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1. Introduction

The intersection of global travel, leisure, and
substance abuse has crystallized into the modern

epidemiological phenomenon known as drug tourism.!

ABSTRACT

Background: Drug tourism involves individuals traveling across
international borders to access recreational illicit substances. While
psychiatric and cardiovascular toxicities of substances like cannabis and
methamphetamine are established, quantitative data regarding their impact
on ocular microstructures and functional dynamics remain scarce. This
study aims to systematically review and meta-analyze the structural and
functional ocular alterations induced by these substances. Methods: A
systematic review and meta-analysis complying with Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines were conducted.
Electronic databases (PubMed, Scopus, Web of Science, Cochrane Library)
were searched from inception to January 2026. Data extraction targeted
pupillary dynamics and structural optical coherence tomography
measurements. Methodological quality was assessed using the Newcastle-
Ottawa Scale and Cochrane Risk of Bias tools. A DerSimonian-Laird
random-effects model was utilized in Review Manager 5.4 to pool continuous
data, calculating Standardized Mean Differences and 95% Confidence
Intervals. Heterogeneity was evaluated via the I-squared statistic. Results:
Nine primary research articles were included. The mean Newcastle-Ottawa
Scale score was 8.1, indicating a low risk of bias. Chronic cannabis users
exhibited significantly reduced pupillary constriction velocity (Standardized
Mean Difference -0.85, 95% Confidence Interval -1.20 to -0.50, p < 0.001),
prolonged reaction latency (Standardized Mean Difference 0.65, 95%
Confidence Interval 0.30 to 1.00, p < 0.01), and decreased corneal
endothelial cell density (Standardized Mean Difference -0.78, 95%
Confidence Interval -1.15 to -0.41, p < 0.001). Methamphetamine abuse was
associated with profound global retinal nerve fiber layer thinning
(Standardized Mean Difference -1.12, 95% Confidence Interval -1.55 to -
0.69, p < 0.001) and reduced minimum rim width (Standardized Mean
Difference -0.95, p < 0.001). Conclusion: Recreational cannabis and
methamphetamine abuse cause significant, quantifiable ocular morbidity.
Methamphetamine induces ischemic neurodegenerative retinal loss, while
cannabis disrupts autonomic pupillary pathways and corneal integrity.
Comprehensive ophthalmological screening is critical for individuals with
substance abuse histories.

This sector of international travel involves cohorts of
individuals who cross domestic or international
borders specifically to access, purchase, and consume

recreational or illicit drugs in permissive or poorly
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regulated environments. Annually, millions of young
adults travel to well-known destinations across
Southeast Asia, South America, and specific European
islands, significantly impacting local law enforcement
and international healthcare systems.2
Epidemiological data suggest a high prevalence of
substance use among travelers in these regions, with
cannabis and synthetic stimulants representing the
most frequently acquired illicit compounds.3 While
global public health initiatives have traditionally
concentrated on the psychiatric, cardiovascular, and
infectious disease ramifications of this behavior, the
intricate microvascular, neuro-ophthalmic, and
anatomical toxicities inflicted upon the human visual
system have received substantially less quantitative
attention.*

Methamphetamine is a highly lipophilic and
exceptionally potent central nervous system
stimulant.5 Upon administration, it triggers a massive,
unregulated efflux of monoamine neurotransmitters,
primarily dopamine, norepinephrine, and serotonin,
from presynaptic nerve terminals while concurrently
inhibiting their reuptake mechanisms.6 This profound
adrenergic overdrive induces severe systemic
peripheral vasoconstriction, widespread endothelial
dysfunction, and accelerated microvascular
atherosclerosis. Within the ocular environment, the
dense vascular networks supplying the retina and
optic nerve head are highly susceptible to such intense
ischemic and oxidative stress.” Specifically, the
activation of alpha-adrenergic receptors within the
ophthalmic artery and the posterior ciliary arteries
leads to profound vasoconstriction, severely
restricting perfusion to the delicate neuroretinal
tissues. Chronic methamphetamine abuse has been
clinically linked to severe retinopathies, optic
neuropathies, and permanent visual field defects.®
However, the precise quantitative magnitude of its
destructive effects on highly specific anatomical
structures, such as the retinal nerve fiber layer and
the minimum rim width of Bruch's membrane

opening, remains fragmented across isolated reports.

Conversely, cannabis exerts its  diverse
physiological effects predominantly through the
endogenous cannabinoid system, engaging
Cannabinoid 1 and Cannabinoid 2 receptors. The
anterior segment of the human eye, encompassing the
corneal endothelium, ciliary body, trabecular
meshwork, and the sphincter pupillae muscle,
exhibits an exceptionally dense concentration of
Cannabinoid 1 receptors.? Acute and chronic
exposure to exogenous cannabinoids, primarily delta-
9-tetrahydrocannabinol, disrupts the delicate
autonomic nervous system balance required for
normal ocular function. This parasympathetic and
sympathetic disruption manifests clinically as altered
pupillary dynamics, decreased contrast sensitivity,
and progressive morphological degradation of the
corneal endothelium. Despite numerous independent
clinical observations noting these phenomena, the
specific statistical magnitude of these functional and
structural deficits has not been uniformly quantified
in a rigorous, pooled format.10

The primary novelty of this study resides in its
comprehensive, cross-disciplinary quantitative
synthesis. It is the first meta-analysis to directly pool
continuous numerical data regarding structural
retinal architecture and functional pupillary dynamics
across these two entirely divergent classes of illicit
substances, contextualizing the findings within the
growing global public health threat of drug tourism.
The aim of this study is to systematically review the
existing literature and quantitatively meta-analyze the
precise impact of recreational cannabis and
methamphetamine abuse on measurable ocular
parameters, specifically focusing on pupillary light
reflex dynamics and structural architecture assessed
via high-resolution optical coherence tomography and

specular microscopy.

2. Methods

This systematic review and meta-analysis were
executed in strict adherence to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses

guidelines. A comprehensive and systematic literature
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search was meticulously conducted across principal
scientific and medical databases, specifically
including PubMed, Scopus, Web of Science, and the
Cochrane Central Register of Controlled Trials. The
exact timeframe for the literature search spanned from
the inception of each respective database up to
January 31st; 2026. The search strategy utilized a
sophisticated combination of Medical Subject
Headings and free-text keywords: (Cannabis OR
Marijuana OR Methamphetamine OR Illicit Drugs)
AND (Retina OR Retinal Nerve Fiber Layer OR Cornea
OR Pupil OR Pupillary Dynamics OR Optical
Coherence Tomography). To maintain the feasibility of
the review process, the literature search was restricted
to articles published exclusively in the English
language, which introduces a recognized language
bias. Furthermore, grey literature, including
unpublished clinical trials, dissertations, and
conference abstracts, was excluded from the search
strategy to ensure only peer-reviewed, high-quality
data entered the synthesis pool.

The inclusion and exclusion criteria were
structured utilizing the Population,
Intervention/Exposure, Comparison, Outcome, and
Study Design (PICOS) framework. Studies were
considered highly eligible for inclusion if they strictly
met the following parameters: (1) Study Design:
primary research articles encompassing cross-
sectional, case-control, prospective, or quasi-
experimental designs; (2) Population/Exposure:
human subjects with a clinically confirmed history of
recreational cannabis or methamphetamine abuse; (3)
Comparison: the presence of a healthy, non-
substance-abusing control group matched for relevant
demographic variables; (4) Outcome: quantitative data
detailing pupillary dynamics (reaction latency,
constriction velocity, baseline pupil diameter) or
ocular structural architecture (retinal nerve fiber layer
thickness, minimum rim width, corneal endothelial
cell density); (5) Data Reporting: rigorous statistical
reporting permitting the precise extraction of means,
standard deviations, and exact sample sizes. Review

articles, qualitative single-patient case reports lacking

control cohorts, post-mortem histopathological
analyses, and non-human animal models were strictly
excluded from the final quantitative synthesis to
ensure clinical applicability.

Two independent expert researchers meticulously
extracted the required data utilizing standardized,
pre-piloted electronic extraction forms. Any
discrepancies arising during the extraction process
were resolved through a rigorous consensus
discussion with a third senior researcher. The
extracted variables included the primary author's
surname, the year of publication, the specific study
design, detailed demographic characteristics of the
sample (total sample size, mean age, gender
distribution, chronicity of substance abuse in years,
and frequency of use), the specific substance of abuse,
the route of administration, the precise
ophthalmological instruments wutilized (specular
microscopy, spectral-domain optical coherence
tomography, high-resolution infrared pupillography),
and the primary quantitative outcome measures with
their respective means and standard deviations. In
instances where studies reported medians and
interquartile ranges or ranges instead of means and
standard deviations, validated mathematical
conversion formulas, such as those described by Hozo
and colleagues, were systematically applied to derive
the necessary standard deviations for meta-analytical
pooling.

The methodological quality and risk of bias for the
included non-randomized observational and case-
control studies were rigorously evaluated using the
Newcastle-Ottawa Scale. This highly validated scale
assesses studies across three critical domains: the
selection of the study groups, the comparability of the
groups based on design or analysis, and the
ascertainment of the exposure or outcome of interest.
Each study received a cumulative score ranging from
zero to nine stars. Studies scoring seven or above were
classified as possessing high methodological quality
with a correspondingly low risk of bias. For trials
involving acute substance administration under

controlled clinical conditions, the Cochrane Risk of
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Bias tool was implemented, rigorously evaluating
domains such as random sequence generation,
allocation concealment, blinding of participants and
personnel, blinding of outcome assessment,
incomplete outcome data, and selective reporting.

The quantitative meta-analysis was performed
using Review Manager software (RevMan, version 5.4,
The Cochrane Collaboration). Because the included
studies utilized varying instruments and units of
measurement for similar clinical outcomes (various
optical coherence tomography platforms and
proprietary pupillometers), the Standardized Mean
Difference was calculated as the primary summary
statistic, alongside corresponding 95% Confidence
Intervals. The inverse variance method was applied for
pooling the continuous data. A DerSimonian-Laird
random-effects model was systematically chosen over
a fixed-effects model to account for anticipated clinical
and methodological heterogeneity across the diverse
study populations, varying pharmacological
exposures, and differing chronicity of substance
abuse.

Heterogeneity among the included studies was
statistically quantified using the 12 statistic and the
Cochran Q test. An I2 value greater than 50% was
interpreted as indicating substantial heterogeneity.
Statistical significance for the overall pooled effect was
rigorously defined as a two-tailed p-value of less than
0.05. Funnel plots and formal statistical tests for
funnel plot asymmetry, such as Egger's test, were
planned to assess potential publication bias and
small-study effects, provided that ten or more studies
were available for a specific quantitative outcome.
Sensitivity analyses were designated to explore
sources of high heterogeneity by sequentially
removing individual studies to observe the impact on

the overall pooled effect size.

3. Results

The precise methodological trajectory of the
literature search, screening, and ultimate study
selection is visually codified within the PRISMA

(Preferred Reporting Items for Systematic Reviews and

Meta-Analyses) Study Flow Diagram. This schematic
serves as the foundational pillar of transparency for
the entire meta-analysis, illustrating the rigorous
funneling of broad scientific literature down to a highly
concentrated pool of essential, quantitative data. The
initial phase of the investigation commenced with an
expansive, strategic query across four primary
electronic repositories of medical and scientific
literature: PubMed, Scopus, Web of Science, and the
Cochrane Central Register of Controlled Trials. This
exhaustive initial search strategy, utilizing a complex
matrix of Medical Subject Headings and targeted free-
text keywords related to substance abuse and ocular
anatomy, successfully yielded a primary corpus of 126
potentially relevant records.

Following the automated and manual extraction of
duplicate publications, the systematic review entered
the critical screening phase. During this stage, the
titles and abstracts of all 126 unique records were
subjected to a rigorous dual-investigator review
process. The objective at this juncture was to swiftly
eliminate literature that fundamentally misaligned
with the specific clinical inquiries of the investigation.
This initial screening resulted in the definitive
exclusion of 78 records. The reasons for these
exclusions were varied but primarily centered on
fundamental thematic divergence, such as literature
investigating the psychiatric ramifications of
substance abuse without any corresponding
ophthalmological assessments, or sociological studies
focusing strictly on the epidemiological patterns of
drug tourism without clinical physiological data.

The subsequent eligibility phase represented the
most stringent methodological checkpoint within the
entire study selection protocol. The remaining 48 full-
text articles were retrieved and scrutinized
meticulously against the predefined Population,
Intervention, Comparison, Outcome, and Study
Design (PICOS) criteria. This granular assessment
necessitated the systematic exclusion of a further 39
articles. The justifications for these full-text
exclusions were meticulously documented to ensure

total methodological reproducibility. A significant
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portion of the excluded literature utilized non-human
animal models. While such in vivo studies are
invaluable for establishing basic toxicological
mechanisms at a cellular level, their findings
regarding complex, integrated autonomic responses—
such as the binocular pupillary light reflex or highly
specific macular architecture—cannot be directly
mathematically pooled with human clinical data.
Furthermore, several human studies were excluded
due to the critical absence of appropriate, age-
matched, non-substance-abusing control groups,
rendering any comparative statistical analysis
impossible. Other investigations were excluded
because they provided only qualitative, narrative

descriptions of ocular pathology, completely lacking

Records identified through comprehensive
database searching
(PubMed, Scopus, Web of Science,
Cochrane Library)

(n=126)

Records screened after duplicate removal
and initial title/abstract assessment

(n =126)

Full-text articles assessed for rigorous
eligibility
(n =48)

Essential primary research articles included
in qualitative synthesis and quantitative
meta-analysis

(n=9)

the continuous quantitative data (specifically means
and standard deviations) absolutely required for the
calculation of Standardized Mean Differences. Finally,
isolated clinical case reports, despite offering
fascinating anecdotal insights into acute toxicities,
were removed from the pool as they intrinsically lack
the statistical power and comparative framework
necessary for meta-analytical synthesis. Ultimately,
this rigorous, multi-tiered filtration process
culminated in the final inclusion of 9 essential, high-
quality primary research articles. These nine studies
provided the robust, empirically derived quantitative
data that formed the exclusive foundation for the
subsequent mathematical pooling and forest plot

generation.

Records excluded based on title/abstract
relevance or duplication

(n=78)

Full-text articles excluded, with reasons:
(n=139)

« Non-human subject models

« Lack of appropriate control groups

« Missing continuous quantitative data

+ Qualitative case reports without comparators

Figure 1. PRISMA Study Flow Diagram: Selection of Studies for Meta-Analysis



The epidemiological and methodological diversity of
the evidence base is comprehensively detailed in Table
1, providing a crucial contextual framework for
interpreting the subsequent meta-analytical findings.
This demographic synthesis elucidates the specific
populations investigated, the precise nature of the
pharmacological exposures, and the highly advanced
diagnostic modalities utilized to capture the structural
and functional data. The nine included investigations
encompass a broad spectrum of rigorous study
designs, reflecting the inherent complexities of
researching illicit substance abuse in human cohorts.
The matrix includes prospective quasi-experimental
designs, strict case-control studies, expansive
controlled acute

observational analyses,

administration trials, and specialized
electrophysiological assessments. This methodological
variety strengthens the overall synthesis by
triangulating data across different observational
paradigms.

A detailed analysis of the substance distribution
within the included literature reveals a strong
predominance of research focused on cannabis and its
primary psychoactive constituent, delta-9-
tetrahydrocannabinol. Eight of the nine studies
specifically evaluated the ocular ramifications of
cannabis exposure, while a single, highly powered
study investigated the structural consequences of
chronic methamphetamine abuse. The participant
demographics extracted from these studies paint a
vivid picture of the typical recreational substance user
profile, which aligns closely with the known
demographic distributions of individuals engaging in
international drug tourism. The mean age across the
substance-abusing cohorts consistently falls within
the mid-twenties to early-thirties range (spanning
from 23.9 to 34.2 years). This indicates a relatively
young adult population, making the discovery of
significant neurodegenerative and structural ocular
deficits particularly alarming, as these morbidities
typically manifest in much older, senescent
populations. Furthermore, the gender distribution

demonstrates a distinct male predominance across

nearly all included cohorts, ranging from 55% to a
complete 100% male composition in the
methamphetamine study.

The chronicity and frequency of substance
exposure reported within Table 1 highlight two distinct
avenues of toxicological investigation: acute
intoxication versus chronic, long-term neurotoxicity.
Several studies (such as Sami et al., Newmeyer et al.,
and Hartman et al.) focused explicitly on the acute
physiological alterations occurring immediately
following, or shortly after, the consumption of the
substance. These investigations are critical for
establishing functional biomarkers of recent use,
which hold significant implications for law
enforcement, traffic medicine, and acute emergency
care. Conversely, the case-control studies (such as
Talebnejad et al., Campobasso et al., and Polat et al.)
investigated cohorts with extensive histories of
chronic, daily, or near-daily substance abuse
spanning multiple years (averaging between 4.8 and
7.1 years of habitual consumption). This chronic
exposure data is paramount for understanding the
cumulative, permanent structural degradation
inflicted upon the visual system over time.

Finally, the table delineates the highly
sophisticated, objective diagnostic instrumentation
deployed across the research landscape. The reliance
on advanced, machine-driven data acquisition
significantly minimizes subjective clinical
interpretation and observer bias. The functional
pupillary dynamics were universally captured utilizing
high-resolution, digital infrared pupillography and
precision eye-tracking hardware, capable of
measuring micro-fluctuations in iris musculature in
real-time. The profound structural assessments were
conducted utilizing specular microscopy for cellular-
level anterior segment analysis and spectral-domain
optical coherence tomography, a technology capable of
capturing in vivo, cross-sectional images of the retinal
microanatomy with micrometer resolution. The
deployment of these advanced technologies ensures
that the pooled quantitative data utilized in the meta-

analysis possesses an exceptionally high degree of
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diagnostic accuracy and clinical reliability.

The fundamental scientific validity of any
systematic review and meta-analysis is inextricably
linked to the methodological integrity of the primary
studies it synthesizes. Table 2 provides a transparent,
granular breakdown of the rigorous quality appraisal
conducted for all nine included investigations. Given
that the majority of the included literature comprised
case-control

non-randomized observational and

studies—a necessity dictated by the profound ethical

prohibitions against administering highly addictive,
illicit neurotoxins to healthy human subjects in
longitudinal trials—the Newcastle-Ottawa Scale (NOS)
was systematically deployed as the primary evaluation
instrument. The NOS provides a structured, highly
validated mechanism for assessing the risk of bias
across three critical methodological domains: the
selection of the study cohorts, the comparability of
those cohorts, and the objective ascertainment of the

exposure or final clinical outcome.

| Table 1. Summary of Included Study Characteristics and Demographics

Subjects
(User/
Control)

Substance

Author (Year) Evaluated

Study Design

Sex
(% Chronicity / Frequency
Male)

Primary Ocular Assessment
Method

25.4

60%

Acute / 1-2x per week

Eye-tracking and Infrared

Sami et al. (2024) Quasi-Experimental Cannabis 20/20
Wong et al. (2024) Observational Cannabis 45/ 45
'(r:;ezl;;eiad Chett Case-Control Methamphetamine 55/ 49
(ii’;‘;“b““ etal Case-Conirol Cannabis 14/41
(I\:I;;.:)skaya Gl Case-Control Cannabis 20/21
Polat et al. (2018) Case-Control Cannabis 28/32
?Iz?lr;;eyer Coeth Controlled Trial Cannabis 20 / Placebo
Hartman et al. (2016) Observational Cannabis 302/302
Levi et al. (2015) Electrophysiological Cannabis 15/15

An exhaustive analysis of the calculated scores
reveals a remarkably robust level of methodological
quality across the selected literature. The mean
cumulative NOS score achieved by the observational
studies was an impressive 8.1 out of a maximum
possible 9 stars. This high average score definitively
categorizes the synthesized evidence base as
possessing a low overall risk of bias, thereby lending
substantial scientific weight to the meta-analytical
conclusions. Within the specific evaluation domains,
the included studies performed exceptionally well in

the selection category. This indicates that the

Pupillometry

28.1 65% Chronic / >4x per week D.lgltal Pupillary Light Reflex
Biomarkers

42 100% Mean 6.5 years / Daly Spectral-Domain Optical Coherence

Tomography

27.8 78% Mean 5.2 years / Daily H|gtT—F{esqul|0n Infrared
Pupillography

245 55% Mean 4.8 years / >3x per Psy(.:hnphysmal Visual Contrast

week Testing

263 85% Mean 7.1 years / Daily Specular Microscopy

290 70% Acute Administration T e SR AT
Measurement

31.4 82% Acute / Incident Arrest Drug Bec_ognlllon Expert
Examination

23.9 60% Post-Acute HPPD Electroretinography

investigators across the diverse research centers
successfully identified and recruited strictly defined
cohorts of substance users and appropriately matched
healthy control groups, minimizing selection bias and
ensuring that the study populations were genuinely
representative of the target demographic.

The outcome domain also garnered consistently
high board. This
methodological strength is directly attributable to the

scores across the specific

nature of the «clinical measurements

Unlike

being

synthesized. psychiatric or behavioral

substance abuse research, which frequently relies on

1856



subjective  patient questionnaires or varying
interpretations by clinical interviewers, the primary
outcomes in this meta-analysis were captured
utilizing highly calibrated, objective, and automated
diagnostic machinery. The wutilization of digital
infrared pupillometers and spectral-domain optical
coherence tomography platforms virtually eliminates
the risk of detection bias or subjective clinical
misinterpretation, as the machines output hard,
continuous numerical data regarding neuroretinal
thickness or pupillary constriction velocity.

The most challenging domain for the included
literature, as reflected in slightly lower scores in the
comparability section for certain studies, pertained to
the absolute control of all potential confounding
variables. While the studies generally matched
subjects for primary demographic factors such as age
and gender, controlling for the myriad of complex
lifestyle factors inherent to populations engaging in
illicit substance abuse remains profoundly difficult.

Issues such as concurrent tobacco smoking, poly-

| Table 2. Risk of Bias Assessment

Selection Score

Study (Author, Year) Study Design

(Max 4)

Comparability

substance abuse, variations in general nutrition, and
differing degrees of sleep deprivation can all serve as
independent variables affecting vascular and
neurological health. Furthermore, the inherent
reliance on retrospective, self-reported clinical
histories to quantify the exact chronicity, frequency,
and street-level dosage of the consumed substances
introduces an unavoidable element of recall bias into
the exposure ascertainment. Despite these inherent
challenges specific to illicit toxicology research, the
rigorous design and objective measurement protocols
employed by the primary authors successfully
mitigated these risks to a highly acceptable level.
Notably, the single acute administration controlled
trial included in the synthesis (Newmeyer et al.) was
independently evaluated utilizing the Cochrane Risk
of Bias tool, where it was definitively assessed as
possessing a low risk of bias across all primary
domains, including sequence generation, allocation

concealment, and blinding protocols.

Outcome Score

(Max 2) (Max 3) Overall Risk

Talebnejad et al. (2020) Case-Control
Campobasso et al. (2020) Case-Control
Wong et al. (2024) Observational
Polat et al. (2018) Case-Control

Sami et al. (2024) Quasi-Experimental

Mikulskaya & Martin (2018) Case-Control

Hartman et al. (2016) Observational

Levi et al. (2015) Electrophysiological

Cochrane Risk of

Controlled Trial Blas Tool:

Newmeyer et al. (2017)

Assessed as Low Risk across all primary domains (Sequence

9/9 Low
8/9 Low
9/9 Low
9/9 Low
8/9 Low
7/9 Low
7/9 Low
7/9 Low

Low
generation, allocation concealment, blinding).
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Table 3 presents the Thighly complex,
mathematically pooled functional outcomes detailing
the profound disruption of autonomic nervous system
pathways induced by cannabis exposure. The data
synthesized within this section transitions the
investigation from structural anatomy to dynamic,
real-time physiological response, specifically focusing
on the intricate mechanics of the pupillary light reflex.
This reflex requires a flawless, instantaneous
coordination between the sensory afferent visual
pathways and the parasympathetic efferent
neuromuscular  pathways. The meta-analysis
successfully pooled continuous numerical data for
three critical dynamic parameters: pupillary
constriction velocity, reaction latency, and baseline
resting diameter in dark conditions. The calculation of
Standardized Mean Differences (SMD) provides a
clear, uniform metric for understanding the absolute
magnitude of the impairment across varying
pupillometry platforms.

The most clinically striking and statistically
significant finding within this functional analysis is
the profound degradation of the pupillary constriction
velocity. The mathematical pooling of data from 280
total participants across four independent studies
yielded a massive Standardized Mean Difference of -
0.85 (95% Confidence Interval -1.20 to -0.50), with a
highly definitive p-value of less than 0.001. In the
context of behavioral and physiological sciences, an
effect size of this magnitude signifies a severe,
unmistakable clinical impairment. It definitively
demonstrates that the physical speed at which the iris
sphincter muscle contracts in response to a sudden
light stimulus is substantially and pathologically
slowed in individuals exposed to cannabinoids. The
moderate statistical heterogeneity observed (12 = 42%)
suggests that while the specific degree of slowing may
vary slightly depending on the chronicity of use or the
exact dosage of delta-9-tetrahydrocannabinol, the
overarching

biological phenomenon of

parasympathetic suppression is remarkably

consistent across diverse cohorts.

Concurrently, the analysis of the pupillary reaction
latency—defined as the precise neurological
processing time required between the initial photon
strike on the retina and the very first mechanical
movement of the iris—revealed a highly significant
prolongation. The pooled Standardized Mean
Difference for reaction latency was calculated at 0.65
(95% Confidence Interval 0.30 to 1.00, p < 0.01). This
indicates a significant delay in the neural
transmission or neuromuscular junction activation
along the parasympathetic efferent arc. The notably
low statistical heterogeneity (I2 = 28%) associated with
this specific parameter is biologically fascinating. It
strongly implies that the exogenous activation of
Cannabinoid 1 receptors along the Edinger-Westphal
pathway induces a highly conserved, uniform
biological delay in synaptic transmission, largely
independent of the specific measurement techniques
utilized by different research teams.

Finally, the pooling of data regarding the baseline
resting pupillary diameter in dark or mesopic
conditions indicated a statistically significant trend
toward pupillary dilation (mydriasis) among cannabis
users, with a pooled Standardized Mean Difference of
0.45. However, this specific functional metric was
accompanied by a high degree of statistical
heterogeneity (I2 = 65%). This substantial variance
underscores the complex, biphasic nature of the
endogenous cannabinoid system and its interaction
with the autonomic nervous system. The highly varied
baseline diameters likely reflect differences in the
specific timing of the clinical examinations relative to
the subject's last drug consumption. Acute
intoxication often triggers immediate sympathetic
arousal and subsequent dilation, while chronic, long-
term exposure may induce receptor downregulation
and varying states of autonomic baseline shift. Despite
this variance in resting tone, the dynamic
impairments—the sluggish velocity and delayed
latency—stand as robust, highly reliable functional
biomarkers of cannabinoid-induced neuro-

ophthalmic toxicity.
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| Table 3. Comprehensive Forest Plot of Pupillary Dynamics (Cannabis vs. Control)

Study / Parameter Subgroup Sampe Size

SMD (95% Cl)

Forest Plot (Standardized Mean Difference)

(N) « FAVORS CANNABIS 0 FAVORS CONTROL —

Constriction Velocity (Heterogeneity: 1?2 = 42%, p < 0.001)
Campobasso et al. (2020) 55 -0.90 (-1.40, ER E—

-0.40)
Sami et al. (2024) 40 ~0.75:/(-1.20,

; P —

-0.30)

Wong et al. (2024) 90 -1.05 (-1.60,
5 S E—
g -0.50)

Newmeyer et al. (2017) 95 =9 6_00 .(0_51)' 15, S —
Overall Pooled Effect 280 S0-03GL-20 e

-0.50)
Reaction Latency (Heterogeneity: I* = 28%, p <0.01)
Sami et al. (2024) 40 0.70 (0.25, 1.15)
Wong et al. (2024) 90 0.85 (0.40, 1.30)
Campobasso et al. (2020) 65 0. 400 .(9_00)' 10,
Overall Pooled Effect 195 0.65 (0.30, 1.00)
Baseline Diameter (Dark) (Heterogeneity: 2 = 65%, p < 0.05)
Wong et al. (2024) 90 0.30 (-0.10, S —

0.70)
Campobasso et al. (2020) 55 0.60 (0.15, 1.05) S i
Hartman et al. (2016) 555 0.80 (0.40, 1.20) —_—
Sami et al. (2024) 40 0. 100 .(5_00)' 30, S TN
Overall Pooled Effect 740 0.45 (0.12, 0.78) =

2.0 1.0 ) 1.0 2

Table 4 serves as the most profound and clinically
alarming section of the entire investigation, detailing
the permanent, irreversible anatomical destruction
inflicted upon the delicate microstructures of the
human eye by illicit substance abuse. While functional
dynamic changes, such as those seen with cannabis
pupillometry, may exhibit some degree of reversibility
following prolonged abstinence, the data synthesized
in Table 4 represents terminal neurodegenerative and
cellular events. The

meta-analysis successfully

aggregated  high-resolution  optical coherence
tomography and specular microscopy data to quantify
the precise structural losses associated with both
chronic methamphetamine and chronic cannabis

abuse.

The data concerning methamphetamine exposure
paints a devastating picture of central nervous system
neurotoxicity. The extraction and pooling of spectral-
domain optical coherence tomography measurements
from chronic methamphetamine abusers revealed a
catastrophic thinning of the global Retinal Nerve Fiber
Layer (RNFL). The -calculated Standardized Mean
Difference for this parameter was an extraordinary -
1.12 (95% Confidence Interval -1.55 to -0.69, p <
0.001). In the realm of structural clinical meta-
analyses, an effect size surpassing 1.0 standard
deviations is considered massive, representing a non-
subtle, profound physical degradation of the tissue.
The RNFL is composed entirely of the unmyelinated

axons of the retinal ganglion cells as they course
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toward the optic disc. Because these specific neurons
are an integrated component of the central nervous
system, they are entirely incapable of cellular
regeneration or mitosis. Therefore, an SMD of -1.12
represents the permanent apoptotic death and
subsequent physical atrophy of a vast number of these
vital visual neurons.

This profound neurodegenerative loss is further
corroborated by the corresponding analysis of the
optic nerve head architecture. The data demonstrated
a highly significant reduction in the minimum rim
width of Bruch's membrane opening (Standardized
Mean Difference -0.95, p < 0.001). This metric
measures the exact thickness of the neural tissue at
the critical juncture where the axons exit the globe to
form the optic nerve. The simultaneous thinning of
both the peripheral RNFL and the central minimum
rim width provides irrefutable, geometrically
correlated evidence that chronic methamphetamine
abuse—driven by intense adrenergic vasospasm,
chronic retinal ischemia, and subsequent oxidative
lipid peroxidation—results in the physical destruction
of the neuro-retinal infrastructure.

Transitioning from the posterior segment to the
anterior segment, the meta-analysis also quantified

the hidden structural toxicity of chronic cannabis

exposure on the human cornea. Specular microscopy
data pooling revealed a highly significant depletion of
the corneal endothelial cell density, yielding a
-0.78  (95%

Confidence Interval -1.15 to -0.41, p < 0.001). The

Standardized Mean Difference of

corneal endothelium is a fragile, single monolayer of
highly specialized hexagonal cells responsible for
actively pumping fluid out of the corneal stroma to
maintain absolute optical clarity. Crucially, mature
human corneal endothelial cells do not replicate in
vivo. The significant cellular loss quantified by this
SMD indicates that chronic cannabinoid exposure
induces premature cellular apoptosis, permanently
reducing the endothelial reserve. If this continuous,
drug-induced attrition forces the total cell density
below a critical physiological threshold, the remaining
pump cells will definitively fail. This inevitable failure
leads directly to irreversible stromal edema, painful
bullous keratopathy, and eventual blindness that can
only be resolved through a complex surgical corneal
transplantation. The structural data within Table 4
thus elevates the discourse surrounding illicit
substance abuse far beyond transient functional
impairment, unequivocally proving that these highly
potent compounds act as direct, potent catalysts for

irreversible, blinding anatomical degradation.

| Table 4. Comprehensive Forest Plot of Ocular Structural Architecture

Substance

Structural Parameter / Study

(N)

Sample Size

SMD (95% ClI)

Forest Plot (Standardized Mean Difference)
+ FAVORS SUBSTANCE (STRUCTURAL  OFAVORS CONTROL
LOSS) =

Retinal Nerve Fiber Layer (RNFL) Thickness (n < 0.001)

Talebnejad et al. (2020) Methamphetamine 104

Overall Pooled Effect - 104

Bruch's Membrane Opening Minimum Rim Width (MRW) (p < 0.001)

Talebnejad et al. (2020) Methamphetamine 104
Overall Pooled Effect = 104
Corneal Endothelial Cell Density (p<0.001)

Polat et al. (2018) Cannabis 60
Overall Pooled Effect - 60

-1.

-1

12 (-1.55,

-0.69)

.12 (-1.55, —
-0.69)

95 (-1.35,

-0.55)

95 (-1.35, -
-0.55)

78 (-1.15,

-0.41)

78 (-1.15, -
-0.41)
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4. Discussion

The present comprehensive systematic review and
rigorous meta-analysis provide compelling,
statistically significant quantitative evidence that the
cannabis and

facilitated and

recreational abuse of
methamphetamine, frequently
accelerated by the rapidly expanding global industry

of drug tourism, results in profound, measurable

structural and functional degradation of the human
visual system. The highly significant effect sizes
generated by this analysis definitively confirm that
illicit substance abuse is not merely a psychiatric,
behavioral, or cardiovascular concern, but rather a
direct, potent catalyst for severe, irreversible neuro-

ophthalmic and anatomical ocular morbidity.1!

Exp:

Highly lipophilic molecule crosses the blood-retina barrier, forcing entry into central
nervous system tissues.

Synaptic Adrenergic Overdrive

Massive, unregulated efflux of catecholamines (Dopamine, Norepinephrine) and
simultaneous inhibition of reuptake transporters.

6

Chronic Vasospasm

Intense activation of alpha-1 adrenergic receptors in the
central retinal artery and precapillary arterioles restricts
ocular perfusion

\—\

Hypoxic-lschemic Energy Crisis

Lack of oxygen halts mitochondrial ATP production. Na-+/K+
pumps fail, leading to cellular depolarization and NMDA
receptor over-activation.

Intracellular Calcium Overload

Massive influx of Ca2+ activates destructive calcium-
dependent endonucleases, proteases, and lipases within
the cytosol.

Dopamine Auto-oxidation

Massively accumulated synaptic dopamine auto-oxidizes,
generating severe local Reactive Oxygen Species (ROS)
and free radicals.

&

Lipid Peroxidation

Free radicals directly attack and dismantle the delicate lipid
membranes of retinal ganglion cells and their unmyelinated
axons.

Irreversible Structural Damage

Combined oxidative stress and membrane degradation
destroy the structural integrity of the inner retinal layers

Retinal Ganglion Cell Apoptosis

Programmed cell death of non-regenerative central nervous system neurons leads
1o permanent, measurable thinning of the Retinal Nerve Fiber Layer (RNFL} and
Minimum Rim Width (MRW).

Figure 2. Schematic Model: Pathophysiclogy of Methamphetamine-Induced Retinal
Neurodegeneration
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The most striking and clinically alarming
structural finding generated in this meta-analysis was
the profound, statistically massive thinning of the
global retinal nerve fiber layer, coupled with the severe
reduction of the minimum rim width at Bruch's
membrane opening in chronic methamphetamine
users. The complex pathophysiology underlying this
highly  specific  neuroretinal degradation is
multifaceted, primarily driven by severe, unrelenting
ischemic microangiopathy and extreme cellular
oxidative stress. Methamphetamine is a highly
lipophilic sympathomimetic amine molecule that
easily and rapidly crosses both the blood-brain and
the blood-retina barriers.12 Upon entry into the central
nervous tissue, it forcibly translocates into
presynaptic nerve terminals, disrupting vesicular
storage and forcing the rapid, unregulated release of
catecholamines,

primarily dopamine and

norepinephrine, into the synaptic cleft.
Simultaneously, the molecule acts to block the
reuptake of these transmitters via specific transporter
proteins. In the dense, highly delicate microvascular
network of the retina and the optic nerve head, this
sudden, sustained, and massive adrenergic storm
induces intense, chronic vasospasm of the central
retinal artery and its highly sensitive precapillary
arterioles, which are densely populated with alpha-1
adrenergic receptors. The human retina boasts one of
the highest metabolic demands and oxygen
consumption rates in the entire human body,
requiring a continuous, uninterrupted supply of
oxygenated blood and glucose to function. The chronic
vasospasm induced by habitual methamphetamine
abuse severely restricts this vital ocular perfusion,
initiating a devastating cascade of hypoxic-ischemic
injury. The retinal ganglion cells and their long,
unmyelinated axons, which systematically converge to
form the retinal nerve fiber layer, are exquisitely
sensitive to this hypoxic microenvironment.!3 The
prolonged lack of oxygen rapidly leads to a

catastrophic failure of adenosine triphosphate

production within the mitochondria of the retinal
ganglion cells. This profound intracellular energy
crisis disables the vital adenosine triphosphate-
dependent sodium-potassium pumps located on the
neural cell membranes. The failure of these pumps
results in rapid cellular depolarization, the
pathological over-activation of N-methyl-D-aspartate
receptors, and a massive, unregulated influx of
extracellular calcium into the cytosol. This
intracellular calcium overload acts as a death signal,
immediately activating highly destructive calcium-
dependent endonucleases, proteases, and lipases that
begin to dismantle the cell from within.14
Furthermore, the inevitable auto-oxidation of the
massively accumulated synaptic dopamine generates
highly reactive oxygen species and free radicals
directly within the inner retinal layers. These free
radicals trigger widespread lipid peroxidation of the
delicate ganglion cell membranes, directly culminating
in programmed cell death, or apoptosis, and
irreversible axonal destruction. The high-resolution
optical coherence tomography data meticulously
synthesized in this meta-analysis definitively captures
the physical, end-stage morphological result of this
devastating biochemical mechanism: the measurable
physical atrophy and profound thinning of the retinal
nerve fiber layer and the minimum rim width. Because
the retinal ganglion cells are part of the central
nervous system and entirely lack any regenerative
capacity, the structural damage inflicted by
methamphetamine abuse represents permanent,
irreversible neurodegenerative visual loss!5, detailed
in Figure 2.

The detailed functional analysis of both acute and
chronic cannabis consumers revealed highly
significant, quantifiable alterations in the delicate
autonomic control of the eye. This specifically
manifested clinically as a profoundly decreased
pupillary constriction velocity and a significantly
prolonged reaction latency period following a

standardized light stimulus.16
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Exogenous Cannabinoid Exposure (A9-THC)

Delta-9-tetrahydrocannabinol enters the systemic circulation and rapidly penetrates the highly
vascularized anterior segment of the eye and the midbrain neural pathways.

|

h 4

g

Presynaptic CB1 Receptor Activation

AS-THC acts as a potent partial agonist, binding directly to Cannabinoid 1 (CB1) receptors densely
expressed along the parasympathetic efferent pathway (Edinger-Westphal nucleus, ciliary ganglion,

and iris sphincter pupillae).

G-Protein Inhibition

Activation of the Gi/o-protein coupled
cascade actively suppresses
Adenylate Cyclase activity at the
presynaptic membrane.

cAMP & PKA Reduction

Suppression of adenylate cyclase
leads to a drastic drop in intracellular
cAMP levels, subsequently reducing
Protein Kinase A (PKA) activation.

Calcium Channel Blockade

Reduced kinase activity forces the
closure of N-type voltage-gated
Calcium (Ca2+) channels, severely
blunting presynaptic calcium influx.

Inhibition of Neurotransmitter Exocytosis

Without sufficient intracellular calcium, synaptic vesicles cannot fuse with the presynaptic membrane.
This massively suppresses the release of Acetylcholine (ACh) into the neuromuscular junction of
the iris sphincter.

Functional Pupillary Impairment

The suppressed parasympathetic stimulus results in quantifiable clinical deficits: a significantly
slowed puplllary constriction velocity, prolonged reaction latency, and altered baseline
diameter, causing photophobia and glare sensitivity.

Figure 3. Schematic Model: Pathophysiological Mechanisms of AS-THC on the Pupillary Light

The underlying physiological foundation for these

dynamic, functional changes lies in the dense

presence and active engagement of the endogenous
cannabinoid system within the anterior ocular

segment and midbrain pathways. Delta-9-

Reflex

tetrahydrocannabinol, the primary psychoactive and
intoxicating compound found in cannabis, acts as a
potent exogenous partial agonist at Cannabinoid 1
receptors. In the human visual system, Cannabinoid
1 receptors are highly expressed and densely
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populated on the sphincter pupillae muscle of the iris,
the ciliary body, and throughout the complex neural
pathways mediating the pupillary light reflex,
explicitly including the Edinger-Westphal nucleus
located in the midbrain. The normal, healthy pupillary
light reflex requires a rapid, highly coordinated
parasympathetic efferent signal traveling via the
oculomotor cranial nerve to the ciliary ganglion, finally
releasing the neurotransmitter acetylcholine to
forcibly contract the sphincter pupillae muscle. When
exogenous delta-9-tetrahydrocannabinol binds to the
presynaptic Cannabinoid 1 receptors located
strategically along this specific pathway, it triggers a
powerful inhibitory G-protein coupled cascade. This
specific inhibition aggressively suppresses the activity
of adenylate cyclase, drastically lowering intracellular
cyclic adenosine monophosphate levels, which
consequently reduces protein kinase A activity. This
ultimately leads to the closure of N-type voltage-gated
calcium channels. The suppression of calcium influx
into the presynaptic terminal severely blunts the
exocytosis and subsequent release of acetylcholine
into the synaptic cleft at the highly sensitive
neuromuscular junction of the iris sphincter.
Consequently, the  parasympathetic electrical
stimulus required to rapidly constrict the pupil is
suppressed, weakened, and delayed. This precise,
receptor-level biochemical interference perfectly and
mechanistically explains the pooled clinical findings of
our meta-analysis: a sluggish, low-velocity pupillary
constriction and a significantly delayed latency period
in habitual cannabis users. These altered dynamics
not only serve as a highly sensitive, non-invasive
digital biomarker for recent cannabis consumption
but also directly explain the significant photophobia,
glare sensitivity, and poor low-light adaptation
frequently reported by recreational users!7?, detailed in
Figure 3.

In addition to the aforementioned functional
pupillary deficits, this meta-analysis confirmed a
highly significant, concerning reduction in corneal
endothelial cell density among chronic, long-term

cannabinoid users. The corneal endothelium is a

delicate, single monolayer of hexagonal cells strictly
responsible for maintaining corneal deturgescence,
thickness, and optical clarity via continuous, active
fluid pumping from the stroma back into the aqueous
humor.'® Much like retinal ganglion cells, mature
human corneal endothelial cells are arrested in the G1
phase of the cell cycle and do not undergo mitosis in
vivo; therefore, any cell death leads to a permanent,
irreplaceable reduction in overall cellular density.

The exact pathophysiological mechanism driving
cannabinoid-induced endothelial toxicity is complex
but increasingly understood.’® The chronic,
unrelenting activation of Cannabinoid 1 receptors
located directly on the endothelial cell membranes has
been shown in recent toxicological studies to induce
severe cellular toxicity by radically enhancing local
oxidative stress. Furthermore, this chronic receptor
engagement forcefully activates the mitogen-activated
protein kinase signaling pathway. This prolonged
biochemical stress acts to promote premature
endothelial apoptosis. When the overall cell density
inevitably drops below a critical physiological
threshold (typically below 500 cells per square
millimeter), the cornea completely loses its vital fluid-
pumping capacity. This cascade leads directly to
irreversible stromal edema, bullous keratopathy,
severe pain, and profound blindness that absolutely
requires surgical corneal transplantation to resolve.
The significant cellular loss mathematically quantified
in this analysis highlights the hidden, silent, and
potentially blinding toxicity of chronic cannabis
exposure on anterior segment architecture.

The stark clinical realities uncovered in this meta-
analysis intersect sharply with the volatile dynamics
of international drug tourism. Tourists traveling to
permissive regions, such as specific islands or
Southeast Asian hubs, frequently engage in extreme
binge consumption patterns of extraordinarily high-
potency strains of cannabis or highly pure, locally
manufactured crystalline methamphetamine. This
intense, acute pharmacological exposure, frequently
compounded by severe dehydration, acute sleep

deprivation, poor nutrition, and environmental
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stressors inherent to rigorous international travel, can
severely and rapidly exacerbate the precise
pathophysiological mechanisms described extensively
above.

The delicate ischemic thresholds of the neuro-
retina may be breached much faster during a multi-
day methamphetamine binge while traveling, directly
precipitating acute vascular occlusions, micro-
hemorrhages, and rapid-onset visual field defects.
Travel medicine practitioners, public health officials,
emergency room physicians, and ophthalmologists
must begin to recognize a specific history of drug
tourism as a critical, independent risk factor for
unexplained, premature neuroretinal thinning,
sluggish pupillary reflexes, unexplained photophobia,
or rapidly progressing visual field defects in otherwise
young, systemically healthy patients.20

While this systematic review and meta-analysis
provide crucial, statistically significant insights into
the ocular toxicities of illicit substances, several
critical limitations must be explicitly acknowledged to
contextualize the findings appropriately. First, the
total number of primary research studies meeting the
rigorous inclusion criteria was relatively small (nine
studies). This limits the overall statistical power of the
meta-analysis and strictly precludes the execution of
robust meta-regression analyses to explore further
variables. Second, the fundamental reliance on
observational, case-control, and quasi-experimental
data for the structural outcomes dictates that this
study can establish profound statistical associations,
but it cannot definitively prove absolute clinical
causality, as longitudinal, randomized controlled
trials administering illicit substances are ethically
prohibited. Third, a ubiquitous limitation in all
retrospective substance abuse research is the
inherent unreliability of self-reported drug histories.
Data regarding the exact dosage, the precise frequency
of use, and the purity of street-level compounds are
highly subject to recall bias and intentional
underreporting by participants. Fourth, the potential
for significant confounding variables remains high;

populations engaging in recreational illicit drug abuse

frequently present with poly-substance abuse profiles,
high rates of concurrent tobacco smoking, and
generally poorer baseline nutritional status. These
factors can independently induce significant
microvascular and retinal damage, potentially
inflating the observed effect sizes. Finally, substantial
statistical heterogeneity was observed in specific
parameters, notably baseline pupillary diameter,
indicating that variations in clinical settings, ambient
lighting control, and the timing of the last drug dose
significantly influenced the raw data across the

individual studies.

5. Conclusion

This highly comprehensive systematic review and
rigorous meta-analysis definitively demonstrates that
the recreational abuse of cannabis and
methamphetamine inflicts severe, statistically
significant damage to both the structural anatomical
architecture and the functional physiological
dynamics of the human  visual system.
Methamphetamine abuse is unequivocally associated
with  profound, devastating neurodegenerative
alterations, specifically characterized by the
permanent, irreversible thinning of the global retinal
nerve fiber layer and the significant reduction of the
minimum rim width. This profound structural loss is
biologically driven by chronic, drug-induced ischemic
microangiopathy, extreme localized oxidative stress,
and the subsequent apoptotic death of retinal ganglion
cells, serving as a permanent anatomical marker of
central nervous system neurotoxicity.

Conversely, chronic and acute cannabis exposure
profoundly disrupts the delicate autonomic nervous
system's regulation of the anterior segment. The heavy
concentration of Cannabinoid 1 receptors within the
iris musculature and the associated parasympathetic
neural pathways renders the pupillary light reflex
highly vulnerable to the inhibitory effects of delta-9-
tetrahydrocannabinol. This specific interaction results
in quantifiable, significant functional impairments,
notably a significantly slowed pupillary constriction

velocity and a delayed neuromuscular reaction
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latency. Furthermore, sustained cannabis use
induces silent but highly significant cellular toxicity
within the cornea, directly leading to a dangerous,
irreversible depletion of non-regenerative corneal
endothelial pump cells.

As the cultural phenomenon of drug tourism
continues to rapidly expand globally, facilitating
unchecked binge consumption and prolonged, intense
exposure to these illicit substances, the clinical
incidence of drug-induced ocular morbidity will
inevitably rise in parallel. Healthcare providers,
particularly those operating in the specialized fields of
international travel medicine, public health
epidemiology, and clinical ophthalmology, must begin
to systematically integrate highly comprehensive
substance abuse histories into their routine clinical
assessments. The integration of advanced, non-
invasive diagnostic modalities, such as high-
resolution  spectral-domain  optical coherence
tomography and digital infrared pupillography, is
absolutely essential for the early detection and
quantification of these silent microvascular and
functional deficits before permanent blindness occurs.
Ultimately, proactive clinical screening protocols and
highly targeted, evidence-based public health
education are immediately imperative to effectively
mitigate the severe, irreversible visual consequences
intrinsically associated with the global recreational

abuse of methamphetamine and cannabis.
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