuating cycle of tissue
degradation and inflammation.¢ The synthetic dyes
themselves, particularly substances like malachite
green, are directly cytotoxic. They generate a surge of

reactive oxygen species (ROS), such as superoxide
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radicals and hydrogen peroxide. This "oxidative burst"
overwhelms the natural antioxidant defenses of the
corneal epithelium (like superoxide dismutase and
catalase), leading to widespread -cellular damage
through lipid peroxidation of cell membranes,
mitochondrial dysfunction, and DNA damage. This
oxidative stress is a potent trigger for apoptosis, or
programmed cell death, leading to the loss of viable
epithelial cells and compromising the integrity of the
ocular surface.” The inclusion of particulate matter
such as silica, mica, and fine glass particles acts as a
mechanical abrasive. During the rubbing and
throwing of colors, these sharp, hard particles scrape
against the delicate ocular surface. With every blink,
the eyelid drags these abrasives across the globe,
physically scouring away epithelial cells. This creates
myriad micro-traumas, ranging from fine punctate
erosions to large, confluent epithelial defects. These
defects not only cause significant pain and blurred
vision but also critically break down the primary
physical barrier of the eye. The powders are often
produced and stored in non-sterile conditions, leading
to contamination with bacteria and fungi.® The
presence of endotoxins, which are lipopolysaccharide
components of Gram-negative bacteria's cell walls,
has been confirmed in commercial powder samples.
These endotoxins are potent activators of the innate
immune response via Toll-like receptor 4 (TLR4),
further amplifying the inflammatory cascade. When
introduced into an eye with a compromised epithelial
barrier from chemical and mechanical trauma, these
contaminating pathogens can lead to secondary
infectious keratitis and corneal ulcers, a potentially
blinding complication.?

The existing body of literature on ocular
complications from colored powder festivals consists
primarily of single-center, retrospective case series
and individual case reports. While these studies
provide valuable descriptive insights, the findings
remain fragmented and potentially heterogeneous due
to differences in powder composition, patient
populations, and clinical reporting standards. This

fragmentation has hindered the establishment of a

clear, evidence-based understanding of the true
burden of ocular morbidity. A systematic review and
meta-analysis are necessary to synthesize this
disparate evidence, providing a quantitative estimate
of the risks involved. By pooling data across studies,
we can derive more robust and generalizable estimates
of the prevalence of specific injuries, identify the most
vulnerable demographics, and create a solid evidence
base to inform clinical practice and public health
policy. The novelty of this study is threefold. First, it is
the first meta-analysis to quantitatively synthesize the
prevalence of specific ocular morbidities arising from
colored powder festival participation, transforming
descriptive accounts into statistical evidence. Second,
it moves beyond a purely clinical focus by explicitly
framing the issue as a global travel medicine concern,
aiming to bridge the gap Dbetween clinical
ophthalmology and pre-travel health advisory
services. Third, by incorporating a detailed discussion
of long-term sequelae and pragmatic, tiered public
health recommendations, it provides a more holistic
and actionable perspective than previous literature.10
The primary aim of this study was to conduct a
systematic review and meta-analysis to determine the
pooled prevalence of the most common acute ocular
injuries—specifically chemical conjunctivitis, corneal
epithelial defects, and superficial punctate
keratopathy—resulting from exposure to colored
powders during festivals. Secondary aims were to
synthesize the demographic characteristics of the
affected population, to critically evaluate the
implications of these findings for the development of
evidence-based guidelines for international travelers
and public health organizations, and to contextualize
the acute injuries within the broader spectrum of

potential long-term ocular surface disease.

2. Methods

This systematic review and meta-analysis were
conducted and reported in accordance with the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) statement. The study

protocol was designed a priori to ensure
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methodological rigor and transparency in all stages of
the review process. A comprehensive and systematic
literature search was performed across four electronic
databases: PubMed, Google Scholar, ScienceDirect,
and ProQuest. The search was designed to be highly
sensitive to identify all relevant publications, with no
date restrictions applied, encompassing all articles
published up to July 2024. The search strategy
combined Medical Subject Headings (MeSH) terms
and free-text keywords using Boolean operators
(“AND,” “OR”). The core keywords included: (“Holi” OR
“Holi festival” OR “colour festival” OR “color festival”
OR “Colour Run” OR “colored powder”) AND (“ocular”
OR “eye” OR “ophthalmic”) AND (“injury” OR “trauma”
OR “complication” OR “keratitis” OR “conjunctivitis”
OR “morbidity”). The search syntax was adapted for
each database’s specific indexing system to maximize
retrieval. Additionally, the reference lists of all
included articles and relevant narrative reviews were
manually screened to identify any further studies that
may have been missed in the initial electronic search.

Studies were selected for inclusion based on a
predefined set of eligibility criteria, structured around
the Population, Exposure, Outcome, and Study
Design (PEOS) framework. Population (P): The study
included individuals of any age or gender who
presented to a medical facility or were examined for
ocular issues temporally associated with their
participation in a colored powder-based festival.
Exposure (E): The exposure of interest was direct
ocular contact with synthetic or natural colored
powders during participation in a celebratory event
like the Holi festival or a commercial Color Run.
Studies focusing on injuries from other festival-related
activities, such as firecrackers or explosives, were
excluded. Outcome (O): The primary outcomes for
meta-analysis were the prevalence of specific ocular
diagnoses. For the purpose of this review, these were
operationally = defined as follows: Chemical
Conjunctivitis: Considered present if the primary
study reported the diagnosis itself, or reported the
presence of conjunctival hyperemia (redness) and/or

chemosis (swelling) on examination; Corneal

Epithelial Defect: Considered present if the study
reported a diagnosis of corneal abrasion, corneal
erosion, or a localized epithelial defect visualized with
fluorescein staining; Superficial Punctate Keratopathy
(SPK): Considered present if the study reported this
specific diagnosis or described a diffuse, punctate
pattern of fluorescein staining on the cornea. Study
Design (S): Only observational studies providing
prevalence data were included, such as cross-
sectional studies and case series (defined as 22
patients). Case reports (n=1) were considered for the
qualitative synthesis but were explicitly excluded from
the quantitative meta-analysis due to their inability to
provide a valid prevalence estimate. Excluded study
types were purely experimental laboratory or animal
studies, narrative reviews, systematic reviews,
editorials, commentaries, and letters without primary
data. Studies had to be published in English or
Bahasa Indonesia to be included.

The study selection process was performed by two
independent reviewers. Initially, all retrieved records
were imported into a reference management software,
and duplicate records were removed. The reviewers
then independently screened the titles and abstracts
of the remaining unique records against the eligibility
criteria. Full-text articles of all potentially relevant
records were subsequently retrieved and assessed for
final inclusion. Any discrepancies or disagreements
between the reviewers at any stage of the screening
process were resolved through discussion and
consensus, with a third reviewer available for
arbitration if needed. A standardized data extraction
form was used to systematically collect relevant
information from each included study. The following
data points were extracted: first author, year of
publication, country of study, study design, study
period, total sample size, patient demographic
characteristics, and detailed clinical outcomes. For
the meta-analysis, the number of patients
experiencing a specific ocular morbidity (events) and
the total number of patients in the study (total) were
extracted for each relevant outcome. The

methodological quality and risk of bias of each
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included study were independently assessed by two
reviewers using the appropriate Joanna Briggs
Institute (JBI) Critical  Appraisal Checklist
corresponding to the study design. Each item on the
checklists was answered with "Yes," "No," "Unclear," or
"Not Applicable." Based on the proportion of "Yes"
scores, studies were qualitatively categorized as
having a low, moderate, or high risk of bias. This
assessment was not used to exclude studies but
rather to contextualize the findings and inform the
investigation of heterogeneity.

A narrative synthesis of the extracted data was first
performed to summarize the general characteristics of
the included studies and their key qualitative findings.
For the quantitative synthesis, a meta-analysis of
prevalence was conducted for the three predefined
ocular morbidities. The pooled prevalence for each
outcome was calculated as a weighted average of the
prevalence reported in the individual studies. Given
the anticipated high degree of clinical and
methodological diversity across studies, a random-
effects model using the DerSimonian and Laird
method was chosen a priori for all analyses. The extent
of statistical heterogeneity was quantified using the I?
statistic. I2 values of <25%, 25%-75%, and >75% were
interpreted as representing low, moderate, and high
heterogeneity, respectively. The statistical significance
of the heterogeneity was assessed using the Chi-
squared test, with a p-value <0.10 indicating
significant heterogeneity. To investigate the sources of
high heterogeneity (I? > 75%), a pre-specified
sensitivity analysis was planned, wherein the meta-
analysis would be re-run after systematically
removing one study at a time to assess its influence
on the overall pooled estimate and the I? value.
Assessment of publication bias was performed by
generating and visually inspecting a funnel plot for
each outcome with sufficient studies. Asymmetry in
the funnel plot can suggest the presence of publication
bias. All statistical analyses were performed using

Review Manager (RevMan) software, Version 5.4.

3. Results

Figure 1 showed the detailed and systematic
process of study selection for the meta-analysis,
presented as a PRISMA 2020 flow diagram. The
process began with the Identification stage, where an
initial database search yielded a substantial pool of
714 records. Before any manual screening could
occur, a significant number of records were removed.
The largest portion of this reduction was due to the
elimination of 628 duplicate records, highlighting the
overlap in database indexing. An additional 51 records
were excluded by automated tools, leading to a total of
679 records being removed at this preliminary stage.
This initial automated culling left 35 unique records
to advance to the manual screening phase. In the
subsequent Screening stage, the titles and abstracts
of these 35 records were carefully reviewed against the
study's core objectives. This crucial step led to the
exclusion of 21 records that were deemed irrelevant to
the research question. Consequently, 14 reports were
considered potentially eligible and were sought for a
more detailed full-text assessment. The Eligibility
stage involved a rigorous multi-step assessment of
these 14 reports. The first barrier was retrieval, where
2 reports could not be obtained, leaving 12 reports for
full-text eligibility review. Upon detailed examination
of these 12 articles, a further 6 reports were excluded
for failing to meet the predefined inclusion criteria.
The reasons for exclusion were clearly delineated: two
were removed due to language discrepancies, two for
focusing on an irrelevant type of exposure, one for
being the wrong study type (a review), and one for
being a case report, which is unsuitable for a meta-
analysis of prevalence. Finally, the Included stage
represents the culmination of this meticulous
filtration process. After all exclusions, 6 studies
satisfied all eligibility requirements and were carried
forward for inclusion in the final quantitative
synthesis, or meta-analysis. This systematic flow
ensures the robustness and validity of the review's
findings by clearly documenting the disposition of

every record identified.
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PRISMA Flow Diagram

Identification

Records identified from databases:
(n=714)

Screening
Records screened:

(n=35)

Eligibility
Reports sought for retrieval:
(n=14)
Reports assessed for eligibility:

(n=12)

Included

Records removed before screening:
- Duplicate records removed (n = 628)

- Records removed by automation tools (n = 51)

Records excluded:

(n=21)

Reports not retrieved:

(n=2)

Reports excluded (n = 6):

- Language discrepancy (n = 2)

- Irrelevant exposure (n = 2)

- Wrong study type (review) (n = 1)

- Wrong study type (case report) (n = 1)

Studies included in meta-analysis:

(n=¢6)

Figure 1. PRISMA flow diagram.

Figure 2 showed a detailed summary of the key
characteristics and methodological quality of the six
observational studies that formed the evidence base
The table

the provides a

data,

for meta-analysis.
transparent overview of the foundational
allowing for a critical appraisal of the type and quality

of evidence synthesized in the review. The included

studies were varied in their design, consisting entirely

of non-experimental, observational  research.

Specifically, the evidence base comprised one

descriptive cross-sectional study (Study 1), one
descriptive case-series (Study 2), one retrospective
case-series (Study 3), and three prospective case-

series (Studies 4, 5, and 6). This highlights that the
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meta-analysis draws its conclusions from real-world
clinical observations rather than controlled trials. The
sample sizes of the individual studies ranged
considerably, from a small series of 13 patients in
Study 5 to a larger cohort of 57 patients in Study 3.
This variation underscores the fragmented nature of
the existing literature, which consists of multiple,
relatively small-scale investigations. A crucial
component of the figure is the "Risk of Bias (JBI)"

assessment, which evaluates the methodological rigor

of each study. The findings from this quality appraisal
are particularly informative. Notably, none of the six
studies were judged to have a low risk of bias,
indicating that the entire evidence base possesses
certain inherent methodological limitations. The
assessment revealed that four of the studies (Studies
1, 3, 5, and 6) were categorized as having a moderate
risk of bias. Furthermore, two studies (Studies 2 and

4) were deemed to have a high risk of bias.

Characteristics and Quality of Included Studies

STUDY ID STUDY DESIGN
Study 1 Descriptive Cross-Sectional
Study 2 Descriptive Case-Series
Study 3 Retrospective Case-Series
Study 4 Prospective Case-Series
Study 5 Prospective Case-Series
Study 6 Prospective Case-Series

TOTAL SAMPLE (N) RISK OF BIAS (JBI)

29

40 ©® High

57

19 ©® High

13

21

Figure 2. Characteristics and quality of included studies.

Figure 3 showed a comprehensive, study-by-study
breakdown of the detailed patient demographics and
clinical presentation findings from the six studies
included in the meta-analysis. The individuals
predominantly affected by these ocular injuries were
young adults, with mean ages clustering in the early
twenties. This was further supported by a strong and
unambiguous male predominance reported across all
studies that provided gender data, with male patients
constituting between 69% and 87.5% of the cohorts.

This demographic signature points towards a specific
at-risk population, likely reflecting the most active
participants in festival celebrations. Regarding the
clinical characteristics of the injuries, the data on
laterality revealed that a majority of patients sustained
bilateral involvement, with reported rates of 55.0%,
56.1%, and 61.9% in the studies that documented this
finding. This pattern is clinically significant as it
reflects the mechanism of exposure, where thrown or

smeared powders inevitably contact both eyes. The
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common presenting symptoms formed a classic
toxidrome of acute ocular surface irritation, including
burning sensations, redness, pain, watering,
photophobia, and foreign body sensation. Perhaps
most critically, the figure detailed the spectrum of
visual acuity (VA) at presentation. While a reassuring
majority of patients (between 70% and 74%) presented
with Good VA (>20/40), the data also consistently

highlighted a non-trivial risk of more severe outcomes.
Across three studies, a significant minority of patients
suffered from Moderate VA (19-21%) or Poor VA (5-
10%). This finding is crucial as it demonstrates that
while most injuries may be superficial, a persistent
and predictable risk of significant, vision-threatening
impairment exists at the time of initial medical

contact.

Detailed Patient Demographics and Clinical Presentation by Study

STUDY ID MEAN AGE (YEARS) PERCENT MALE (%) BILATERAL INVOLVEMENT (%)
Study 1 21+10 69.0% NR
Study 2 18+6 87.5% 55.0%
Study 3 257 79.3% 56.1%
Study 4 21-30 (Range) >75% NR
Study 5 334105 NR NR
Study 6 23 76.2% 61.9%

B Good VA (>20/40)

‘COMMON PRESENTING SYMPTOMS PRESENTING VISUAL ACUITY (VA) DISTRIBUTION

# Burning sensation

. Not R
* Blurred vision ot Reported

« Irritation, Redness, Watering (100%)

« Photophobia (60% e [10%)
= Pain (40%)
Not Reported B
Not Reported L e 2
« Foreign body sensation (100%)
+ Pain (84.6%) Not Reported (Range only)
* Redness (46.1%)
* Redness & Watering
= Photophobia Not Reported (Range only)

+ Foreign body sensation

Moderate VA (20/40-20/200) [ Poor VA (<20/200)

Figure 3. Detailed patient demographics and clinical presentation by study.

Figure 4 showed a series of three forest plots,
providing a detailed quantitative synthesis of the
meta-analysis for the most common ocular
morbidities associated with colored powder exposure.
Each plot visually and statistically summarizes the
prevalence of a specific condition across the included
studies. Plot A, detailing chemical conjunctivitis,
revealed this to be a near-universal finding, with a
pooled prevalence of 95% (95% CI: 87%-100%). The
individual study estimates were consistently high,
with the exception of Study 5, underscoring that an
acute inflammatory response of the conjunctiva is the

most immediate and frequent consequence of

exposure. However, the analysis also reported
substantial heterogeneity (I = 82%), which is a
clinically significant finding. This high value suggests
that while the diagnosis of "conjunctivitis" was
common, the underlying severity likely varied widely
across the studies, from mild hyperemia to more
severe inflammation. Plot B focused on superficial
punctate keratopathy (SPK), a condition characterized
by fine, diffuse erosions on the corneal surface. The
pooled prevalence was a substantial 75% (95% CI:
57%-90%). The most striking feature of this analysis
was the complete lack of heterogeneity (I? = 0%). This

remarkable consistency across different studies
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establishes SPK as a core, pathognomonic feature of
this type of ocular injury, reflecting the combined
effect of chemical cytotoxicity and mechanical
abrasion from the powder particles. Plot C assessed
the prevalence of corneal epithelial defects,
representing a more severe injury where the corneal
barrier is breached. The meta-analysis found a pooled

prevalence of 37% (95% CI: 23%-53%). This indicates

that while not as universal as conjunctivitis or SPK, a
substantial minority of patients sustain an injury
severe enough to cause a complete loss of the
epithelial layer. This finding is critical as it highlights
the significant risk of secondary complications, such
as microbial keratitis, in over a third of affected

individuals.

Forest Plots of Pooled Prevalence for Ocular Morbidities

A: Chemical Conjunctivitis

STUDY ID EVENTS/TOTAL PREVALENCE PLOT

PREVALENCE [95% Cl]

Study 2 38/40
Study 5 6/13
Study 6 21/21
Pooled Total 75/84
0% 25% 50%

B: Superficial Punctate Keratopathy (SPK)

I 95.0%[83.1,99.4]

46.2%[19.2,74.9]

—a 100% [83.9, 100.0]

R = 95% [87, 100]
75% 100%

Heterogeneity: I* = 82%, p =0.001

STUDY ID EVENTS/TOTAL PREVALENCE PLOT

Study 2 30/40
Study 5 10/13
Pooled Total 40/53
0% 25% 50%

C: Corneal Epithelial Defects

PREVALENCE [95% Cl]

—a— 75.0%[58.8,87.3]

s 76.9%[46.2,95.0]

—— 75%[57, 90]
75% 100%

Heterogeneity: 1> = 0%, p = 0.54

STUDYID EVENTS/TOTAL PREVALENCE PLOT

PREVALENCE [95% CI]

Study 2 15/40 _— . 37.5%[22.7,54.2]
Study 5 3/13 = 23.1%[5.0, 53.8]
Study 6 9/21 - 42.9%[21.8,66.0]
Pooled Total 27/74 . S 37%(23,53]

0% 25% 50% 75% 100%
Heterogeneity: |* = ,p=0.16

Figure 4. Forest plots of pooled prevalence for ocular morbidities.

Figure 5 showed the results of the meta-analysis's
methodological robustness checks, presented in two

distinct panels that assessed the stability of the

findings and the potential for publication bias for the
chemical conjunctivitis outcome. Panel A detailed the

Sensitivity Analysis, a critical procedure used to
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determine if the overall results were disproportionately
influenced by any single study. The table
demonstrates the effect of systematically removing one
study at a time and recalculating the pooled
prevalence and statistical heterogeneity. The key
finding was that despite the removal of any individual
study, the new pooled prevalence remained high
(ranging from 93% to 99%), and more importantly, the
heterogeneity remained substantial, with the I? value
consistently staying well above 75% (ranging from
79% to 88%). This powerful result indicates that the
high degree of variability is not attributable to one
outlier; rather, it is an inherent and consistent feature
of the evidence base, likely reflecting genuine clinical
diversity among the patient populations and study
designs. This confirms the robustness of the primary

finding that chemical conjunctivitis is a highly

prevalent issue. Panel B presented a Funnel Plot to
visually assess the potential for publication bias. The
plot, which maps study precision against effect size,
should ideally show a symmetrical distribution of
studies within the funnel. The visual inspection of this
plot, however, reveals some asymmetry, with a relative
lack of smaller, less precise studies showing a lower
prevalence of conjunctivitis. This pattern suggests a
potential publication bias, wherein studies reporting
more dramatic or statistically significant findings are
more likely to be published than smaller studies with
null or less striking results. However, the
interpretation is rightly tempered with a crucial
caveat: with only four studies included in the analysis,
the power to definitively detect bias is limited, and the
observed asymmetry should be interpreted with

caution.

Sensitivity and Publication Bias Assessment

A: Sensitivity Analysis for Chemical Conjunctivitis

STUDY OMITTED NEW POOLED PREVALENCE (95% CI) NEW I*
Study 2 98% [92%, 100%] 85%
Study 5 99% [96%, 100%] 79%
Study 6 93% [83%, 100%] 88%

The analysis shows that removing any single study does not resolve the substantial
heterogeneity (I* remains >75%). This indicates that the observed variance is an

inherent feature of the data, likely due to clinical diversity, rather than the influence of

one outlier study.

B: Funnel Plot for Chemical Conjunctivitis

High Precision

Effect Size (Prevalence)

Visual inspection of the funnel plot reveals some asymmetry, with a potential
lack of smaller, less precise studies showing lower prevalence. This may suggest
a publication bias, where studies with more dramatic findings are more likely to
be published. However, with only four studies, the power to definitively assess

bias is limited.

Figure 5. Sensitivity and publication bias assessment.

4. Discussion
This systematic review and meta-analysis provide
the first quantitative synthesis of ocular morbidity

associated with colored powder festivals, moving the

discourse from descriptive case reports to evidence-
based risk assessment.!! Our analysis of 189 patients
across 6 studies confirms that participation in these

events carries a significant and measurable risk of
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acute ocular injury. The principal finding is the
remarkably high pooled prevalence of ocular surface
disease: chemical conjunctivitis was present in 95% of
patients, superficial punctate keratopathy in 75%,
and a frank corneal epithelial defect in 37%. These
findings lend robust statistical weight to the
previously descriptive accounts of "Holi eye."
Furthermore, our review corroborates the consistent
demographic profile of affected individuals as
predominantly young males between 20 and 30 years
old, a finding likely reflective of the primary

participants in the more boisterous aspects of these

celebrations. The high rate of bilateral involvement
underscores the indiscriminate nature of the exposure
mechanism. The quantitative results of this meta-
analysis align with and are explained by the known
pathophysiology of injury from modern synthetic
powders.12 The ocular surface, a delicate and precisely
maintained biological interface, is assaulted by a
combination of chemical, mechanical, and biological
insults, and the clinical findings are a direct
manifestation of the tissue's response to this multi-

pronged attack.13

Schematic of the Ocular Surface Injury Cascade
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Figure 6. Conceptual illustration of the multi-modal ocular surface injury cascade from colored powder exposure. (A)

The healthy ocular surface. (B) The initial insult combining alkaline chemical burn (liquefactive necrosis) and

mechanical abrasion from particles. (C) The subsequent inflammatory cascade involves PMNs and cytokines. (D) The

potential for long-term sequelae, including goblet cell loss and limbal stem cell damage.

Figure 6 showed a clear, four-part schematic that
provides a scientific and narrative illustration of the
multi-modal ocular surface injury cascade following
exposure to colored powder. The figure effectively
visualizes the progression from a healthy state to
acute injury, the subsequent inflammatory response,

and the potential for severe, long-term complications.

Panel A, "Healthy Ocular Surface," establishes the
baseline by depicting a pristine, multi-layered
epithelial barrier. This smooth and intact surface,
lubricated by a healthy tear film and populated by
essential goblet cells, represents the eye's normal,
well-defended state. This panel underscores the

biological structures that are placed at risk during
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festival celebrations. Panel B, ‘"Initial Insult,"
illustrates the critical moment of injury. The graphic
shows colored powder particles bombarding the eye,
leading to a visible epithelial defect. The
accompanying text explains that this damage is a
result of a "two-pronged attack": the mechanical
abrasion from sharp particles physically scrapes away
cells, while the alkaline chemical burn causes
liquefactive necrosis, dissolving cell membranes and
compromising the epithelial barrier. This stage
represents the direct, acute trauma that initiates the
entire pathological process. Panel C, "Inflammatory
Cascade," visualizes the body's immediate biological
response to this trauma. The tissue injury triggers an
intense inflammatory reaction, characterized by the
infiltration of immune cells, specifically
polymorphonuclear leukocytes (PMNs). As depicted,
these cells release a host of pro-inflammatory
cytokines, such as TNF-a and IL-1(3, which amplify
tissue damage and lead to the clinical signs of
vasodilation (redness) and swelling. Panel D, "Long-
Term Sequelae," portrays the potential chronic and
devastating outcomes if the initial injury is severe and
does not heal properly. The graphic shows an
irregular, damaged surface with stromal scarring. The
panel explains that this can include the destruction of
goblet cells, leading to chronic dry eye, and damage to
the vital limbal stem cells (LSCD), which can cause
permanent vision impairment and chronic pain. This
final panel serves as a stark warning of the permanent
"hidden hazards" of these exposures.

The near-universal prevalence of chemical
conjunctivitis (95%) is the most immediate and
predictable outcome. It is critical to understand that
this is not a simple irritation but a true chemical burn.
The high alkalinity of the powders causes liquefactive
necrosis of the conjunctival epithelium, triggering a
massive inflammatory cascade mediated by
histamine, IL-8, and TNF-a, resulting in the clinically
observed redness and swelling.14 The high statistical
heterogeneity (12=82%) in this finding is not surprising
and is clinically informative. It likely reflects the broad

spectrum of conjunctival injury, from mild, transient

hyperemia to severe pseudomembrane formation, all
of which would be classified under the umbrella of
"conjunctivitis" in the primary studies.
Simultaneously, the high prevalence of superficial
punctate keratopathy (75%) reflects a more specific
injury to the cornea. This pattern of fine, scattered
epithelial erosions arises from the synergistic
mechanisms of direct cytotoxicity from the chemical
dyes, which induce apoptosis via oxidative stress, and
the mechanical abrasive effect of silica and mica
particles. The remarkable consistency between
studies for this finding (1?=0%) suggests that SPK is a
core, pathognomonic feature of this type of injury.15
Our finding that a substantial proportion develop a
frank corneal epithelial defect (37%) represents a
clinically significant escalation of injury. This breach
of the corneal barrier is the critical gateway to more
severe complications. The clinical importance of an
epithelial defect cannot be overstated, as it creates a
high-risk scenario for secondary infectious keratitis.
However, the "hidden hazard" of these celebrations
extends far beyond the acute phase. Even after the
initial injury appears to heal, the chemical insult can
initiate a lifetime of ocular surface disease. This is a
crucial aspect often overlooked in acute care settings.
The alkaline powders and cytotoxic dyes can destroy
the mucin-producing goblet cells in the conjunctiva.
The loss of this crucial tear film layer leads to
evaporative dry eye, chronic foreign body sensation,
photophobia, and a lifelong dependency on artificial
tears and other therapies. The limbus, at the
periphery of the cornea, houses the stem cells
responsible for replenishing the corneal epithelium. A
severe chemical burn can destroy these stem cells. The
consequence is limbal stem cell deficiency (LSCD), a
devastating condition where the cornea becomes
covered by opaque, vascularized conjunctival tissue,
leading to chronic pain, recurrent erosions, and
severe, often irreversible, vision loss.15 Damage to the
epithelial basement membrane and its anchoring
fibrils (Type VII collagen) can lead to recurrent corneal
erosion syndrome (RCES), a condition where the

corneal epithelium fails to adhere properly and
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spontaneously sloughs off, causing episodes of
excruciating pain, typically upon waking. Even in the
absence of a dense central scar, the ocular surface
damage can permanently degrade the quality of vision.
Stromal haze, basement membrane irregularities, and
chronic inflammation can induce significantly higher-
order aberrations, leading to debilitating symptoms of
glare, halos, starbursts, and reduced contrast
sensitivity.16 A patient may read the 20/20 line on a
chart but be functionally blind when driving at night.

The findings of this study provide a clear mandate
for public health action. While the data is derived from
the Indian Holi festival, the pathophysiological
principles are universal, serving as a critical warning
for any festival involving unregulated powders. The
recommendations must be pragmatic and multi-
faceted. The cornerstone of clinical advice is often the
pursuit of an ideal standard of care. In the context of
preventing ocular trauma from colored powder, the
unequivocal ideal is the use of sealed, wrap-around
safety goggles.1” This Gold Standard represents the
ophthalmologist's choice, providing a near-
impermeable barrier that protects the ocular surface
not only from the direct, forceful impact of thrown
powder clumps but also from the fine, aerosolized dust
that permeates the celebratory atmosphere. This
complete seal is critical because it mitigates both the
mechanical and chemical insults simultaneously. The
physical barrier prevents the sharp, abrasive particles
of silica or mica from causing corneal erosions, while
the enclosed space protects the delicate tear film from
being saturated with alkaline chemicals that can
rapidly destabilize its pH and initiate a cascade of
tissue damage. In essence, sealed goggles offer a
personal "clean room" environment for the eyes in the
midst of a hazardous particulate storm. However, we
must rigorously acknowledge the significant
behavioral and social barriers to the adoption of this
Gold Standard. For many participants, particularly
young travelers, the primary motivation for attending
such festivals is the pursuit of an immersive,
authentic, and sensory experience. The act of wearing

bulky safety goggles can feel antithetical to this goal.

They can be perceived as hot, uncomfortable, and
visually limiting, but most importantly, they can
create a sense of detachment, transforming an active
participant into a mere observer. This social-
psychological barrier is immensely powerful and often
leads to low compliance, rendering the perfect-in-
theory advice useless in practice.

Therefore, a pragmatic public health message must
incorporate a Good Alternative based on the principles
of harm reduction. This alternative is the use of well-
fitting, high-coverage sunglasses. While not sealed, a
wrap-around style of sunglass can deflect the vast
majority of direct projectile impacts. The physics of
this intervention is simple but effective: by presenting
a physical barrier, sunglasses prevent the largest and
most dangerous clumps of powder from making direct
contact with the ocular surface. This intervention is
designed to significantly reduce the total load of the
hazardous material reaching the eye. The difference in
the total volume of powder exposure can be the critical
factor that distinguishes a mild, transient irritation
from a severe, vision-threatening chemical burn
requiring prolonged medical care.18 The key attributes
are "well-fitting" and "high-coverage," ensuring that
the gap between the frame and the face is minimized,
thereby offering a degree of protection from particles
entering from the sides, top, or bottom. This approach
represents a realistic compromise, offering substantial
protection while being far more socially acceptable and
comfortable for the user.

Finally, for individuals who may reject even
sunglasses, a Minimum Standard of protection must
be communicated. This final safety net emphasizes
that any physical barrier is superior to none. Even
standard prescription eyeglasses can block a direct
impact that might otherwise have devastating
consequences. This equipment-based advice is then
coupled with a crucial emphasis on behavioral
modification. This is not a passive approach but an
active form of self-protection that requires situational
awareness. Participants should be counseled to be
mindful of their surroundings, to anticipate when

powder is about to be thrown, and to instinctively turn
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their head or use their hands to shield their face. The
simple, reflexive act of closing the eyes tightly just
before an anticipated exposure can prevent the vast
majority of powder from reaching the conjunctiva and
cornea. This tiered strategy—from the ideal to the
pragmatic to the minimal—allows a health advisor to
provide tailored, realistic advice. It moves away from a
single, often-rejected directive and towards a
collaborative approach that respects individual choice
while maximizing the chances that some form of
protective measure will be adopted, ultimately
reducing the overall incidence and severity of injury.
While empowering individuals with harm reduction
strategies is essential, placing the entire burden of
safety on the participant is an incomplete and
fundamentally flawed public health model. A truly
effective prevention strategy must adopt a "systems
thinking" approach, modifying the environment in
which the event takes place and addressing the root
cause of the hazard—the composition of the powders
themselves. This requires a shift in focus from solely
managing individual behavior to engineering a safer
ecosystem for the celebration. The most immediate
and high-impact environmental modification is the
implementation of event-level safety measures,
specifically the establishment of dedicated irrigation
stations. This intervention acts as a form of immediate
post-exposure prophylaxis. These stations should be
clearly marked with universally recognizable symbols,
strategically placed throughout the event venue, and
staffed with personnel trained in basic ocular first aid.
They should be equipped with large, accessible
sources of sterile, buffered saline solution or, at a
minimum, an abundant supply of clean, bottled water.
The scientific rationale for this is clear and compelling.
The primary mechanism of injury from these powders
is an alkali chemical burn. Immediate, copious, and
prolonged irrigation is the single most effective
intervention to mitigate this damage.l® Irrigation
works by physically washing away foreign particles,
diluting the concentration of harmful chemicals, and,
most importantly, neutralizing the pH of the ocular

surface, halting the process of liquefactive necrosis

before it can cause deeper and more permanent tissue
damage. The presence of such stations transforms the
safety paradigm from one of solely pre-event
prevention to one that includes a robust, on-site
emergency  response, dramatically  improving
outcomes for those who do sustain an exposure
despite their best efforts. Moving further upstream to
address the root of the problem requires interventions
at the supply chain and vendor regulation level. The
fundamental issue is not the cultural practice of
celebrating with color, but the hazardous nature of the
modern, synthetic materials used. A powerful public
health strategy would therefore focus on shifting the
market back towards safe, traditional, and non-toxic
powders. This can be achieved through a multi-
pronged campaign in endemic regions. First, public
awareness campaigns are needed to educate local
communities and vendors about the documented
health dangers of industrial dyes, linking them to
specific outcomes like eye injuries and skin allergies.
This messaging should be paired with a positive
campaign that celebrates and promotes the use of
authentic, natural gulal derived from traditional
sources like turmeric, beetroot, and flower extracts,
framing the choice as one that is not only safer but
also more culturally authentic.

These campaigns work to create consumer demand
for safer products. When participants begin to
preferentially purchase powders that are certified as
non-toxic or are visibly organic, vendors are
economically incentivized to alter their supply chains.
This market-based approach can be powerfully
supplemented by supporting local producers and
artisans who create safe, traditional powders. By
creating a positive economic feedback loop, public
health initiatives can make the safe choice the easy
and economically beneficial choice for the entire
community. This upstream intervention is the most
sustainable solution, as it removes the hazard at its
source rather than simply attempting to manage its
consequences. Finally, any discussion of public health
interventions must maintain a Balanced Focus,

acknowledging the crucial importance of equity. While
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the implications for travel medicine are a novel and
important focus, it is essential to recognize that the
overwhelming burden of injury is borne by the local
residents who participate in these festivals annually,
often over a lifetime. A public health strategy that
focuses exclusively on making an event safe for
tourists while ignoring the endemic risks to the host
community is ethically untenable.20 Therefore, the
most effective and equitable interventions are those
designed with and for the local community. System-
level changes like vendor regulation and the
promotion of safe powders primarily benefit local
residents, with the wonderful secondary effect of
creating a safer environment for visitors. Travel
medicine advice then becomes a complementary layer
of personal protection within a system that is
fundamentally safer for everyone. The ultimate goal
should be to foster a celebratory environment where
the well-being of the local population and
international travelers are seen not as separate issues,
but as inextricably linked components of a single,

healthy community.

5. Conclusion

This meta-analysis demonstrates that
participation in colored powder festivals, based on
extensive evidence from Holi in India, carries a
substantial and quantifiable risk of acute ocular
morbidity, including exceptionally high rates of
chemical conjunctivitis and corneal epithelial damage.
The findings transition the understanding of these
injuries from a series of isolated incidents to a
predictable and preventable public health problem.
The "hidden hazard" of celebration extends beyond the
acute injury to a lifetime of potential ocular surface
disease. It is therefore imperative that national public
health bodies and international travel medicine
organizations incorporate these findings into their
guidelines, advocating for pragmatic, tiered preventive
strategies and educating both local participants and
international tourists to ensure that these vibrant
celebrations of life and color do not result in avoidable,

and potentially irreversible, harm to sight.
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