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Abstract 

Accurate post‑mortem interval (PMI) estimation is fundamental to forensic science but traditional macroscopic indicators rapidly 

lose reliability. This review explains how chemical and molecular techniques are redefining PMI estimation. Early work focused 

on measuring electrolytes in vitreous humor (VH); the linear increase of potassium following cellular membrane breakdown 

remains a robust marker. Other metabolites such as creatinine, urea, glucose and hypoxanthine in VH, blood and synovial fluid 

extend the estimation window. Post‑mortem biochemical processes are also summarised, autolysis and putrefaction degrade 

macromolecules, produce volatile organic compounds and gases, and alter pH and redox potential, forming biochemical clocks. 

Biological matrices including VH, blood, cerebrospinal fluid, urine, muscle, liver and brain each provide different advantages 

and challenges. The review surveys tissues like muscle, liver and brain and describes how electrolyte leakage, metabolite 

accumulation and protein degradation offer complementary time markers. Key markers encompass electrolytes, metabolites, 

enzyme activities, protein degradation patterns, microRNAs and volatile organic compounds. Analytical tools such as gas/liquid 

chromatography, mass spectrometry, NMR spectroscopy and ion‑selective electrodes enable sensitive measurement. Emerging 

multi‑omics and spectroscopic techniques (ATR‑FTIR, Raman) integrated with machine‑learning models enhance resolution 

and show promise for multi‑organ metabolomics and proteomics. The review also notes limitations: environmental variability, 

inter‑individual differences, drugs and ethical constraints necessitate multidisciplinary approaches. Future research directions 

stress multi‑marker models, entomology integration, portable devices and population‑specific databases. 
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1. Introduction 

Determining the post‑mortem interval (PMI), the time be-

tween death and discovery, is central to forensic investigations. 

Accurate estimates guide investigations, aid identification and 

reconstruct events. Historically they relied on macroscopic 
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observations. Cooling of the body (algor mortis), muscle stiff-

ening (rigor mortis) and gravitational pooling of blood (livor 

mortis) were the main tools; however, they are heavily af-

fected by ambient temperature, humidity, clothing and indi-

vidual variation. Their usefulness is confined to the first 24-

72 hours, after which the precision declines markedly, moti-

vating the search for more objective methods [1, 2]. 

This review recounts the shift from physical indicators to 

biochemical and chemical markers. Early studies measured 

electrolytes in vitreous humor; after death, cell membranes be-

come permeable and potassium leaks into the vitreous fluid; 

the resulting linear increase provides a robust marker for PMI. 

Other metabolites such as creatinine, urea and glucose in vit-

reous humor and synovial fluid further reduce subjectivity. 

Metabolomics, machine‑learning and multivariate techniques 

are now being applied to tissues and fluids to process complex 

data and improve precision. Spectroscopic methods like atten-

uated total reflectance Fourier ‑ transform infrared (ATR ‑

FTIR) and Raman spectroscopy show promise for estimating 

PMI from skeletal remains [3, 4]. 

The chemistry of decomposition, autolysis and putrefaction 

induce macromolecular breakdown, releasing sugars, free 

fatty acids, amino acids, volatile organic compounds and 

gases, while altering pH and redox potential is also summa-

rized. These changes create biochemical clocks in tissues and 

fluids. Such chemical approaches are now central to forensic 

practice. By emphasising the role of chemistry, it was shown 

that how modern instrumentation such as mass spectrometry 

and nuclear magnetic resonance can translate biochemical 

changes into forensic timelines. The review outlines how dif-

ferent matrices, including vitreous humor, blood, cerebrospi-

nal fluid, urine, muscles, liver and brain, offer distinct ad-

vantages and limitations for chemical PMI estimation. It sets 

out to survey key markers, analytical methods, limitations and 

future directions, demonstrating that forensic chemistry pro-

vides the objective backbone for modern PMI estimation and 

opens avenues for more reproducible timelines. 

2. Historical Evolution of PMI 

Determination 

The history of Postmortem Interval (PMI) determination 

has shifted its focus to earlier non-chemical measurements to 

advanced chemical and molecular techniques that have been 

able to improve the accuracy and validity of the forensic in-

vestigation considerably [5-7]. Previously, PMI estimation 

was based on macroscopic physical alterations of the body, 

namely, rigor mortis, and livor mortis [6-9]. The framework 

of predictability in a body temperature decline after death was 

involved in the use of algor mortis which means the cooling 

of a body [10]. Nevertheless, its accuracy is highly compro-

mised by multiple physical conditions, including environmen-

tal temperature, humidity, and the existence of clothing, may 

cause significant change in the rate of cooling and create large 

error margins [5, 6]. As an example, a basic cooling equation 

does not take into consideration complicated environmental 

conditions or internal temperature gradients in the body so that 

a basic temperature measurement will not give accurate PMI 

estimates. 

The inflexibility of muscle is known as rigor mortis, which 

is the result of the biochemical alterations taking place inside 

muscle fibers [5, 6]. Although it has a general pattern, its ini-

tiation, course and lifespan depend on factors like the age of 

the person, physical status, cause of death, and conditions of 

the environment among others, which causes a lot of variation. 

Livor mortis, which is the gravitational accumulation of blood 

in the dependent body parts, is used to give information about 

the position of the body after death [2, 6]. However, as influ-

enced in its development and fixation by the external and in-

dividual factors, as its general degree of reliability is limited, 

and it is difficult to distinguish between the blanchable and 

fixed lividity during the initial stages. These conventional ap-

proaches, as well as fundamental, are usually regarded to be 

effective only during the first 24 to 72 hours after death and 

their precision decreases significantly as the process of de-

composition progresses [11-13]. 

A breakthrough in PMI determination involved the devel-

opment of biochemical and chemical markers, which provided 

a more objective and repeatable analysis, due to the introduc-

tion of chemical methods [12, 14, 15]. Initial studies were 

done on the fluctuations in electrolyte levels, especially the 

concentration of potassium in the vitreous humor. Vitreous 

humor is a quite valuable matrix because of its relative isola-

tion and more predictable a postmortem alteration than blood. 

Once dead, cells membranes become permeable and the cell 

loses its ions and other molecules such as potassium into the 

fluid that surrounds the cell such as the vitreous humor. This 

rising trend in potassium concentration during the early post-

mortem period has an extremely linear association with time 

that elapsed after death, which implies that PMI can be esti-

mated by simple computation. These analyses are not the only 

ones that have been investigated to be useful in early PMI es-

timation; other chemical analyses were also studied, including 

creatinine, urea, glucose in vitreous humor among others [15]. 

These are the chemical methods that decrease the subjectivity 

of the physical observations and enhance the reproducibility 

of the estimations of PMI by furnishing quantifiable data [12, 

14, 15]. The study of other body fluids such as synovial fluid 

has also widened the scope of research to examine different 

types of biochemical changes to determine early PMI [15]. 

Combining these biochemical indicators with the newer foren-

sic techniques enables a deeper appreciation of the postmor-

tem alterations and aids in explaining a portion of the varia-

bility observed with other non-chemical techniques [12, 14, 

15]. 

New methods have also been introduced, such as applica-

tion of attenuated total reflectance fourier transform infrared 

(ATR-FTIR) spectroscopy to monitor chemical changes in 

textile contaminated with emollients, but this is measurement 
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of fire danger, not direct measurement of PMI [16]. Neverthe-

less, PMI estimation on the basis of puparia of sarcosaproph-

agous flies has also been done using ATR-FTIR, in which 

chemical changes with time are analyzed [4]. In the general 

context, such methods as Raman spectroscopy and multivari-

ate data analysis show some potential in estimating PMI using 

skeletal remains, but both internal and external factors con-

tinue to affect the outcome [17]. The rising use of machine 

learning algorithms and metabolomics that works to study the 

biochemical alterations of organs and tissues after death is a 

major advance toward more measurable and precise PMI pre-

diction and not limited to the limitations of older methods [18-

20]. 

3. Post-Mortem Chemical Changes in the 

Human Body 

When the life of a human being ceases, the body constantly 

experiences a complex and irreversible process of post-mor-

tem chemical transformations, starting with the immediate 

halting of metabolism and oxygen provision, and causing a 

breakdown of cellular homeostasis and the irreversible transi-

tion to equilibrium [21, 22]. It starts with autolysis, which is 

the self-digestion of the cells enabled by the extrusion of en-

dogenous hydrolytic enzymes, mostly lysosomal, that breaks 

down the components of the cells [21, 23, 24]. At the same 

time, putrefaction begins, which is associated with the multi-

plication and metabolism of microorganisms, and primarily, 

gut microbiota, which further enhances tissue decomposition 

by breaking down organic matter [21, 25, 26]. All these enzy-

matic and microbial processes make tissues extremely chemi-

cally unstable after death, having a major effect on the further 

decomposition process [21, 23, 26]. 

The chemical pathway of decomposition consists of degra-

dation of the basic macromolecules. Theological carbohy-

drates are broken into simpler sugars, lipids are broken down 

and oxidized, and this leads to the release of free fatty acids 

and other VOCs [27, 28]. Proteins are broken down into pep-

tides and amino acids that are further deaminated to create am-

monia and other nitrogenous products [29, 30]. Such meta-

bolic changes in both intrinsic enzymes and microbial com-

munities produce a variety of gases, such as methane, hydro-

gen sulfide, and carbon dioxide, which cause the typical bloat-

ing and smell of decomposition [27, 28, 31]. Moreover, the 

development of acidic products of anaerobic activity and mi-

crobial activity results in the appearance of substantial 

changes in the tissue pH, whereas the redox potential of the 

internal environment is changed as the result of oxidative and 

reductive reactions [32]. These biochemical changes are im-

portant because they can give quantifiable values of the PMI, 

which is the time interval that passed since death [23, 24, 33, 

34]. As an illustration, the postmortem alterations of metabo-

lites in blood and muscle tissue have been examined to ap-

proximate PMI, particularly when addressing problematic sit-

uations such as submersion [32, 35]. The dynamics of molec-

ular damage of different molecules, including lncRNAs, in the 

brain tissue have also demonstrated the possibility of predict-

ing the early PMI [36]. Relative isolation of the vitreous hu-

mor makes it especially useful in measuring biochemical pa-

rameters of the body that are stable over time, such as potas-

sium and glucose concentrations [37-39]. PMI can also be es-

timated with greater accuracy, depending on the environmen-

tal temperature that causes a significant effect on the rate of 

decomposition and drugs or toxins that can modify microbial 

profiles and decomposing interactions [40-42]. Volatile com-

pounds measurement, or, in other words the volaboloma mor-

tis, is a new physiological fingerprinting method of the de-

composition process to estimate PMI [27, 28]. Newer post-

mortem changes, such as metabolomics and proteomics, are 

being developed with the help of emerging omics technologies, 

which offer comprehensive biochemical adaptations, allowing 

the discovery of new biomarkers and enhancing the predic-

tiveness of PMI [24, 29, 32, 34]. As an example, the degrada-

tion of skeletal muscle tissue proteins has been suggested as a 

promising molecular intervention, and a number of different 

proteinsensuously degrade over time [1, 29, 30]. Moreover, 

research on skeletal muscle tissue stable nitrogen isotope ratio 

is investigating how it can be used to estimate PMI when pu-

trefaction occurs [43]. This is essential in investigating murder 

cases, as the methods of determining the time of death can be 

more accurate than the traditional ones that are environmen-

tally delicate due to their reliance on time and place [6, 10, 44, 

45]. 

 
Figure 1. Post-mortem chemical changes in the human body. 
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After death, loss of oxygen and metabolism triggers autol-

ysis (enzymatic self-digestion) and putrefaction (microbial de-

composition). These processes lead to degradation of carbo-

hydrates, lipids, and proteins into simple sugars, fatty acids, 

VOCs, peptides, amino acids, and nitrogenous compounds, 

accompanied by gas production, pH shifts, and redox changes. 

Tissue- and fluid-specific biomarkers, such as potassium and 

glucose in vitreous humor, brain lncRNAs, skeletal muscle 

proteins, and volatile compounds (volaboloma mortis), 

change predictably from early to late post-mortem intervals 

and can be used to estimate the PMI. 

4. Biological Fluids and Tissues Used in 

Chemical PMI Estimation 

The determination of the PMI, which is the duration by 

which the body has been dead but has not been found or ana-

lyzed, is a difficult and important role of forensic science, and 

modern fields such as thanatochemistry and the “omics” sci-

ences have offered promising solutions to better estimate this 

time [15, 24, 45]. The postmortem biochemical changes in 

various biological fluids and tissues are studied and provide 

different benefits and drawbacks to identify the PMI [24, 46]. 

VH often has found favor in the estimation of PMI because 

it is anatomically isolated, and is largely resistant to postmor-

tem contamination and degradation compared to other biolog-

ical fluids [47-49]. This is a stable fluid that is mostly avascu-

lar, and whose microbial activity and fast postmortem degra-

dation are less susceptible, which makes it a good matrix of 

forensic examination [39, 50]. Once cells become damaged 

after death, ions and molecules that were contained within 

cells start leaking into fluids around them such as VH [15, 38]. 

Potassium (K+) and hypoxanthine (Hx) are among the most 

consistently studied VH markers to predict PMI [51-53]. The 

increase in potassium during VH postmortem is remarkably 

linear, with the intracellular potassium leakage of the mem-

brane occurring because of cellular breakdown. This con-

sistent change is what renders K+ a highly applicable bi-

omarker to determine the early PMI [52, 54]. Another poten-

tial indicator of PMI is hypoxanthine which is also present in 

VH due to adenosine triphosphate (ATP) breakdown [52, 54]. 

Beta-hydroxybutyrate (BHB) is also an example of other bio-

chemical markers that have been examined in VH particularly 

concerning ketoacidosis [55]. VH also serves in toxicological 

studies, in situations where blood or urine samples are lost or 

destroyed, or in postmortem studies of redistribution effects 

on concentrations of drugs [48, 56, 57]. Research indicates its 

applicability to both measuring drugs such as quetiapine and 

its metabolites and in gamma-hydroxybutyrate (GHB), which 

may have postmortem increases in other matrices [56, 57]. 

The studies are still ongoing to identify new portable devices 

that can be used to conduct VH analysis to enable quick esti-

mation of PMI on-site [56]. 

Although readily available, blood and serum pose some 

specific difficulties in terms of PMI estimation, in the first 

place, because of the phenomenon of postmortem redistribu-

tion (PMR) [58]. PMR is a process that causes the passivity of 

drugs and endogenous substances in the body when the circu-

lation process stops, resulting in artificial increases or de-

creases in concentration in various sites of the sample, e.g., 

central, versus peripheral blood. High volume of distribution 

lipophilic and basic drugs are especially vulnerable to PMR, 

which accumulates in the tissues during life, and then releases 

into the blood vessels near the body after death [59]. In spite 

of these limitations, blood and serum are still valuable sources 

of information. As an example, postmortem unknown altera-

tions in human serum metabolomic profiles have been exam-

ined in order to find promising biomarkers that can be used to 

monitor PMI [49]. Also, such markers as creatine kinase (CK-

Total, CK-MB), urea, creatinine, and uric acid in serum are 

correlated with PMI [60]. Bloodstain analysis to determine the 

age of a bloodstain is also problematic as the anticoagulants 

added to samples as reference specimen may inhibit the clot-

ting effect of the blood which is an unnatural inhibition of co-

agulation that may be used in forensic examination [58]. 

In addition to cerebrospinal fluid (CSF), urine is also used 

in PMI estimation, which can provide other information about 

the changes that occurred after death [61]. CSF, like VH, is 

comparatively resistant to speedy postmortem decomposition 

and contamination, which offer a more constant environment 

to some biomarkers than blood [62-64]. The biomarkers of 

brain injury such as glial fibrillary acidic protein (GFAP), neu-

ron-specific enolase (NSE), and S100B have been studied in 

both CSF and VH as a predictor of PMI, with its use still being 

debated but promising [62, 63]. Urine is an excretory product, 

which may indicate the status of the metabolic processes be-

fore death and is not usually subject to redistribution that oc-

curs after death as much as blood. Exoglycosidase activity (e.g. 

α-mannosidase, 2-galactosidase) in CSF and urine has been 

investigated as possible indicators in patients who had died of 

ethyl alcohol poisoning [61]. 

Tissue-specific chemical alterations in solid tissues like 

muscle, liver, and brain are actively studied and their applica-

tion in new methods of analysis to estimate PMI is developing 

[45, 46, 65]. These tissues go through very intricate processes 

of degradation after death, such as protein degradation and al-

terations in mRNA expression pattern [1, 29, 45]. Protein deg-

radation of skeletal muscles has become a promising biochem-

ical biomarker of PMI, and extensive reviews indicate that 

proteomic technology can be used to identify reliable bi-

omarkers [1, 29]. Postmortem production of ethanol and alco-

hol congeners have been investigated in the liver and muscle 

tissues and they can change considerably with time [66]. 

Multi-organ samples are also being studied using metabolom-

ics alongside machine learning algorithms to get more accu-

rate estimations of PMI across different ambient temperatures 

such as liver and muscle samples [65]. There are also post-

mortem changes in the brain tissue, and research has been con-

ducted to determine the mRNA expression and patterns of 
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long non-coding RNA (lncRNA) degradation to estimate early 

PMI especially in rat models [36, 45, 67]. As an example, 

miR-122, miR-133a, and miR-206 have been denoted as pos-

sible miRNA biomarkers to estimate PMI in the brain tissue 

[67]. Gastrocnemius muscle was applied in the context of 

metabolomics to estimate the duration of postmortem submer-

sion, and it can be utilized in the absence of blood samples in 

late stages of decomposition, which is an alternative [35]. 

They have also checked the myoglobin level in blood, liver, 

and parotid glands of albino rats to establish its association 

with PMI [68]. These tissues are also affected by the dy-

namicity of drug distribution after death, as is observed in the 

postmortem distribution of substances, e.g., ropivacaine and 

its metabolites, in different body fluids and solid tissues of hu-

mans [69]. 

5. Key Chemical Markers Used in PMI 

Estimation 

The correct determination of the PMI is an important but 

difficult task of forensic investigations, which influences the 

reconstruction of the events and the court process [20, 34, 70]. 

The classical techniques that are based on macroscopic alter-

ations such as rigor mortis, livor mortis, and algor mortis can 

be deemed as useful within the first 48-72 hours after death 

and are extremely sensitive to the environmental factors [15, 

20]. Therefore, more sophisticated thanatochemistry and mo-

lecular methods have become potential solutions to improve 

PMI estimation through biochemical modification in different 

tissues and bodily fluids [50, 56, 71, 72]. 

Electrolytes, especially K+, are a long-established gold 

standard in PMI estimation because they can be used to predict 

post-mortem diffusion [73]. Once the cell becomes dead, the 

termination of active cellular transport aids in cell membrane 

degradation, and potassium, which is relatively abundant in-

tracellularly, is forced to leave the cell and enter extracellular 

fluids, in particular, VH [74, 75]. This leakage causes an ex-

ceptionally linear rise in K+ concentration in the VH through-

out the initial post-mortem duration, and it can be easily cal-

culated to approximate PMI [73, 75]. Post-mortem changes 

occur in other electrolytes too, such as sodium, chloride, and 

calcium, but their applicability in PMI estimation is regarded 

as less reliable compared to potassium [75]. The fact that VH 

is anatomically isolated and has strong properties reduces the 

chances of contamination and external interference, which 

makes it particularly helpful in this analysis [46, 74]. 

Another important type of chemical markers that can be 

used to estimate PMI is metabolites, since their accumulation 

dynamics can be used to represent the current biochemical 

processes taking place after death [24, 76, 77]. Adequately an-

aerobic to be degraded, Hx, a product of ATP breakdown, is 

accumulated over time postmortem, and therefore becomes a 

promising marker across a wide range of tissues, such as mus-

cle and VH [33, 71, 73]. It has been demonstrated to have a 

great potential in measuring PMI, commonly together with 

other purine bases, such as adenosine, inosine, and xanthine 

[33]. Another important metabolite Lactate rapidly accumu-

lates during the early post-mortem or early anaerobic glycol-

ysis in tissues, particularly muscle [78]. This initial accumu-

lation is then succeeded by a more intricate kinetic profile 

though it is a good indicator of early PMI [78, 79]. Creatinine 

and urea, which are usually markers of renal performance in 

vivo also show post-mortem changes that can be related to 

PMI. Their concentrations are more likely to increase when 

renal clearance is stopped, which is a part of the wider meta-

bolic phenotype of decomposition [80]. Metabolomics, which 

applies the techniques such as ultra-high-performance liquid 

chromatography-quadrupole time-of-flight mass spectrometry 

(UPLC/Q-TOF MS), and gas chromatography-mass spec-

trometry (GC-MS) can completely profile these and thousands 

of other molecules, enabling more precise PMI estimates, 

even when conditions become difficult, such as high temper-

atures or submersion [24, 29, 49, 76]. 

When enzymes and proteins began to degrade after death, 

it is possible to use this pattern to estimate PMI [1, 6, 10, 60]. 

Time-dependent variations are seen in the loss of enzyme ac-

tivity (e.g., alkaline phosphatase and lactate dehydrogenase) 

and protein denaturation (depending on the factors, including 

temperature and pH), which also adds to the post-mortem bi-

ochemical landscape [1, 10]. These protein degradation pat-

terns are increasingly investigated using proteomic methods, 

such as mass spectrometry, to give information about PMI in 

even highly advanced decomposition [1, 60, 81]. An example 

is the work that examines the degradation of skeletal muscle 

proteins when subjected to controlled conditions to identify 

the reliable biomarkers [60, 82]. miRNAs and lncRNAs sta-

bility have also been explored as possible PMI biomarkers be-

cause the molecules are comparatively stable after death de-

spite changes in cells [83, 84]. However, their degradation is 

affected by environmental factors and differences among in-

dividuals, which restricts their use in forensics and requires 

experimental designs and tracking methods [60, 83]. 

VOCs are an important chemical indicator of decomposi-

tion, which is a result of microbial activity and biochemical 

processes of nature [5, 62]. These are the putrescine, cadaver-

ine and other sulfurous compounds, known as the volaboloma 

mortis, and these give chemical fingerprint that as the decom-

position continues undergoes changes [62, 85]. Non-invasive 

PMI estimation is provided by the analysis of VOCs by such 

methods as GC-MS, which is also essential to identify cadav-

ers [5, 85]. The environmental factors play an important role 

in the formation and emission of VOCs, and studies are aimed 

at knowing how these profiles change over time under differ-

ent conditions, including indoor settings [5]. Microbial suc-

cession that occurs throughout the decomposition process, 

commonly called the microbial clock, is closely correlated 

with the production of VOC and has been identified as a prom-

ising and potentially more accurate measure of PMI, espe-
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cially in later stages of decomposition [28, 41]. Microbial pro-

files may also be affected by the presence of drugs or toxins 

and cause the patterns of VOC emissions to change, further 

complicating but potentially informative of PMI determina-

tion [77]. Combining these various chemical indicators with 

new analytical technologies, including multi-omics and ma-

chine learning models, constitutes the modern state of the art 

of redefining the PMI estimation so that it is more accurate 

and reliable in a forensic practice [24, 72]. 

 
Figure 2. Key chemical markers used in post-mortem interval (PMI) 

estimation. 

Overview of major biochemical indicators applied in PMI 

assessment, including electrolyte shifts (notably potassium in 

vitreous humor), post-mortem metabolite changes from ATP 

degradation (adenosine, inosine, hypoxanthine, xanthine), an-

aerobic glycolysis products (lactate), renal markers (creatinine, 

urea), enzyme and protein degradation patterns, RNA stability 

(miRNA and lncRNA), and volatile organic compounds 

(VOCs). These markers, analyzed using metabolomics, prote-

omics, and GC-MS-based approaches, reflect time-dependent 

biochemical and microbial processes (“microbial clock”) from 

early to late PMI. 

6. Analytical Methods of Chemical PMI 

Determination 

The accurate determination of the PMI is an important part 

of the forensic examination, and it is based on a wide array of 

different methods of analysis, including classical biochemist 

methods as well as advanced instrumental methods, and sup-

ported by strict quality control and validation [36]. Although 

basic, classical chemical and biochemical techniques of PMI 

determination usually give initial or supportive data. Exam-

ples include colorimetric assays, where specific analytes are 

measured by a visual or spectrophotometric change and the 

concentration of a substance such as potassium or ammonia in 

a biological sample can be measured, which can change pre-

dictably after death. Ion-selective electrodes provide direct 

and selective detection of ionic species, i.e. potassium in VH, 

an index that is known to have post-mortem changes [86]. 

Spectrophotometry can measure light absorbance/transmit-

tance to determine biochemical markers that are associated 

with decomposition [87, 88]. These traditional methods tend 

to be economical and simple and might not be as specific and 

sensitive as may be needed in complicated forensic cases. To 

illustrate, a new non-enzymatic colorimetric sensor has been 

created on the assay of ephedrine in urine samples, and this 

shows the further development of the techniques [87]. 

Sophisticated instrumental methods have played an im-

portant role in improving the accuracy, sensitivity and speci-

ficity of chemical PMI analysis. The popular separation meth-

ods that are commonly used with MS, GC, and LC [89-91]. 

GC is especially applicable to volatile and semi-volatile sub-

stances, and LC is applicable to non-volatile and thermolabile 

analytes [92]. As an example, GC-MS is widely applicable in 

forensic toxicology to establish drug presence, detect specific 

substances such as synthetic cathinones and phenethylamines 

in hair, and determine different chemical profiles [93, 94]. It 

is also used to examine amphetamine chemical profiles 

through Bayesian predictive model to form connections in 

drug distribution networks [89]. It is additionally possible to 

optimize the method to work with problematic analytes, in-

cluding the nerve agents, by defying the strong retention hin-

drances on the silica sorbents [95]. Equally, LC-MS, and its 

ultra-high-performance variants (UHPLC-MS/MS) offers un-

matched sensitivity and specificity to complex mixtures to al-

low the determination of pesticides in food samples, antipsy-

chotic drug residues in wastewater, and a variety of organic 

pollutants in environmental matrices [96-99]. LC-MS/MS is 

viewed as the superior method of quantifying compounds, fre-

quently utilizing stable isotope-labeled internal standards to 

increase the precision. Recently, a new and convenient 

method of LC-MS/MS quantification is standardization 

through infusion with a post column which is especially effec-

tive in the case of unstable isotope-label internal standards that 

are absent or too costly. In addition, the combination of LC 

with high-resolution MALDI-TOF MS and NMR spectros-

copy using automatic full-contact splitless spotting interfaces 

further simplifies the process of studying in complex matrices 

of unknowns psychoactive substances [100]. MS, itself is a 

potent instrument in analytical chemistry, and it allows iden-

tifying the molecules and providing structural data to be used 

in different applications, such as medical diagnostics, food 

analysis, and monitoring pollutants [98, 101, 102]. MALDI 

MS, particularly can be utilized in the forensics area because 
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of high specificity and capacity to determine different sub-

stances in complex samples without a long-term preparation 

[103, 104]. The high sensitivity of MeV SIMS is also vital in 

detecting the synthetic organic colorants with close molecular 

structures because the molecular structure is of high sensitiv-

ity [105]. Another modern method is NMR spectroscopy, 

which is a non-destructive method of studying the structures 

and dynamics of molecules, detecting the presence of meta-

bolic changes and products of decomposition correlating with 

PMI [90, 106, 107]. One example of a system is NMR-based 

metabolomics used to investigate the chemical diversity of 

fungal extracts [107]. Moreover, the LC-MS and 1H NMR 

have been used together to profile the metabolites of botani-

cals such as pomegranate [106]. 

Stringent quality control and validation measures are criti-

cal in determining the reliability and admissibility of methods 

of PMI determination in the field of forensic science. To 

achieve the consistency and comparability of outcomes be-

tween various laboratories and cases, the methods should be 

standardized [108]. This also involves streamlining of meth-

odologies, e.g., QuEChERS extraction combined with GC-

MS to identify pesticides in grape, must and wine samples, 

which proved to be very linear and had a high recovery rate 

[94]. The most important one is reproducibility, where the fo-

rensic evidence should be subject to intense examination dur-

ing legal procedures [109]. The approaches that are used in the 

analysis should be strictly validated in order to prove their ac-

curacy, precision, sensitivity, and specificity. As an illustra-

tion, a wider multi-year investigation of pesticides in apples 

highlights the significance of the validated tool of assessing 

food quality and risk to human health [110]. Moreover, exter-

nal quality assessment systems, including the systems that 

were introduced in Italy to assess classical and new psychoac-

tive drugs in oral fluid, are crucial in monitoring laboratory 

performance and reliability of the results [111]. The effect of 

lost electronic fetal monitoring signals on perinatal asphyxia 

underscores the greater significance of data quality and sound 

measurements on medical and forensic matters [109]. All in 

all, dynamic evolution and usage of these complex methods of 

analysis, as well as their strict validation, is vital in the further 

evolution of the sphere of chemical PMI determination and 

gives solid evidence to legal and scientific use. 

7. Emerging and Modern Chemical 

Approaches 

The metabolomics and proteomics fields have been greatly 

enhanced by emergent and modern chemical techniques 

which allow chemical profiling in large scale and also en-

hances PMI resolution especially when they are combined 

with spectroscopic and sensor-based methods and artificial in-

telligence [76, 112, 113]. The chemical profiling of a large 

number of small-molecule metabolites and proteins in biolog-

ical systems is also a characteristic of the modern day metab-

olomics and proteomics [113, 114]. This method offers a dy-

namic picture of physiological conditions and is essential to 

the detection of key biomarkers, the course of disease, and the 

clarification of treatment procedures [115-117]. As one exam-

ple, untargeted metabolomics, frequently using methods such 

as ultra-high-performance liquid chromatography-quadrupole 

time-of-flight mass spectrometry (UHPLC-qTOF-MS) can 

monitor thousands of molecules, providing information on bi-

ochemical alterations after death that are necessary to deter-

mine PMI correctly [72, 76]. On the same note, proteomic 

studies examine the degeneration of proteins to determine bi-

omarkers that can be good clues of different forensic variables, 

particularly in problematic situations such as late PMI deter-

mination where soft tissues have fully tore [29, 118]. The dy-

namic and dynamic character of the proteins-metabolite inter-

actions (PMIs) require high-resolution detection methods and 

chemoproteomics turned out to be an effective approach to 

capture and characterize the interactions with a resolution of 

proteome-wide nature [112]. 

The better PMI resolution of these enhanced methods is es-

sential to medico-legal investigation to overcome the short-

comings of the conventional techniques, which are often un-

suitable, particularly at long distance or when exposed to di-

verse environmental conditions [6, 18, 76]. Metabolomic 

methods, including UHPLC-qTOF-MS, have been utilized to 

examine alterations of postmortem rat tissues and have 

demonstrated thousands of molecules, which can be used to 

estimate PMI with a high level of accuracy within the initial 4 

days of death [76]. Multi-organ metabolomics have also been 

studied to perform more accurate PMI estimation in various 

ambient temperatures, and it has been proven that machine-

learning algorithms can deliver more accurate results com-

pared to the use of a concrete change of substances [65]. The 

ability of proteomic techniques to detect the important pro-

teins and their degradative profiles can estimate late PMIs, 

even in human bones more than 15 years old, where pilot stud-

ies combining proteomics and machine learning have demon-

strated this [29, 118]. It is noted that the systematic review of 

the sciences of omics indicates their capacity to give a com-

prehensive perspective of postmortem biochemical alterations, 

thus being able to defeat the flaws of the conventional ap-

proaches, especially when dealing with advanced stages of de-

composition [24]. 

In this development, spectroscopic and sensor-based tech-

niques are important. PMI estimation with machine learning 

and Infrared (IR) spectroscopy, specifically Attenuated Total 

Reflectance fourier Transform Infrared (ATR-FTIR) spectros-

copy, has been applied to human skin, which presents a new, 

easy, precise, and dependable approach to address the issues 

in forensic pathology, even in the later stages of decomposi-

tion [3]. As a label-free and non-destructive chemical analysis 

method, Raman spectroscopy is essential in studying the mo-

lecular compositions and can be accompanied by the sophisti-

cated computational software such as RamanSPy to analyze 
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the data [119]. The two techniques IR and Raman spectros-

copy are complementary, which means that they investigate 

molecular vibrations and also give chemical fingerprints. 

These methods produce large datasets, which need advanced 

analytical tools [120]. Also, biosensors are designed to be 

used in quick and selective analysis, including new glutathi-

one (GSH)-activable theranostic probes selectively to image 

and treat tumor cells [121]. The quantitative determination of 

extracellular hydrogen peroxide (H2O2) released by single 

cells at a high spatial resolution has been performed with scan-

ning electrochemical microscopy (SECM). These sensor-

based methods provide high-specificity and sensitivity real-

time data and can be invaluable in numerous biological and 

forensic studies [122]. Moreover, in combination with ma-

chine learning and feature selection, near-infrared (NIR) hy-

perspectral imaging can be applied to identify adulteration in 

extra virgin olive oil, which proves its ability to identify com-

plex chemicals. Near-infrared spectroscopy combined with 

chemometrics has been also found to be useful in the determi-

nation of rice mildew by simple and quick assays. 

The introduction of artificial intelligence (AI) is a revolu-

tionary feature of such new solutions, in particular, machine 

learning (ML) and chemometric models [117, 123, 124]. AI is 

more effective in detecting, segmenting, and resolving data, 

and convolutional neural networks (CNNs) are effective at an-

alyzing complex data [123]. AI and ML play a central role in 

metabolomics to process large volumes of data in order to an-

alyze it further to identify the peaks, a disease, annotate the 

metabolites, and integrate multi-omics [117, 124, 125]. To en-

hance PMI estimation, machine learning is more often applied 

using metabolomics data on different types of tissues to en-

hance accuracy and objectivity [8, 18, 65]. The machine learn-

ing framework to be used in real-time estimation of PMI com-

bines the multimodal sensor data to address the limitation of 

conventional methods, particularly in field situations. To ana-

lyze enormous volumes of data produced by spectroscopic 

methods such as NIR spectroscopy, chemometric models are 

needed, based on the application of statistical and mathemati-

cal procedures to chemical data [120, 126]. The models, which 

are augmented with AI, make the data analysis more accurate 

and efficient. As an example, the AI models have been trained 

to forecast antioxidant activity in gentian root via FT-IR spec-

troscopy and chemometrics, which means that it would have 

been time-consuming with traditional techniques [127]. PMI 

estimation with pathology images and deep learning is also 

developed with AI models which are further refined under dif-

ferent temperatures [128]. The AI combined with the analyti-

cal methods have a tremendous potential to revolutionize the 

course of decisions and lead to innovative development in 

multiple industries [123]. It is the synergy of metabolomics 

and proteomics with more advanced methods of spectroscopy 

and AI that is a significant paradigm shift in scientific research 

and forensic analysis and practice to become more precise, ob-

jective and efficient [34, 124]. 

 

8. Limitations and Challenges of 

Chemical PMI Estimation 

The calculation of the PMI with chemical markers poses a 

great challenge to forensic investigation because of a combi-

nation of factors, most of them being environmental, inter-in-

dividual differences, drug, trauma, and disease confounding, 

and inherent ethical and sampling constraints. Such complex-

ities require that a strong multidisciplinary strategy is em-

ployed in order to enhance accuracy [29, 129]. 

Biochemical postmortem alterations and their rate are 

greatly affected by environmental conditions, especially tem-

perature and humidity, which affects the accuracy of chemical 

PMI estimations. As an example, increased temperatures can 

speed up the process of decomposition, enzymatic, and micro-

bial activity, which is followed by faster degradation and con-

version of chemical traces. On the other hand, these processes 

can be considerably slowed down by lower temperatures, 

which prolongs the conservation of some biomarkers [130]. 

Humidity influences the process of tissue desiccation, bacte-

rial growth, and it additionally adjusts decomposition dynam-

ics and chemical indicator stability [41]. The chemical and 

physical changes that occur between a dead body and the en-

vironment can provide interaction with the environment such 

that the skeleton is directly affected and thus the estimation of 

PMI is very tough, especially when skeletal remains are in-

volved [131, 132]. 

Another significant impediment is the inter-individual var-

iability, which indicates that variables including age, sex, 

body mass index, underlying conditions, as well as genetic 

predispositions may change the baselines and the rate at which 

the chemical markers change postmortem [133]. To illustrate, 

time-dependent information, in particular, biomechanical 

characteristics of brain tissue, which can be estimated in time 

of death, depends on several factors and their usefulness in 

practice can be restricted without factoring in such variability 

[130]. Without considering these individual variations, the 

precision of decomposition-based regression models to esti-

mate PMI is low when they are based on small samples and 

lack of decomposition scores [133]. To reduce these errors, 

larger data sets and more complex methods, including artifi-

cial intelligence, are being considered [133, 134]. 

Disease, trauma, and other drugs and toxins may produce a 

tremendous effect on metabolic pathways and the stability of 

various chemical markers, which introduce additional varia-

bility in PMI estimation [41]. GFAP and NSE and S100B are 

the biomarkers of traumatic brain injury (TBI) identified as a 

possible source of PMI estimation, though their use is rather 

controversial because of the following factors [62, 135]. 

Drugs and toxins also have the ability to directly modify mi-

crobial profiles and succession patterns when decomposing a 

corpse, which subsequently influences the speed and character 

of chemical changes in a corpse. It requires the determination 

of postmortem levels of different poisonous elements and tak-
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ing into account their influence on the nature of decomposi-

tion during the estimation of PMI [41]. 

Ethical issues and sampling are also very evident especially 

in regard to obtaining and manipulating human biological tis-

sues in research. Human tissue samples that are essential in 

validating and developing new chemical markers to estimate 

PMI are usually limited by legal and ethical restrictions. The 

non-uniformity of the decomposition process in different peo-

ple and different environments also complicates the develop-

ment of standard sampling and analytical procedures [29]. The 

challenge of getting adequate and representative samples par-

ticularly in later stages of decomposition may limit the crea-

tion of universal and broadly applicable chemical PMI models. 

Considering these drawbacks, a greater agreement nowa-

days on the necessity of mixed techniques that can combine 

chemical markers and other forensic techniques is clear [29]. 

Such multidisciplinary approach may include entomological, 

microbiological, physical and high-resolution imaging meth-

ods [29, 129, 131, 132]. As an example, luminol chemilumi-

nescence is becoming a cost-effective and time-efficient 

screening method of skeletal remains capable of being also in-

troduced into the overall forensic examination [131]. Moreo-

ver, novel technologies, such as handheld hyperspectral imag-

ing (HSI), are offered to examine changes occurring in skele-

tal remains after death through examining both chemical and 

physical alterations in the interrelation with the environments 

[132]. There are also opportunities of using artificial intelli-

gence and machine learning models such as those created on 

the geoFOR collaborative forensic taphonomy database that 

can enhance the predictions of PMI by using various data 

sources and considering the surrounding environment [129, 

133]. Proteomic methods are also increasingly popular in the 

analysis of postmortem biological samples, and pattern of pro-

tein degradation is an excellent biomarker of PMI that can be 

used to introduce biomarkers that can be included in a holistic 

biochemical overview [29, 136]. Finally, a synthesized body 

of postmortem change knowledge, based on other scientific 

fields, is needed to improve the accuracy and reliability of 

PMI estimations in forensics [29, 137]. 

9. Future Perspectives and Research 

Directions 

The future of forensic science is somehow geared towards 

the creation of multi-marker models, which are necessary in 

improving the precision and dependability of investigations 

through using a variety of biological, chemical, and molecular 

information. The detailed models provide a more reliable 

method of estimating the PMI and species identification in 

comparison to single-molecule systems. As an example, by 

applying metabolomics (i.e. the large-scale study of metabo-

lites) with machine learning algorithms, the issue of estimat-

ing PMI using inherent changes in metabolites globally, in-

stead of focusing on particular substance changes, can be ac-

curately estimated. With environmental data, such an inte-

grated approach offers a potent, quantitative estimate of the 

lowest time a body has been in contact with insects. 

One of the most important directions of development is the 

chemical combination with entomology and molecular biol-

ogy. Chemical examinations and especially the examination 

of cuticular hydrocarbons (CHCs) and VOCs is beneficial to 

forensic entomology, which applies insect activity on decom-

posing remains. CHCs on insect exoskeletons can differ ac-

cording to species, age, and environmental conditions and can 

be used to identify insect species along with estimating age of 

insect forensic insects (blowflies). As an example, the exact 

mixture of alkanes in CHCs is a chemical language, which can 

be used to monitor ecology. Moreover, molecular methods, 

including DNA barcoding, offer a clear-cut identification of 

species by sequencing standard parts of the DNA, in this case, 

the Cytochrome c Oxidase subunit I (COI) gene. This is an 

important requirement since various species do not need the 

same thermal requirements, and confusion may cause errone-

ous PMI estimations. Molecular fingerprints can also be ob-

tained by high-resolution mass spectrometry to identify them. 

There is also an urgent requirement in the development of 

portable forensic devices that will allow performing analyses 

on-site and minimize the time and resources needed to per-

form investigations in the laboratory. Machine learning-based 

portable FTIR spectroscopy, e.g., has shown a high level of 

accuracy in sex determination of third-instar larvae of 

Chrysomya rufifacies, with a potential of application in the 

field. Likewise, molecular biology also provides ways of 

quick identifications, including DNA barcode with PCR-

HRM technology of necrophilous fly species; MALDI-TOF 

MS of arthropods, using the exuviae spectra as an identifier. 

Such technologies are especially useful in the distant environ-

ment or when it is necessary to analyze the situation immedi-

ately. 

Lastly, population-specific reference data cannot be over-

estimated. Genetic and phenotypic differences between in-

sect populations are also highly capable of affecting forensic 

research and, as such, localized data on development might 

be invaluable in estimating PMI, especially. As an example, 

the rates of development of the species of Lucilia sericata 

may be regionally different, and the casework requires pop-

ulation-specific data. By creating extensive and population-

specific databases, including the HOFE forensic entomolog-

ical database, it is better to manage the accuracy of forensic 

interpretations and provide global applicability and fairness 

in the field of forensic science associated with geographical 

variations. Such a fastidious nature of data collection and 

analysis, as well as high-tech integration, will further propel 

the field further and make forensic research more precise and 

efficient. 
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10. Conclusion 

Chemistry has become central to post‑mortem interval es-

timation. Traditional indicators (algor, rigor and livor mortis) 

lose reliability over time, while chemical markers provide ob-

jective data across broader intervals. Electrolyte leakage, me-

tabolite accumulation, enzyme activity and protein degrada-

tion in fluids and tissues form measurable timelines, and ad-

vanced techniques such as mass spectrometry, NMR, ATR‑

FTIR and Raman spectroscopy enhance sensitivity. However, 

environmental factors, individual variability, drugs and 

trauma can confound these markers, and ethical and sampling 

constraints complicate validation. The review contends that 

robust PMI estimation requires multidisciplinary strategies 

combining chemical markers with entomological, microbio-

logical and imaging data, aided by machine learning. Future 

research should prioritise multi‑marker and multi‑omics ap-

proaches, portable on‑site devices, entomology‑chemistry in-

tegration and population‑specific databases. Such innovations 

will help forensic scientists reconstruct timelines with greater 

precision and deliver fairer judicial outcomes. 

Abbreviations 

ATP Adenosine Triphosphate 

ATR-FTIR Attenuated Total Reflectance-Fourier Transform Infrared 

BHB Beta-Hydroxybutyrate 

CHCs Cuticular Hydrocarbons 
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CK-MB Creatine Kinase-MB / Creatine Kinase-Myocardial Band 
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FTIR Fourier Transform Infrared 
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H2O2 Hydrogen Peroxide 
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IR Infrared 

K⁺ Potassium Ion 
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lncRNA Long Non-Coding RNA 

MALDI-TOF MS Time-of-Flight Mass Spectrometry 

MeV SIMS Medium-Energy Secondary Ion Mass Spectrometry 

miRNA microRNA 

ML Machine Learning 

NIR Near-Infrared 

NMR Nuclear Magnetic Resonance 

NSE Neuron-Specific Enolase 

PCR-HRM Polymerase Chain Reaction-High-Resolution Melting 

PMI Post-Mortem Interval 
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RNA Ribonucleic Acid 
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