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ABSTRACT

Background: Forensic toxicology plays a crucial role in substance abuse detection, criminal investigations, and public health interventions. The increasing
prevalence of novel psychoactive substances, opioid abuse, and drug-related fatalities has necessitated advancements in toxicological techniques to improve detection
accuracy and response strategies. Despite the growing application of high-resolution analytical tools, gaps remain in real-time detection capabilities and their
integration into forensic and clinical settings.

Objective: This systematic review aims to evaluate recent advancements in forensic toxicology for substance abuse detection and assess their implications for
Y 2y p
public health policies and forensic investigations.

Methods: A systematic review was conducted following PRISMA guidelines, searching PubMed, Scopus, Web of Science, and Cochrane Library for studies
published between 2019 and 2024. Inclusion criteria comprised peer-reviewed studies on forensic toxicology methods for substance detection, epidemiological
trends, and their impact on public health. Non-English studies, animal research, and conference abstracts were excluded. Data extraction focused on study design,
sample size, analytical techniques, and key findings. The Cochrane Risk of Bias Tool and Newcastle-Ottawa Scale were used to assess study quality.

Results: A total of eight studies met the inclusion criteria. Emerging toxicological techniques, including high-resolution mass spectrometry, biosensors, and
portable detection devices, demonstrated enhanced sensitivity in identifying illicit substances. The review also highlighted the growing burden of opioid abuse,
particularly xylazine co-use, and the limitations of conventional toxicological screening in detecting emerging substances. Variability in methodologies and the risk
of publication bias were noted as challenges affecting data synthesis.

Conclusion: Advancements in forensic toxicology have significantly improved drug detection accuracy, aiding both legal investigations and public health
interventions. However, challenges remain in standardizing methodologies and ensuring real-time detection of emerging substances. Future research should focus
on refining forensic toxicology protocols and enhancing collaboration between forensic scientists, healthcare professionals, and policymakers to mitigate the public
health impact of substance abuse.
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INTRODUCTION

Forensic toxicology plays a critical role in investigating substance abuse and its far-reaching implications for public health. Substance
abuse remains a global crisis, contributing to increased morbidity and mortality rates, with profound socioeconomic and legal
ramifications. The misuse of illicit drugs, prescription medications, and novel psychoactive substances (NPS) has escalated,
necessitating advanced forensic toxicological methods to identify and mitigate associated risks (1). Public health systems are
increasingly burdened by the direct consequences of substance misuse, including overdose fatalities, drug-facilitated crimes, and long-
term health complications (2). Despite ongoing research, substantial knowledge gaps remain concerning effective detection
methodologies, emerging substances, and their impact on forensic investigations and health policy. The complexity of substance abuse
as a forensic and public health concern arises from its multifaceted nature, involving pharmacological effects, toxicological profiles, and
legal considerations. Advances in forensic toxicology, including high-resolution mass spectrometry and biosensors, have improved drug
detection sensitivity, facilitating the identification of trace levels of substances in postmortem analyses, impaired driving cases, and
workplace testing (3). However, the emergence of NPS presents a unique challenge, as many evade conventional toxicological
screenings, thereby complicating forensic investigations and legal proceedings (4).

This systematic review seeks to address the critical gaps in forensic toxicology concerning substance abuse and its public health
implications. The primary research question is: What are the forensic toxicological challenges in detecting and analyzing substances of
abuse, and how do these findings inform public health strategies? The objectives include evaluating current forensic methodologies,
assessing their reliability in identifying emerging drugs, and analyzing their role in shaping public health policies. Studies included in
this review will encompass forensic toxicology investigations, epidemiological research on substance abuse, and public health
interventions published between 2019 and 2024, with a global scope to ensure a comprehensive understanding of the issue(5, 6). Given
the rising complexity of substance abuse and its forensic challenges, this review aims to provide a synthesized analysis of forensic
toxicological advancements, public health concerns, and potential policy recommendations. The findings will contribute to the existing
literature by offering updated evidence on emerging trends in drug misuse, the effectiveness of forensic detection techniques, and their
broader implications for legal and healthcare frameworks. This review will adhere to PRISMA guidelines to ensure methodological rigor
and transparency. By bridging the gap between forensic toxicology and public health, this study will provide valuable insights for
researchers, policymakers, and forensic professionals, ultimately aiding in the development of more effective strategies to combat
substance abuse and its consequences(7).

METHODS

The systematic review was conducted following PRISMA PRISMA 2020 FLOW DIAGRAM
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controlled trials, observational studies, systematic reviews, cohort studies, and case-control studies that assessed toxicological detection
methods, epidemiological trends in substance abuse, and related forensic investigations. Studies were required to involve human
populations and present quantitative or qualitative data relevant to forensic toxicology. Exclusion criteria were applied to non-English
publications, animal studies, conference abstracts, letters to the editor, and unpublished reports to maintain the rigor of the review.
Articles with insufficient methodological details or lacking relevance to forensic toxicology or public health consequences were also
excluded(3).The study selection process was performed independently by two reviewers who screened titles and abstracts for relevance
using predefined inclusion criteria. Full-text articles were assessed for eligibility, and discrepancies were resolved through discussion or
consultation with a third reviewer. EndNote reference management software was used to organize studies and remove duplicates. The
selection process was visually represented using a PRISMA flow diagram to enhance transparency(9). Data extraction was carried out
using a standardized form to ensure consistency and completeness. Extracted variables included study design, sample size, toxicological
detection methods, substances analyzed, forensic and public health outcomes, and key findings. Information on statistical analyses and
effect measures was recorded where applicable(10).

The risk of bias assessment was conducted using validated tools appropriate for different study designs. The Cochrane Risk of Bias Tool
was applied to randomized controlled trials, while the Newcastle-Ottawa Scale was used for observational studies. Bias evaluation
focused on selection bias, performance bias, detection bias, and reporting bias. Each study was assessed independently by two reviewers,
with disagreements resolved through discussion(11). A qualitative synthesis was employed to narratively summarize findings across
studies, given the heterogeneity in study designs, toxicological methodologies, and outcome measures. When feasible, quantitative
synthesis was considered, but meta-analysis was not performed due to variability in study populations and methodologies. The review
aimed to provide a comprehensive analysis of forensic toxicology advancements and their role in addressing substance abuse from a
public health perspective(4, 12).

RESULTS

The systematic review identified a total of 1,235 studies through database searches, with 872 remaining after duplicate removal.
Following title and abstract screening, 126 studies were selected for full-text review. Based on predefined inclusion criteria, eight studies
were included in the final analysis. The PRISMA flowchart illustrates the study selection process. The included studies varied in design,
ranging from systematic reviews to observational studies and case analyses. Study populations encompassed general public health
settings, forensic toxicology investigations, and analyses of emerging drug trends. Key topics addressed included advancements in
forensic toxicological methods, drug abuse patterns, and their implications for public health and legal systems. Sample sizes were
diverse, with some studies analyzing population-based substance abuse trends, while others focused on forensic case studies or
toxicological assessments of illicit substances.

Risk of bias assessments revealed variations in study quality. Reviews and observational studies generally demonstrated a moderate risk
of selection bias due to reliance on existing literature or non-randomized designs. The Newcastle-Ottawa Scale indicated potential biases
in participant selection and outcome measurement in certain studies. Studies focusing on forensic drug analysis had lower bias risks due
to the objective nature of toxicological data, whereas those assessing public health outcomes exhibited some performance and reporting
biases. The main findings highlighted the increasing role of forensic toxicology in detecting and managing substance abuse. Studies
investigating sensor-based drug detection technologies demonstrated improved accuracy and efficiency in identifying illicit substances.
Toxicological advancements, including high-resolution mass spectrometry, enhanced the ability to detect novel psychoactive substances.
Analyses of public health impacts revealed significant associations between substance abuse and rising morbidity and mortality rates.
The opioid crisis, particularly the co-use of xylazine, was identified as an escalating public health emergency. Research also underscored
the limitations of current forensic toxicological screening methods in detecting emerging substances. The review further emphasized the
need for interdisciplinary collaboration between forensic scientists, clinicians, and public health authorities to develop comprehensive
substance abuse intervention strategies.
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Table 1: Study Characteristics
Author (Year) Study Sample Size Interventions Outcomes
Design
Rosendo et al. (2023) Review NA Sensor-based drug Enhanced drug detection
detection methods
Vaishnav et al. (2023) Review NA Forensic toxicology Improved forensic investigations
techniques
Amin et al. (2023) Observation  Population- Substance abuse patterns Public  health  impact of
al Based substance abuse
Iwersen-Bergmann & Andresen- Review NA Drug poisoning case Forensic cases of drug toxicity
Streichert (2019) studies
Tkachenko (2023) Observation Drug  Seizure Illegal drug analysis Patterns in  illegal drug
al Cases circulation
GonzAjlez & Silva-Torres (2024) Observation  Opioid Cases Opioid and xylazine co- Challenges in opioid crisis
al use management
Daza & Veloz (2024) Review NA Toxicology and Toxicology for better emergency
emergency response responses
Nilendu (2024) Systematic Recreational Drug abuse and oral Oral health deterioration due to
Review Drug Users health substance abuse
DISCUSSION

The systematic review identified significant advancements in forensic toxicology and their implications for public health, particularly
in the detection and management of substance abuse. The findings underscored the critical role of modern toxicological techniques in
enhancing drug detection accuracy, addressing challenges posed by novel psychoactive substances, and informing public health
strategies. Sensor-based detection technologies, high-resolution mass spectrometry, and biosensors demonstrated superior sensitivity in
identifying drug markers across forensic and clinical settings. Furthermore, the review highlighted the rising prevalence of substance
abuse, particularly opioid misuse and co-use of xylazine, which has led to increased morbidity and mortality rates. The review also
emphasized the limitations of conventional toxicological screenings in detecting emerging substances, necessitating continuous
improvements in forensic methodologies (3, 13). Findings from this review align with prior research that has emphasized the need for
advanced forensic techniques to keep pace with the evolving drug landscape. Previous systematic reviews have demonstrated that while
traditional toxicological methods such as gas chromatography-mass spectrometry remain effective, newer technologies offer improved
real-time detection and adaptability to emerging substances (1). The observed rise in opioid abuse and co-use with synthetic drugs,
including fentanyl analogs, corroborates findings from earlier epidemiological studies that have warned of an escalating public health
crisis (9). However, some inconsistencies were noted in studies evaluating the effectiveness of rapid forensic toxicology screenings in
emergency settings, suggesting variability in sensitivity and specificity across different analytical platforms(14, 15).

This review’s methodological strengths included adherence to PRISMA guidelines, a comprehensive search strategy spanning multiple
databases, and the inclusion of diverse study designs, allowing for a broad evaluation of forensic toxicology’s role in substance abuse
detection. The rigorous risk-of-bias assessment ensured the credibility of included studies, minimizing selection and reporting biases.
The interdisciplinary nature of the review, integrating forensic science, public health, and epidemiology, provided a holistic perspective
on the issue(16, 17). Despite these strengths, certain limitations must be acknowledged. Variability in study methodologies, particularly
in sample sizes and analytical techniques, posed challenges in synthesizing data. Some studies lacked standardized reporting of
outcomes, limiting direct comparisons. The potential for publication bias was also present, as negative findings or less impactful studies
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may not have been published, leading to an overrepresentation of positive results. Furthermore, the exclusion of non-English studies
may have omitted valuable contributions from international forensic toxicology research(2, 18).

The findings have critical implications for both forensic practice and public health policy. The demonstrated efficacy of advanced drug
detection technologies suggests the need for widespread adoption in forensic laboratories, law enforcement, and clinical toxicology
settings. Strengthening forensic capabilities can improve substance abuse monitoring, contribute to legal proceedings, and aid in early
intervention strategies. Public health policies should incorporate forensic toxicological data to design targeted prevention and treatment
programs, particularly in addressing the opioid crisis and the proliferation of novel psychoactive substances (2). Future research should
focus on validating emerging toxicological techniques across diverse populations and refining rapid screening methods to enhance real-
time drug detection accuracy in forensic and clinical settings(19, 20).

CONCLUSION

The systematic review highlighted significant advancements in forensic toxicology and their impact on the detection and management
of substance abuse, emphasizing the growing complexity of drug-related forensic investigations and public health interventions. The
findings demonstrated that emerging toxicological techniques, including high-resolution mass spectrometry and sensor-based drug
detection, offer improved accuracy and sensitivity in identifying novel psychoactive substances and opioids, contributing to more
effective law enforcement and clinical toxicology practices. The increasing prevalence of opioid abuse, particularly the co-use of
xylazine, underscores the urgent need for integrated forensic and public health strategies to mitigate associated morbidity and mortality.
While the evidence base remains robust, challenges related to variability in toxicological methodologies, risk of publication bias, and
limitations in real-time substance detection necessitate further research to refine forensic screening techniques and enhance early
intervention frameworks. Continued interdisciplinary collaboration between forensic scientists, healthcare providers, and policymakers
is essential to developing standardized toxicological protocols, improving substance abuse surveillance, and guiding evidence-based
public health policies to address the evolving drug landscape.
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