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Abstract

Introduction. The rapid and frequent emergence of novel psychoactive substances (NPS) contributes to increasing
workload for forensic medical examination and clinical toxicology services. Existing analytical methods cannot cope with the
growing volumes of data from modern high-resolution mass spectrometry, necessitating the introduction of advanced
approaches, primarily artificial intelligence methods.

Objective. To investigate and systematize international experience in applying artificial intelligence in forensic medicine
and pharmacology for analyzing novel psychoactive substances, and to propose practical recommendations for
implementation in Kazakhstan.

Search strategy. A thorough narrative review of 78 international literature sources was conducted, covering analytical
methods of liquid chromatography coupled with high-resolution mass spectrometry, data processing standards, substance
identification libraries, machine learning algorithms, clinical protocols, and pharmacovigilance systems.

Results. Key components of an integrated system were identified: standardization of data formats (mzML, mzTab-M),
specialized computational processing tools (XCMS, MZmine, OpenMS, MS-DIAL), spectral libraries (MassBank, mzCloud),
computational identification methods (SIRIUS, CFM-ID, GNPS), a grading system for result reliability (Schymanski
confidence levels), clinical antidote therapy protocols, and international information exchange channels on emerging threats
(EudraVigilance, FAERS, VigiBase, EU EWS, EMCDDA, UNODC).

Conclusions. Effective implementation of artificial intelligence requires compliance with international data compatibility

standards, rigorous validation of machine learning algorithms, and integration with international monitoring systems. The
proposed recommendations ensure scalability of solutions regardless of local regulatory specificities.

Keywords: artificial intelligence, forensic medicine, toxicology, clinical pharmacology, Kazakhstan, mass spectrometry,
pharmacovigilance.
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BsepeHue. bbiCTpoe 1 YacToe NOSIBNEHWNE HOBbIX NCMX0aKTUBHBIX BewlecTs (HIMB) npuBoauT k yBenuueHuo pabovei
Harpysk1 Ha cynebHO-MeaULMHCKME 3KCNEPTU3bl U KIMHWYECKYI0 TOKCMKOMOruio. CyLLecTBYIOLLME aHanMTYeckine MeToabl
He CpaBnSTCA C PacTyLWuMm ob6bemamu AaHHbIX, NOMYYaeMblX C MOMOLLBK COBPEMEHHOM MacC-CNEKTPOMETPUN BbICOKOrO
paspeLleHusi, 4to 0bycnoBnuBaeT HeObOXOAMMOCTb BHEAPEHUS| MepedoBbiX MOAXOAOB, Mpexae BCEro METo4oB
MCKYCCTBEHHOTO UHTENMIEKTA.

Lenb. Vccnegoeath 1 CUCTEMATM3MPOBaTh MEXOYHAPOAHbIA OMbIT MPUMEHEHWS WCKYCCTBEHHOrO WHTENnekta B
cynebHom meauuuHe 1 hapmakonoruM Ans aHanmaa HOBbIX NCMXOAKTMBHBIX BELLECTB U MPEAnoXuTb MpakTUdeckue
pekoMeHAaLum no ero BHeapeHuto B KasaxcraHe.

Crparerusi noucka. IpoBegeH TwaTenbHbli 0630p 78 MeXayHapOaHbIX NUTEPATYPHbIX UCTOYHMKOB, OXBaTbIBAOLLMX
aHanuTUyeckue MeTodbl XKUOKOCTHOW XpomaTorpadu B COMETAHUMM C Macc-CeKTPOMETPUElR BbICOKOTO pa3peLLeHus,
CTaHaapTbl 00paboTkM AaHHbIX, BBNMOTEKN MAEHTM(UKALMM BELLECTB, anropuTMbl MALLMHHOTO OBYYeHWs, KNMHUYeCKne
NPOTOKOIbI U CCTEMbI (PapMakoHaa3sopa.

PesynbTatbl. Bbinv onpegeneHbl KnYeBbIE KOMMOHEHTbI WHTErPUPOBAHHOW CUCTEMBI: CTaHAapTM3auuMs opmaToB
AaHHbix (mzML, mzTab-M), cneuuanu3npoBaHHble MHCTPYMEHTbI BbluncuTensHon obpabotku (XCMS, MZmine, OpenMS,
MS-DIAL), cnektpanbHble 6ubnuotekn (MassBank, mzCloud), meTogp! BoluncnnTensHoln naeHtudmkauum (SIRIUS, CFM-
ID, GNPS), cucTema OLEHKM JOCTOBEPHOCTM pe3ynbTatoB (YpoBHM AoBepusi LLimaHckoro), mpoTOKOMbI KIMHUYECKON
AHTWOOTHON Tepanuu 1 MeXayHapoaHble kaHanbl obmeHa nHopmaLmen o BosHukatowwmx yrposax (EudraVigilance, FAERS,
VigiBase, EU EWS, EMCDDA, UNODC).

BbiBogbI. O dhekTMBHOE BHEAPEHME NCKYCCTBEHHOTO MHTENNeKkTa TpebyeT cobnioaeHns MexayHapoaHbIX CTaH4apToB
COBMECTUMOCTM [JaHHbIX, CTPOrOM MpOBEpPKM anropuTMOB MaLUMHHOTO OOYYEHWS WM MHTErpaLuu C MeXayHapOaHbIMM
cucTeMamm MOHUTOpHHra. MpeanoxeHHble pekoMeHaauum obecneymBaloT MaclTabupyeMoCcTb PELIEHMA HE3aBUCUMO OT
MECTHbIX HOPMaTUBHbIX 0COBEHHOCTEN.

Knrouesble cnoea: uckyccmeenHbIl uHmennekm, cydebHas MeOuyuHa, MOKCUKOMO2US, KITUHUYECKas thapMakonoaus,
KasaxcmaH, macc-cnekmpomempusi, thapmakoHad3op
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Kipicne. XaHa ncuxobencengi sattapabiH, (KM3) Te3 xoHe i nanaa Gonybl COT-MeauUMHanbIK capantama XaHe
KNUHWKanbIK TOKCUKONOTUS KbI3METTEPIHE TYCETIH XYKTEMEHIH apTyblHa akenedi. KonaaHbiCTaFbl Tangay agictepi Kasipri
3aMaHFbl XOFapbl axXblpaTbIMAbIbIKTaFbl MAaCC-CNEKTPOMETPUSAAH anblHaTbiH AePeKTepAiH ecin kene xaTkaH KenemiH
eH/ieyre Kaykapcbl3, 6yn 03blK TaCinaepai, eH anfbIMeH xacaHabl UHTENNEKT SICTEPIH EHri3yai KAXET eTesi.

3eptTey makcatbl. XaHa ncuxobenceHai 3aTTapabl Tangay yLWiH COT MeauumMHachl MeH hapmakonorusaa xacaHzabl
WHTENNEKTTI KonaaHyablH, Xanblikaparnblk ToXIpubeciH 3epTTey xaHe Xymeney, coHpai-ak KasakcraHaa eHrisy 60MblHLIA
npaKTUKanbIK YCbIHbICTAp 83ipney.

I3gey crtpaterusicbl. KoFapbl  axblpaTbIMAbIMbIKTAFbl  MAcC-CMEKTPOMETpUAMEH  BIpiKTipinreH  CyMbIKTbIK
XpomatorpadusiHblH, Tangay 9AiCTepiH, AepeKTepai eHaey CTaHLapTTapbiH, 3aTTapAbl COMKECTEHAIPY KiTanxaHanapbiH,
MalUMHanbIK OKbITY anrOpUTMAEPIH, KIWHUKanblK XaTTamanapgbl XaHe apMakonorvsanblk Kagaranmay XyienepiH
KaMTUTbIH 78 XanblKapanblk 94e6ueT gepekkesiHe TepeH, Wony Xyprisingi.

Hatmxenep. BipikTipinreH yWeHiH Heriari KOMNOHEHTTEPI aHbIKTanabl: AepekTep dopMaTtTapblH cTaHgapTTay (mzML,
mzTab-M), apHaiibl ecenteyilw eHgey kypangapbl (XCMS, MZmine, OpenMS, MS-DIAL), cnekTpnik kiTanxaHanap
(MassBank, mzCloud), ecenteyiw caiikectengipy aaictepi (SIRIUS, CFM-ID, GNPS), HoTwkenepaiH ceHimainiriH 6aranay
xymneci (LLvmaHckuingiH, ceHiMainik aeHremnepi), aHTUAOTTbIK TepanusHbiH, KNWHUKANbIK XaTTamanapbl XoHe TeHETH
Kayintep Typanbl Xanblkaparnblk aknapaT anmacy apHanapel (EudraVigilance, FAERS, VigiBase, EU EWS, EMCDDA,
UNODC).

KopbITbiHAbI. KacaHObl WHTENMeKTTi TUiMEi eHridy AepekTep YWneciMginiriHiH Xanbikapanblk CTaH4apTTapbiH
cakTaydbl, MalMHanbIK OKbITYy anropuTMAEpiH KaTaH, Banuaaumsanaygbl keHe XxanblKapanblK MOHWUTOPUHT XyMenepimeH
WHTErpauusiHbl Tanan eTeai. ¥CbiHbIFaH Lwapanap XeprinikTi HOPMaTMBTIK epekLLenikTepre KapamacTaH LuelliMaepain,
ayKbIMIbINbIFbIH KAMTaMachI3 eTeai.

TytiHdi ce3dep: xacaHOb! uHmesnnekm, com MeduyuUHackl, MOKCUKOO02US, KIUHUKabIK hapMakonoeusi, Kasakcmar,
macc-cnekmpomMempusi, (hapmakonoausinibiK Kadaranay.
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3aTTapabl Tanpayparsl KasakcTaHFa apHanFaH xanblkapanblk Tocinaep MeH Hyckaynap. 9nebuetke wony // Fbinbim xaHe
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Introduction

Currently, nearly all countries worldwide face the
challenge of emerging novel psychoactive substances
(NPS). Created to circumvent state control and regulation,
primarily in clandestine laboratories, these synthetic
compounds pose significant public health threats.

The rapid and frequent emergence of NPS creates
excessive workload for analytical laboratories, as traditional
approaches to identification and verification do not scale to
the data volumes generated by modern high-resolution
mass spectrometry [1-3,5,9,45,78].

A striking example is the well-known outbreak of
poisonings caused by the synthetic cannabinoid AMB-
FUBINACA in New York, termed the "zombie epidemic" due
to characteristic neurological symptoms in affected
individuals. Similarly, a series of intoxications with
acrylfentanyl (STRIDA project, Sweden) highlighted the role
of advanced liquid chromatography protocols with high-
resolution mass spectrometry (LC-HRMS) in poisoning
investigations. The emergence of notazene derivatives,
including isotonitazene, required adaptation of quantitative
analysis methods and metabolite detection approaches.

It is well-established that analytical toxicology primarily
relies on LC-HRMS methods, which allow separation of
complex substance mixtures and precise determination of
molecular mass with high accuracy. However, the volume of
generated data is enormous, and traditional manual
processing becomes nearly impossible. Therefore, the
conjunction of forensic medicine and pharmacology
requires standardized data and artificial intelligence
methods for processing growing volumes of analytical
information. Artificial intelligence, including machine

learning and automatic data analysis methods, offers
solutions to these problems through automation of
identification  processes, prediction of toxicological
properties of new compounds, and integration of various
information sources.

International experience demonstrates that the most
effective systems are built on principles of open standards,
enabling different laboratories and countries to exchange
data and work collaboratively on solving common problems
[11-13,31-33,70-73].

The objective of this review is to systematize
international approaches to applying artificial intelligence in
forensic medicine and pharmacology when working with
novel psychoactive substances, and to formulate universal
guidelines for implementing these technologies in
Kazakhstan.

Search strategy. A narrative review of sources with
thematic synthesis was conducted, covering the period from
2000 to 2024. Key methodological and review publications
were analyzed covering data standards, software tools,
identification methods, machine learning algorithms and
validation, clinical toxicology, and surveillance systems.

The narrative approach enabled not only presentation of
factual data but also analysis of development trends,
identification of knowledge gaps, and formulation of
practical recommendations. In contrast to systematic
reviews focusing primarily on specific research questions,
the narrative review allowed broader coverage of issues
and integration of knowledge from various disciplines.

Particular attention was given to material relevance to
novel psychoactive substances, analytical toxicology, and
artificial intelligence applications in medicine. Publications in
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peer-reviewed scientific journals indexed in leading
international databases were included: those indexed in
Scopus (47.1%), PubMed (30.5%), and others from
international agencies, databases, official guidelines, and
monographs.

To ensure comprehensive coverage, sources were
grouped into the following main thematic areas:

1. Publications on LC-HRMS analytical methods, data
processing standards, and specialized software.

2. Sources on chemical compound identification
methods, including spectral libraries and computational
approaches.

3. Applications of artificial intelligence and machine
learning in toxicology.

4. Publications on clinical aspects of toxicology,
including antidote therapy and risk management.

5. Materials on pharmacovigilance systems and early
warning of emerging threats.

6. Sources addressing ethical aspects of artificial
intelligence application in medicine and corresponding
international standards.

Results

I. Capabilities and Limitations of Modern Mass
Spectrometry

The foundational method for laboratory diagnosis of
NPS is LC-HRMS combined with tandem mass
spectrometry (LC-HRMS/MS). As widely recognized, this
principle is based on separation of biological sample
components in a liquid chromatograph followed by analysis
of each component in a mass spectrometer. Their highest
sensitivity (nanograms per milliliter) enables detection of
minute quantities of substances in biological samples
[5,39,61].

The practical significance is confirmed by real clinical
cases, particularly analysis of acrylfentanyl poisonings and
other designer fentanyls within the STRIDA project, which
analyzed numerous cases including fatal outcomes; rapid
identification was critical [28]. Investigation of isotonitazene
demonstrated the need for developing specialized
approaches not only for quantification of the substance itself
but also for detecting its metabolites in the organism [39].

Development of metabolome profiling using LC-HRMS
expands  capabilites for  characterizing  unknown
compounds through detailed analysis of their biological
transformation products. Contemporary reviews of designer
drug metabolism emphasize the particular importance of
Phase Il biotransformation reactions, during which
conjugates with glucuronic acid and other endogenous
molecules form [31,44,57,60,75].

Il. Data Standards and Ecosystem: Foundation for
Integration

Effective work with large volumes of mass spectrometric
data requires unified approaches to storage, processing,
and exchange among different laboratories and countries.
Analysis reproducibility and interoperability are ensured
through open data formats mzML and mzTab-M, as well as
a developed software ecosystem for processing [31-
33,42,50,53,57,60,68].

The mzML format is the internationally accepted
standard for mass spectrometric data exchange, ensuring
compatibility ~ between instruments  from  different
manufacturers and various data analysis software

packages. It is based on extensible markup language (XML)
and includes not only spectral data but also complete
information about analysis parameters [31,42].

MzTab-M is a complementary standard specifically
developed for exchanging quantitative results from
metabolomics studies and adapted for work with NPS
[31].

MZmine 2 as a software platform provides a modular
system for processing mass spectrometric data through a
graphical interface with automation capabilities. An
alternative approach is implemented in the OpenMS
system, an open-source platform oriented toward
command-line operation and integration into automated
data processing pipelines [50].

The XCMS tool remains among the most cited
solutions for metabolite profiling with integrated statistical
analysis capabilities for comparing differences between
sample groups [57].

The specialized MS-DIAL system focuses on
deconvolution of data-independent analysis across the
entire ion stream (DIA MS/MS) — a mode of fragment
spectrum  collection without selection of individual
precursors [60,68].

The International Chemical Identifier (InChl) provides
a unified method for representing molecular structures
independent of data source or software used [29] .

The Chemical Entities of Biological Interest
Database (ChEBI) provides a controlled vocabulary of
small molecules with hierarchical classification [11,27,29]

The Medical Subject Headings (MeSH) system ensures
standardized indexing of toxicological literature [40].

Large-scale databases play a key role in information
integration about chemical compounds. Thus, the
DrugBank database contains detailed structural and
pharmacological information about drugs [29,74] .

The Human Metabolome Database (HMDB) focuses
on endogenous metabolites and their transformation
products [11,50,75]. The 2023 update of the PubChem
database included over 110 million chemical compounds
with search capabilities by structural similarity and biological
activity [11,38,50,74].

lll. Identification of Unknown Compounds: From
Libraries to Computational Methods

Determination of NPS typically begins with comparing
experimentally obtained mass spectra to reference spectra
collected in specialized libraries. Leading spectral libraries
MassBank and mzCloud represent two different models of
organizing such resources. MassBank functions as an open
public repository, enabling researchers from different
countries to exchange mass spectral data [32,73]. However,
library search capabilities are somewhat limited by the
availability of reference spectra for specific compounds. For
NPS that initially lack reference standards, corresponding
computational approaches to identification are necessary.
The SIRIUS 4 system is a rapid tool for converting tandem
mass spectra into structural information about metabolites
through detailed analysis of characteristic molecular
fragmentation patterns. This approach is complemented by
methods for systematic classification of unknown
metabolites  that  combine  high-resolution ~ mass
spectrometry data with information from nuclear magnetic
resonance spectroscopy [11]
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The CFM-ID 4.0 platform implements an alternative
approach based on predicting fragmentation patterns for
known chemical structures and subsequent comparison of
predicted spectra with experimental data. The web version
of CFM-ID makes these complex computational capabilities
accessible to researchers without requiring local installation
of specialized software [70,71].

Molecular network mapping, implemented in the GNPS
system, opens fundamentally new possibilities. It reveals
connections between different chemical compounds through
analysis of the similarity of their fragmentation spectra,
which is particularly valuable for characterizing series of
structurally related NPS analogs [11,32,44,50,73]. A
critically important aspect of any identification system is
transparent communication of the degree of confidence in
obtained results. Agreed transmission of identification
results at the reporting level is achieved through the
Schymanski  confidence level scale. This system
distinguishes results from Level 1, corresponding to
confirmation of identification by a reference standard, to
Level 5, based solely on exact molecular mass [54] .

IV. Artificial Intelligence and Toxicity Prediction:
Possibilities and Limitations

The use of machine learning (ML) and quantitative
structure-activity ~ relationship  (QSAR) methods —
computational models linking molecular structure to
biological activity — represents one of the most promising
approaches for assessing potential toxicity of NPS before
detailed experimental study. However, such application is
justified only with proper algorithm validation and clear
understanding of their explanatory limitations [20-22,24-
25,55,58].

Contemporary deep learning models demonstrate
significant progress in predicting various aspects of
chemical compound toxicity, though serious problems
persist with result interpretability and models' ability to
generalize to fundamentally new classes of compounds.

An experimental basis for developing and validating
predictive models is provided by large-scale high-
throughput screening systems ToxCast and Tox21. The
ToxCast program [21,52] includes over a thousand different
in vitro biological assays for assessing potential effects of
chemical compounds on living systems. The U.S. federal
Tox21 program expands these capabilities through full
automation of the testing process and tight integration with
existing chemical structure databases [21,58].

Validation methods for machine learning algorithms
acquire particular importance in the context of predictive
modeling. Traditional cross-validation approaches based on
random data splitting into training and test sets can give
inflated model quality estimates. The time-split validation
method provides more realistic assessment of models'
ability to predict properties of truly new compounds [55].

In parallel with technical achievements, understanding
grows of fundamental limitations in contemporary
approaches to explainable artificial intelligence in medical
applications. Critical analysis of this field indicates [24] that
many contemporary methods of "explaining" machine
learning model decisions do not provide true understanding
of underlying mechanisms and may create a dangerous
illusion of transparency [22,34,35].

V. Ethical
Application

These issues are regulated by a developing system of
international standards. The ISO/IEC 23053:2022 standard
establishes framework principles for artificial intelligence
systems using machine learning, including requirements for
documentation, testing, and quality monitoring [34].

For developing artificial intelligence in society, an ethical
system is used — the International Ethical System
Al4People. It emphasizes the need to balance
encouragement of innovation with ensuring responsible use
of technologies [22].

VI. Clinical Toxicology: Protocols and Antidotes

Practical application of analytical identification results
for NPS in clinical practice requires clear action protocols,
especially in acute poisoning situations. Management
tactics for patients with suspected opioid intoxication
include immediate assessment of respiratory status and
readiness to administer the specific antidote naloxone,
while routine flumazenil use should be avoided in suspected
mixed poisonings, and in all cases careful
electrocardiographic ~ monitoring  is  necessary
[2,3,10,28,49,56,76].

It is well-known that the American College of Medical
Toxicology (ACMT) — the professional organization of
toxicologists in the United States — is a leading
authority in  clinical  toxicology = worldwide. Its
recommendations are used by toxicology centers and
emergency departments in virtually all countries,
including protocols for managing new psychoactive
substance poisonings. The ACMT statement on
flumazenil application emphasizes potential risks of its
use in polyintoxication. Benzodiazepine combination with
tricyclic antidepressants is particularly dangerous, as
sedative effect reversal by flumazenil can lead to
development of severe seizures [2,56].

To prevent dangerous cardiac arrhythmias, systematic
QT interval monitoring on electrocardiography is required
for all persons with suspected NPS intoxication. Many
synthetic cannabinoids and stimulants have the ability to
block potassium channels in cardiac muscle cells,
potentially leading to life-threatening arrhythmias even at
relatively low blood concentrations [10].

The World Health Organization (WHO) emphasizes the
critical importance of immediate naloxone application at the
slightest suspicion of opioid intoxication. Due to synthesis of
highly potent opioids such as carfentanil and various
fentanyl analogs, significantly higher doses of antidote or
repeated administration may be required to achieve clinical
effect [3,28].

A comprehensive approach to managing patients
with NPS intoxication requires tight integration of
analytical toxicology data obtained by high-resolution
mass spectrometry with clinical protocols in real time.
This means the need to create information systems
capable of automatically matching laboratory analysis
results  with recommended treatment protocols
[10,49,56,76].

VII. Surveillance Systems and Early Warning:
International Experience

To reduce the adverse consequences of NPS use,
coordinated international cooperation and information
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exchange on identified risks is critically necessary.
International pharmacovigilance systems enable signal
exchange on new NPS risks through specialized databases
EudraVigilance, FAERS, and VigiBase [20,26].

EudraVigilance functions as the European database of
suspected adverse drug reactions and includes special
modules for analyzing signals related to NPS. The system
allows collecting reports of adverse reactions from
healthcare professionals and patients and applying
statistical methods to identify unusual patterns [13].

FAERS (FDA Adverse Event Reporting System) —
the American system for registering adverse reactions —
provides detailed methodological guidance for analyzing
spontaneous reports [23].

VigiBase (WHO Global ICSR database) — the WHO
database contains the largest international collection of
adverse reaction reports and serves as the basis for
international drug safety monitoring [67].

The European Union Early Warning System on new
psychoactive substances ensures operative information
exchange among European Union member states.
Operational guidelines of this system clearly define risk
assessment criteria and procedures for notifying of
emerging threats. The system includes not only exchange
of information on new chemical structures but also data on
clinical cases, toxicological research results, and
effectiveness of various treatment approaches [17].

EMCDDA — the European Centre for Drugs and Drug
Addiction, in assessing NPS risks, prepares reports
representing comprehensive systematic analysis of all
possible toxicological and pharmacological data for making
informed regulatory decisions. These reports serve as
models for developing national risk assessment systems
[14,15,16].

UNODC — the United Nations Office on Drugs and
Crime's programs on NPS include a broad range of
initiatives: from developing guidelines for testing biological
samples to providing technical support to laboratories in
developing countries and creating international early
warning systems. The Synthetic Drugs and Research
Analysis and Monitoring Programme (SMART) coordinates
international efforts to monitor NPS [61-66].

An interesting approach to epidemiological surveillance
of NPS use is wastewater analysis, which allows assessing
the scale of use of various substances at the level of entire
cities or regions. Research covering the period from 2019 to
2024 demonstrates the capabilities of monitoring drug use
trends through systematic analysis of samples from
treatment facilities of major cities [6,16].

Discussion

International experience demonstrates a clear
sequence of interconnected elements of a successful
system for working with NPS: standardized data formats
create the foundation for interoperability, specialized
processing tools ensure efficient work with large volumes
of information, spectral libraries and computational
identification methods allow determining unknown
compounds, a system of confidence levels ensures
result transparency, and integration with surveillance
systems and clinical protocols completes the chain from
laboratory analysis to practical action [31-33,42,54,70-
73].

The possibility of standardizing data formats through
implementing open standards mzML and mzTab-M forms a
fundamental foundation for collaborative work among
laboratories of different countries and integration of results
from equipment of various manufacturers. This approach
significantly reduces barriers to international cooperation
and allows small laboratories to utilize developments from
leading research centers [44,47].

The combination of traditional library search with
contemporary  computational identification  methods
substantially expands analytical capabilites beyond
available reference standards [11-13,32,46,70-73]. This is
particularly important in the context of NPS, for which, by
definition, no commercially available reference samples
exist. The Schymanski confidence level system ensures
transparent communication of identification result limitations
among analysts and clinical specialists [54].

Overall, the following strengths of the contemporary
approach to NPS problems can be identified:

o technical maturity of analytical methods;

e wide availability of commercial and open data
processing tools;

o established
standards;

e growing capabilities of machine learning methods for
predicting properties of new compounds.

Thus, it can be assumed that today the international
scientific community has created a solid foundation for
coordinated response to threats associated with NPS [61—
67].

At the same time, we cannot ignore the
weaknesses of contemporary approaches. In particular,
these include: uneven quality of spectral libraries for
the newest psychoactive substances, as the process of
creating and curating high-quality spectral data
requires significant resources; limitations of machine
learning model interpretability, which create risks of
misapplying results in clinical context. There is also
uneven access to contemporary analytical equipment
among different regions of the world, which significantly
restricts possibilities for coordinated international
efforts [20-22].

Nevertheless, the main risks include high dependence
on input data quality, meaning errors can propagate through
the entire analysis system. The need for continuous
algorithm validation as new compound classes emerge
creates ongoing operational burden. Potential interpretation
errors from insufficient understanding of computational
method limitations can lead to incorrect clinical decisions
[24-25].

Effective risk management requires implementing clear
validation protocols, creating comprehensive audit trails for
all machine learning-based decisions, and regular
monitoring of data quality at all process stages [34—
35,55,58]. International artificial intelligence standards
provide useful framework principles but require careful
adaptation to specific toxicology application requirements
[22,34-35].

PRACTICAL GUIDELINES FOR KAZAKHSTAN

Artificial intelligence increasingly becomes the basis for
qualitative advancement in identification, monitoring, and
risk prediction for novel psychoactive substances. Machine

international information  exchange
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learning systems based on HRMS data arrays are capable
of automatically recognizing unique spectral “fingerprints" of
substances, modeling their fragmentation, and proposing
structural candidates without access to expensive
standards. Deep neural networks and analysis algorithms
build molecular networks, revealing hidden connections
among compounds, while anomaly detection algorithms in
ECG streams predict dangerous arrhythmias long before
clinical manifestations. Al models, supported by multi-task
cross-validation and continuous drift monitoring, provide
high accuracy, reproducibility, and adaptability to the
constantly changing NPS landscape, becoming an integral
partner to forensic pathologists and pharmacologists.

The guidelines offered below are universal in nature and
can be adapted without requiring changes to regulatory
requirements. Successful artificial intelligence
implementation in forensic medicine and pharmacology
requires a phased approach, beginning with basic data
infrastructure elements and gradually expanding to full
integration with international monitoring systems [31-
33,42,50,53,57,60,70-73].

Data and Reporting: adoption of mzML formats for
mass spectra and mzTab-M for summary tables, mandatory
marking of confidence level per Schymanski. This will
ensure compatibility with international data exchange
systems and create a foundation for transparent result
communication among laboratories and clinical specialists.

Tools: use of standard XCMS/MZmine/OpenMS/MS-DIAL
pipeline for primary data processing, then integration with
MassBank/mzCloud for library search, followed by
SIRIUS/CFM-ID for computational identification and GNPS for
molecular network mapping; fixation of software versions and
analysis parameters [11-13,31-33,42,46,50,53,57,60,70-73].
Priority should be given to open solutions to minimize licensing
costs and ensure long-term sustainability.

Clinical: maintaining readiness for immediate naloxone
administration in suspected opioid intoxication, exercising
caution with flumazenil in mixed poisonings, systematic QT-
interval monitoring to prevent torsade de pointes. Creating
systems for integrating high-resolution mass spectrometry
analytical data with clinical decision-making processes in
real time is critically important.

Surveillance: establishing technical channels for
exchanging aggregated data with
EudraVigilance/FAERS/VigiBase and early warning systems
EU EWS/EMCDDA/UNODC  [13-19,61-67].  Such
integration does not require immediate regulatory status
changes but provides access to international early warning
signals and creates opportunities to contribute to
international monitoring of emerging threats.

Artificial Intelligence and Machine Learning:
application of validation with time-split data division,
maintenance of comprehensive audit trails for all machine
learning-based decisions, systematic monitoring of data
quality and model drift, careful documentation of limitations
and uncertainty sources for each model used [20-22,24-
25,55,58]. Particular attention should be given to result
interpretability ~ for  clinical application and clear
communication of confidence levels to all system users.

Limitations

Local regulatory acts and data of the Republic of
Kazakhstan were deliberately not considered; proposed

guidelines are universal in nature and derived from
international practices presented in sources [1-78].

Conclusions

International experience shows that effective artificial
intelligence integration in forensic medicine and
pharmacology when working with NPS is achieved
through sequential implementation of standardized data
formats, use of proven information processing tools, and
a clear system for grading identification result reliability.
Key success elements are mzML and mzTab-M formats
ensuring data compatibility, mature software ecosystem
for analysis, and transparent confidence level system for
communicating results [31-33,42,50,53,54,57,60,70-73].

Minimum conditions for successful implementation include
access to high-resolution mass spectrometry equipment,
systematic mastery of basic open data processing tool stack,
comprehensive staff training in interpreting computational
identification results, and formation of reliable information
exchange channels with international monitoring systems [11-
13,31-33,50,53,57,60]. These elements create a foundation for
effective participation in coordinated international efforts against
NPS threats.

Implementation effectiveness can be measured through
several key indicators, including reduction of time for
identifying unknown compounds from hours to minutes,
improvement of analytical method sensitivity and specificity,
substantial reduction in time to initiating adequate antidote
therapy in clinical settings, and enhanced quality of
integration with international early warning signals
[2,10,49,56,76; 13-19,61-67]. These measurable results
provide clear benchmarks for assessing progress and
continuous system improvement.

Long-term implementation success depends on
commitment to continuous validation of machine learning
algorithms as new classes of psychoactive substances
emerge, sustained efforts to maintain and improve
spectral library quality, and continuous development of
staff competencies in interpreting computational
toxicology  results [20-22,24-25,32,46,54,55,58].
Investments in these areas ensure sustainability and
continued system effectiveness in the rapidly evolving
NPS landscape.

The proposed guidelines ensure solution scalability and
compatibility with international standards while requiring
minimal local regulatory framework modifications, making
them practical and achievable for implementation in various
regulatory environments [34-35].
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