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Immunohistochemistry (IHC) is widely applied in post-mortem forensic investigations. Its evidentiary value
depends critically on methodological standardization. Following PRISMA guidelines and PROSPERO registration
(CRD420251063965), we systematically searched PubMed, Scopus, and Web of Science for original IHC studies
on human autopsy material. A total of 144 studies were included and evaluated against six predefined meth-
odological criteria (M1-M6) addressing slide interpretation metrics, multi-reader assessment, observer blinding,
concordance reporting, quality control, and predefined positivity thresholds.

IHC was applied across diverse forensic domains, most frequently in traumatic brain injury (16%), sudden
cardiac death (14%), COVID-19-related death (13%), and wound vitality/wound dating (11%). Quantitative or
semi-quantitative slide reading (M1) was adopted in 75.7% of studies, and quality control measures (M5) in
52.8%. By contrast, blinded reading (M3) was implemented in only 40% of applicable studies, inter-observer
concordance (M4) in 10%, and predefined positivity thresholds (M6) in only 4.2% of studies. Only 38.9% of
studies met three or more methodological criteria, and a single study satisfied all six criteria.

Forensic IHC demonstrates broad application and considerable inferential ambition, but its methodological
foundations remain inconsistently consolidated. We propose that future forensic IHC studies place greater
emphasis on analytical validation, standardized interpretation criteria, assessment of observer agreement, and
systematic reporting of relevant pre-analytical variables in order to improve reproducibility and comparability.

1. Introduction In the medicolegal setting, IHC has been progressively introduced as

a supportive tool in forensic autopsy practice, particularly in cases in

Immunohistochemistry (IHC) has represented a well-established tool
in anatomical pathology and biomedical research for several decades,
owing to its ability to integrate conventional morphological analysis
with molecular and functional information obtained directly within the
tissue context [1-4]. The ability to localize specific antigens within the
histological architecture has established IHC as a reference technique in
numerous clinical fields, particularly in oncology, inflammatory and
neurodegenerative diseases, and in the investigation of cellular mech-
anisms of injury and stress responses [3,5,6].

which macroscopic examination and conventional histology prove
insufficient to provide unequivocal answers [7,8]. In this context, IHC
has been employed to address forensic questions of high interpretative
complexity, including the assessment of lesion vitality, the reconstruc-
tion of perimortem events, the distinction between vital and post-
mortem injuries, the interpretation of asphyxial and traumatic mecha-
nisms, and, more recently, the support of the diagnosis of specific causes
of death, including cardiovascular and metabolic conditions [9-13]. It is
acknowledged that the frequency of IHC application in forensic autopsy
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practice varies considerably across institutions and jurisdictions; in
many settings, histological examination is not routinely performed and
immunohistochemical analysis remains an exceptional rather than
standard investigative tool [14-16]. The present review does not char-
acterize casework frequency but evaluates the methodological quality of
the published research on which any such use is scientifically grounded.

Despite the quantitative expansion of the literature on the use of IHC
in the post-mortem forensic setting, substantial uncertainty persists
regarding the actual scientific and evidentiary value of these applica-
tions. Although results are often presented as promising, many studies
exhibit marked heterogeneity in study design, case and control selec-
tion, management of pre- and post-mortem variables, and, most notably,
in the methods used for reading and interpreting immunohistochemical
preparations [15-17]. Such methodological fragmentation has repeat-
edly been identified as one of the main limitations to the reproducibility
of findings and to their transferability across different forensic contexts
[18,19].

In the medicolegal field, the value of a technique cannot be assessed
solely on the basis of the biological plausibility of the marker or the
statistical significance achieved within a single study. Rather, it depends
critically on the presence of standardized protocols, systematic control
of confounding variables, transparency of interpretative procedures, and
the ability to replicate findings in independent contexts [15,18,19]. In
the absence of these requirements, there is a risk of attributing forensic
significance to immunohistochemical signals that reflect nonspecific
phenomena, post-mortem changes, or observational bias, rather than
biological processes genuinely related to the medicolegal question
[20,21].

In light of these critical issues, the present study was conceived to
address a predominantly qualitative gap in the existing literature. The
aim was not to identify individual immunohistochemical markers as
“valid” or “invalid” in absolute terms, nor to propose a hierarchy of
forensic biomarkers, but rather to systematically assess the methodo-
logical robustness of published studies and their ability to provide reli-
able forensic evidence. In particular, the analysis was focused on
evaluating the degree of standardization of immunohistochemical
techniques, the methods used for slide reading and interpretation, the
management of pre-analytical and post-mortem variables, and the
adoption of measures aimed at reducing observational bias and ensuring
reproducibility of results. A review of this nature is broad in scope by
design: restricting the analysis to a single stain, tissue, or forensic sce-
nario would yield local quality metrics while missing the systemic pat-
terns in reporting practice that constitute the principal finding of
interest. The six methodological criteria (M1-M6) apply transversally
across stain types and forensic contexts, making the breadth of inclusion
an epistemic requirement rather than a limitation of the analysis.

On this basis, the present work seeks to answer the following ques-
tion: to what extent are immunohistochemical techniques applied to human
post-mortem tissues, as reported in the recent forensic literature, methodo-
logically standardized and capable of providing reliable, reproducible, and
defensible evidence in the medicolegal context?

Legal frameworks for the admissibility of scientific
evidence—including the Daubert [22-26]—require testable methodol-
ogy, known error rates, and demonstrated reproducibility. These re-
quirements apply to forensic IHC research as a body of scientific
evidence: what determines evidentiary weight is the quality of the
research, not the name of the marker. A stain with a well-established
clinical profile does not automatically inherit that validation when
applied to post-mortem forensic tissue, where autolysis, variable fixa-
tion times, and cause-of-death heterogeneity introduce sources of vari-
ability that require explicit methodological control and documentation.
This is precisely the dimension that M1-M6 are designed to assess.

Through a systematic review oriented toward methodological qual-
ity rather than biological outcomes per se, this study aims to provide a
critical overview of the current state of forensic immunohistochemistry,
identifying its main strengths, recurring structural limitations, and the
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areas in which further efforts toward standardization are required to
enable a truly probative use of the technique.

2. Materials and methods

The present study was conducted as a systematic review with qual-
itative synthesis and methodological appraisal of the included studies.
This study followed the Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) reporting guidelines and has been
registered with PROSPERO (https://www.crd.york.ac.uk/PROSPERO /v
iew/CRD420251063965). A systematic literature search was conducted
using PubMed, Scopus, and Web of Science to retrieve studies published
in English on immunohistochemical techniques applied to forensic au-
topsy cases. The aim of this review was to assess the actual scientific
value of autopsy-based studies in supporting the use of immunohisto-
chemistry in forensic settings through a targeted evaluation of each
study's focus, the distribution of the employed markers, the context of
application, and the methodological robustness of the articles—that is,
their capacity to substantiate or refute the use of immunohistochemistry
in specific forensic scenarios.

Studies published within the time frame from May 20, 2015, to May
20, 2025, were considered eligible for inclusion.

To account for the heterogeneity of terminology used in the litera-
ture, a broad free-text search strategy was adopted using the following
terms:

o Pubmed: ((((((C(CC(((((((cadaver[MeSH Terms]) OR (cadaver)) OR
(postmortem)) OR (autopsy[MeSH Terms])) OR (autopsy)) OR (dead
bodies)) OR (deceased)) OR (death[MeSH Terms])) OR (death)) AND
(forensic sciences[MeSH Terms])) OR (forensic)) OR (forensics)) OR
(medicolegal)) AND (immunohistochemistry[MeSH Terms])) OR
(immunohistochemistry)) OR (immunohistochemical)
Scopus: (TITLE-ABS KEY(cadaver OR postmortem OR autopsy OR
“dead bodies” OR deceased OR death) AND TITLE-ABS-KEY
(“forensic science” OR forensic OR forensics OR medicolegal) AND
TITLE-ABS-KEY(immunohistochemistry OR immunohistochemical))
e Web of Science: (((((((((((TS = (cadaver)) OR TS = (postmortem))
OR TS = (autopsy)) OR TS = (dead bodies)) OR TS = (deceased)) OR
TS = (death)) AND TS = (forensic science)) OR TS = (forensic)) OR
TS = (forensics)) OR TS = (medicolegal)) AND TS = (immunohis-
tochemistry)) OR TS = (immunohistochemical)))

The selection process followed the PRISMA guidelines. In the initial
screening phase, titles and abstracts were evaluated in Rayyan, a free
web and mobile application that facilitates semi-automated screening
(http://rayyan.qcri.org) [27,28]. Two independent reviewers assessed
each record according to predefined inclusion and exclusion criteria,
and any discrepancies were resolved through discussion and consensus.
Inter-reviewer agreement at the full-text eligibility stage was quantified
using Cohen's kappa (k) statistic with 95% confidence intervals. The
articles that passed this stage underwent a second, more detailed
screening. In this phase, titles, abstracts, methods, and keywords were
re-evaluated to confirm relevance. Simultaneously, the search was
complemented by a manual review of the reference lists to identify
additional eligible studies. Finally, the selection of studies based on full-
text evaluation was carried out by two additional independent
reviewers.

The publications finally selected for analysis had to meet the
following inclusion and exclusion criteria:

Inclusion criteria:

Post-mortem investigations;

Studies with forensic relevance;

Studies on human tissues;

Studies involving immunohistochemistry;
e Original research articles.


https://www.crd.york.ac.uk/PROSPERO/view/CRD420251063965
https://www.crd.york.ac.uk/PROSPERO/view/CRD420251063965
http://rayyan.qcri.org
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Exclusion criteria:

e Studies conducted on living subjects;

e Case reports and case series (low level of evidence);

e Studies on diagnoses not relevant to forensic interest (e.g., post-
mortem diagnosis of neoplasia);

e Systematic reviews and meta-analyses;

e Letters or other non-research article types.

For each article included in the analysis, the following data were
extracted and recorded:

General information

Author and year of publication; DOI/PMID/WOS identifier; Country
of affiliation; Type of study; Field of application; Specific macroarea;
IHC use.

Study design

Research question; Number of cases; Number of controls (if present);
Inclusion and exclusion criteria specified for cases (yes/no); Inclusion of
decomposed cadavers (yes/no).

Subject Information and postmortem variables.

Cause of death reported for cases (yes/no); Cause of death reported
for controls (yes/no); Comorbidities reported for cases (yes/no);
Comorbidities reported for controls (yes/no); Time of death clarified for
cases (yes/no); Time of death clarified for controls (yes/no); Postmor-
tem interval (time between death and examination) reported for cases
(yes/no); Postmortem interval reported for controls (yes/no); Body
preservation conditions reported for cases (yes/no); Body preservation
conditions reported for controls (yes/no); Confounding factors clarified
for cases (yes/no); Confounding factors clarified for controls (yes/no).

Technical and Methodological Aspects.

Immunohistochemical markers analyzed; Type of primary antibodies
used; Method of antibody detection (direct/indirect) Slide interpreta-
tion criteria; Tissues examined.

Regarding the thematic macro-areas, the included studies were
categorized according to the main field of forensic application of
immunohistochemistry. The following areas were identified:

o Acute Kidney Injury (AKI)

e Acute Respiratory Distress Syndrome (ARDS)

e Asphyxial Death

e COVID-19-related death

e Drowning

o Hypothermia/Hyperthermia

o Post-Mortem Interval (PMI) Estimation

e Sudden Cardiac Death (SCD)

e Sudden Infant Death Syndrome (SIDS)/Sudden Unexpected Infant
Death (SUID)

e Substance-Related Death

e Suicide

e Traumatic Brain Injury (TBI)

e Vitality / Wound Dating

e Other

Studies classified under the “Other” category included all cases of
death that did not fit into any of the aforementioned categories.

Given the heterogeneity of study designs, analytical methods, and
outcome measures among the included articles, a quantitative meta-
analysis was not feasible. Therefore, a descriptive statistical analysis
was conducted on the selected variables from the 144 papers included
herein. Results were summarized using qualitative and descriptive ap-
proaches, and frequency distributions were used to describe the occur-
rence of methodological characteristics, types of markers, and forensic
application areas.

To assess the replicability and reproducibility of the HIC protocols
employed in the studies, data were stratified according to two key cat-
egorical dimensions: field of application and cause of death. Data
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visualization techniques were employed to illustrate distribution pat-
terns and infer methodological trends.

To enhance interpretability and methodological rigor, six classifi-
cation parameters (M1-M6) were defined and systematically applied
across all included studies. These criteria assess research quality inde-
pendently of the specific marker or forensic application domain: the
established clinical use of an antibody in a diagnostic setting does not
substitute for rigorous documentation of its performance in post-mortem
forensic tissue, where autolysis, fixation variability, and cause-of-death
heterogeneity require the same methodological controls regardless of
whether the stain is novel or widely adopted.

M1 - Slide Reading Criteria: Slides were read according to an explic-
itly declared quantitative or semi-quantitative scoring system (e.g., H-
score, Allred score, IRS, 0-3/0-4 scales, +/++/-+++, percentage-
positive cells, counts/HPF/ROI, or digital image-analysis metrics). M1
was intentionally conceived as a binary criterion assessing the presence
or absence of a predefined slide-reading framework rather than the
degree of objectivity of the adopted scoring method. The specific type of
scoring system employed was recorded separately and analyzed
descriptively, as different approaches may substantially differ in
reproducibility despite all providing an explicit interpretative
framework.

M2 - Diagnostic Confirmation: Slide interpretation was conducted by
>2 independent readers or via digital analysis tools, with declared
parameters.

M3 — Reader Blinding: Studies were assessed for the implementation
of blinded or masked reading protocols to minimize observer bias.

M4 — Reported Concordance: The presence of inter- or intra-observer
agreement metrics was documented, including statistical measures
such as Cohen's kappa (x), intraclass correlation coefficient (ICC), or
qualitative descriptors of concordance.

M5 — Quality Assurance and Control Measures: Explicit use of internal
controls, including positive and negative control samples, implementa-
tion of quality control protocols, and procedures for managing technical
artefacts and batch variability.

M6 - Defined Positivity Thresholds: Clear specification of pre-
established cut-off values used to determine marker positivity,
ensuring reproducibility and consistency in immunohistochemical
interpretation This criterion was considered applicable only to studies
that operationalized a dichotomous positivity or diagnostic decision.
Studies reporting continuous, semi-quantitative, or purely descriptive
expression patterns without a binary positivity call were considered not
applicable for M6. Accordingly, non-fulfilment of M6 was interpreted as
the absence of a pre-specified interpretative threshold where such a
threshold was required, and not as evidence of poor methodological
quality per se.

When applicable, trends were identified through comparative
assessment of study features (e.g., presence of controls, statistical sig-
nificance, and evidence of improved discriminatory power), allowing
evaluation of methodological transparency and reproducibility across
the body of evidence.

Data recorded for the selected papers and the corresponding M1-M6
assessments are available in Supplementary Table S1, which provides
the complete study-level dataset for all 144 included studies.

To complement the M1-M6 methodological framework, a secondary
quality appraisal was performed using the QUADAS-2 tool (Quality
Assessment of Diagnostic Accuracy Studies-2) as described by Whiting
et al. (2011) [29]. Unlike the M1-M6 criteria, which were specifically
developed to evaluate reporting transparency, interpretative reproduc-
ibility, and methodological standardization of forensic immunohisto-
chemical investigations, QUADAS-2 is a validated instrument designed
to assess risk of bias in diagnostic research [29].

The two approaches were therefore considered complementary
rather than overlapping. While M1-M6 focus on how immunohisto-
chemical evidence is generated, interpreted, and reported, QUADAS-2
evaluates potential sources of systematic bias related to study design,
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case selection, reference standards, and analytical procedures.

Each included study was preliminarily classified according to its
methodological structure. Studies presenting a diagnostic-comparative
design were assessed using QUADAS-2 domains adapted to the
forensic setting. Studies lacking a diagnostic-comparative structure were
considered not suitable for formal QUADAS-2 scoring. Exploratory
studies incorporating a diagnostic-comparative design were assessed
when the QUADAS-2 domains were deemed applicable. The complete
QUADAS-2 assessment is reported in Supplementary Table S2.

3. Results

Overall, 32591 records were identified through database searching.
After removal of 897 duplicate records, 31694 records underwent title
and abstract screening, of which 31,471 were excluded as not relevant to
the aims of the review. A total of 223 reports were assessed for eligibility
in full text. Following full-text evaluation, 80 reports were excluded for
not meeting the inclusion criteria, resulting in 143 studies identified
through database screening. One additional eligible study was identified
through manual screening of reference lists and fulfilled the inclusion
criteria. Consequently, a total of 144 studies were included in the final
systematic review. The study selection process is summarized in Fig. 1.

At the full-text eligibility stage (n = 223 reports), the two reviewers
achieved an overall agreement of 86.5%, corresponding to substantial
inter-reviewer agreement (Cohen's k = 0.71, 95% CI 0.62-0.81). Thirty
discordant reports were resolved through consensus discussion.

The geographical distribution of the included studies, based on the
corresponding author's institutional affiliation, was as follows: 38
studied from Italy, 17 from Germany, 16 from Japan, 13 studies from
both China and the USA, 8 studies from Romania, 4 studies from
Australia, 3 studies each from India and Poland, 2 studies from
Denmark, England, Finland, France, and Russia, 1 study each for
Austria, Brazil, Croatia, Greece, Iraq, Mexico, Serbia, Slovakia, Spain,
Switzerland, Taiwan, Tunisia, and the UK. Lastly, 6 studies were the
result of international collaborations.

With respect to study design, 82 were case series (56.9%), 34
experimental/translational studies (23.6%), 20 cohort studies (13.9%),
5 case—control studies (3.5%), and 3 cross-sectional studies (2.1%). All
of the studies explicitly stated the research question.

Regarding the antibody detection methodology, all studies (100%)
employed an indirect immunohistochemical technique. With respect to
the type of primary antibody used, the vast majority of studies employed
mouse monoclonal antibodies (93 studies, 64.58%). Rabbit polyclonal
antibodies are the second most represented category (77 studies,
53.47%), while rabbit monoclonal antibodies were used in 27 studies
(18.75%). 6 studies reported using goat-derived polyclonal antibodies
(4.17%); sheep polyclonal antibodies were described in 2 studies
(1.39%). Chicken monoclonal, guinea pig polyclonal, hamster mono-
clonal, and mouse polyclonal antibodies were employed in 1 study each.
Lastly, 14 studies (9.72%) did not provide any detailed information on
the type of primary antibody used. It should be noted that these cate-
gories are not mutually exclusive, as individual studies may include
multiple types of antibodies (e.g., mouse monoclonal and rabbit poly-
clonal Abs). Consequently, the sum of the percentages exceeds 100%.
The reported values therefore, represent frequencies of mention, not
exclusive proportions. In fact, 60 studies (41.67%) used more than one
type of antibody. Only the 20.83% of studies (n = 30) used antibodies of
the same clonality and derived from the same host species aimed at
different markers. Conversely, the 27.78% of studies (n = 40) used a
single antibody to detect a single target.

Regarding the IHC markers investigated, the most frequently re-
ported markers were CD68 (21 studies, 14.58%), GFAP (15, 10.41%),
CD3 (12, 8.33%), and BAPP (11, 7.64%). IL-6 and p-tau were both tar-
geted in 8 studies each (5.56%), while CD45, SARS-CoV-2 spike (S)
protein, and tryptase were investigated in 7 studies each (4.86%). CD20,
CD34, CD61, and HSP70 appeared in 6 studies (4.17%), followed by
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CD4, CD8, CD15, HIF-1- a, IBA1, IL-15, and SARS-CoV-2 nucleocapsid
(N) protein (each in 5 studies, 3.47%). Cx43, FN, IL-13, MB, MBP,
TMEM119, and VIM (each in 4 studies, 2.78%).

Markers appearing in three studies (2.08%) included AQP3, C5b-9,
HSP27, IL-8, MCP-1, MPO, NeuN, S100, TH, TNF-a. aSMA, and iNOS.
Those cited in two studies (1.39%) were 8-OHdG, ACE2, ACT, AE1/AE3,
AQP1, AQP4, AQP5, CASP3, CCR2, CD117, CD138, CD163, CDla,
CD31, CMV, Casp9, DES, DMD, FOXO03, fibrinogen, GPA, IL-10, KI67,
MHCII, NOX2, NSE, NT, Ng, Nrf2, P-selectin, SIRT1, SP-A, TTF1, TUNEL,
Ub, a7-nAChR, p40, and p53. The remaining markers were reported in
only one study each (0.69%), encompassing a highly diverse array of
targets: 4-HNE, 6-MAM, AANF, Af42, ADFP, ALB, a-syn, ANF, AQP2,
AR, AT-8, ATTR, AVP, BCG, BDNF, p2-nAChR, BMP4, BNP, C4d, C9,
Casp3, CCCY, CD2, CD19, CD45-RO, CD56, CD62P, CD206, c-fos, CgA,
CIRBP, CK, CK7, CKAE1AE3, CML, COL1, COL3, COL4, COX5B, CRMP4,
CT, cTN, CTSD, CV, DCTN1, DENV, DNAH9, EBV, eNOS, ERG, FVIII, Fb,
FceRla, ferritin, fsTnl, GAP-43, GCG, GDNF, Gephyrin, GLUT-1, GPC,
GPX1, HIN1, HO-1, HPS, HSP60, HSP90, HSV-1, HSV-2, Ibal, IgE,
ICAM-1, IL-18, IL-33, insulin, ISN, JunB, KCNAB1, KCNJ3, KIF5B, KL1,
Leptospira spp. antigen, LFB, LOX-1, MAP2c, MCT, MENK, MMP2,
MMP9, MRP-8, MYH6, N. meningitidis antigen, NF, NF-H, NOS2, Nsp3,
Olig-2, P. jirovecii antigen, PCNA, PDGFR-a, PDGFR-f, PG, PSA-NCAM,
perforin, PG, protamine, PSA-NCAM, pT181, pT205, pT217, pT231,
RAGE, RBM3, renin, Rickettsia spp. antigen, RSV antigen, S. mansoni
antigen, SARS-CoV glycoprotein and SARS-CoV-2 S2 subunit of the
Spike protein, SF3B3, o-1R, SOCS-1, SOD2, SP, T. gondii antigen, TG,
TLR4, TLR9, TMPRSS2, Tn, TNC, TNNT2, TPH, TPH2, TTR, V2R, VCAM-
1, VCP, VDR, VP1, YFV, and ZO-1. A summary of the 20 most frequently
utilized markers and their recurrence across studies is presented in
Fig. 2, illustrating the predominance of inflammatory, neuronal, and
vascular targets in the immunohistochemical landscape of forensic
research.

The analysis of the anatomical distribution of sampled tissues across
the 144 included studies revealed a marked predominance of neural and
cardiac specimens. Specifically, nervous tissue was investigated in 59
studies (40.97%), followed by cardiac tissue in 40 (27.78%), pulmonary
tissue in 26 (18.06%), cutaneous tissue in 19 (13.19%), renal tissue in 15
(10.42%), hepatic tissue in 10 (6.94%), and splenic tissue and pancreatic
tissue in 3 each (2.08%). Bone marrow, cerebrospinal fluid (CSF),
gingival tissue, placenta, and more broadly-defined soft tissues each
appeared in 2 studies (1.39%).

Additional matrices—each reported in a single study (0.7%)—
included adipose tissue, antemortem thrombi and postmortem clots,
aorta and coronary arteries, blood, intestine and, more specifically,
small intestine, larynx, mandibular salivary glands, olfactory and res-
piratory mucosae, pericardial fluid, skeletal muscle, thymus, tracheal
glands, the umbilical cord, urine, and vascular smooth muscle cells. It
should be noted that these categories are not mutually exclusive, as
individual studies may have investigated multiple matrices; therefore,
the reported values represent frequencies of mention, not exclusive
proportions. In fact, 26 studies (18.06%) conducted analyses across two
or more tissues.

In all studies analyzed (100%), the formalin fixation and paraffin
embedding (Formalin-Fixed Paraffin-Embedded, FFPE) method was
used for tissue preservation.

Case and control characteristics

Across the 144 studies, the number of analyzed cases per study
showed a mean of 47.3, a standard deviation of 64.25, and a median of
29, with a minimum of 4 and a maximum of 622 cases.

For the subset of studies that included control groups, the number of
controls per study had a mean of 24.24, a standard deviation of 25.21,
and a median of 16.5, ranging from 1 to 162 controls.

Out of the 144 included studies, 138 (95.83%) explicitly reported the
adoption of inclusion criteria for the examined cases, while 6 (4.16%)
did not. Regarding exclusion criteria, 90 studies (62.5%) specified them,
whereas 54 (37.5%) made no mention of exclusion parameters.
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Records identified from: Records removed before screening:
PubMed (n = 7051) Duplcate records removed (n = #97)
Scopus (n = 413) Records removed for other reasons (n = 0)
Web of Science (n = 25127) -
r
Records screened . Records excluded
(n = 31654) n=31471)
y
Reports sought for retrieval Reports not retrieved
in=223) in=0)
a Reports excluded:
Reviews (n = 40)
Studies without use of INC (n = 3
assessed for eligibiity ol Studies without forensic interest (n = 31)
in=223) Studies in which the INC results were not
sufficiently described (n = 6}
y
Studies included from database Adational study identified through
soreening (n = 143) reference-list screening (n = 1)
y
Total studhes Included In review
in=144)

Fig. 1. PRISMA 2020 flow diagram for new systematic reviews, which included searches of databases and registers only. Source: Page MJ, et al. BMJ 2021;372:n71.
doi:https://doi.org/10.1136/bmj.n71. This work is licensed under CC BY 4.0. To view a copy of this license, visit https://creativecommons.org/licenses/by/4.0/


https://doi.org/10.1136/bmj.n71
https://creativecommons.org/licenses/by/4.0/

L. Tomassini et al.
21
20
15
12
| I
0
> >

15
& & & &

Number of studies

w

1
8 8
7 7 7
IIIII | | |
A N
R \/50 »

Legal Medicine 84 (2026) 102894

6
l 5 5 5 5 5 5 5
e S

o) & ') > > > &) & N &) -
g D Q 4% Oy A N % e N
V&FgLEFFTFg & & F I E
& S
o> O
& gt
% &
¥ &
%’d) %0‘5
& N

Marker

Fig. 2. The 20 most investigated markers in the selected studies and their relative frequency of mention.

With respect to the condition of the examined populations, 14 studies
(9.72%) explicitly included cadavers showing signs of putrefaction,
while the remaining 130 (90.28%) did not list putrefaction among their
exclusion criteria.

Although studies conducted on living subjects were excluded from
the review, 140 out of 144 studies explicitly stated the exclusion of
living individuals from their study populations. In the few instances
where the presence of living subjects was reported, these exclusively
referred to control samples, not to the main study cohorts.

Information on the cause of death of the analyzed cases was reported
and explicitly specified in 129 studies (89.58%), while it was not
mentioned in the remaining 15 studies (10.42%). Regarding controls,
the cause of death was provided in 87 studies (60.41%), not specified in
14 studies (9.72%), and not applicable in 43 studies (29.86%) due to the
absence of control groups.

With respect to comorbidities, these were reported for the case
populations in 76 studies (52.78%) and not specified in 68 studies
(47.22%). For the control populations, comorbidities were described in
43 studies (29.86%) and omitted in 59 studies (40.97%), while 43
studies (29.86%) had no controls.

The determination of the time of death in case populations was
classified as follows:

e Certain in 28 studies (19.44%)

e Estimated in 53 studies (36.81%)

e Not reported in 61 studies (42.36%)

e Two studies presented mixed reporting patterns:

e Morita S. (2015): partially certain and partially estimated;

e Reggiani Bonetti L. (2015): partially estimated and partially
unreported.

For control populations, the time of death was:

e Certain in 15 studies (10.41%)

e Estimated in 33 studies (22.91%)

e Not reported in 53 studies (36.81%)
e Not applicable in 43 studies (29.86%)

A certain time of death was defined as one confirmed in a hospital
setting or supported by unequivocal circumstantial evidence. An esti-
mated time of death referred to determinations based on inferential or
instrumental parameters (e.g., body temperature or other postmortem

indicators).

The postmortem interval (PMI) was reported for case samples in 101
studies (70.13%) and not reported in 43 studies (29.86%). For control
samples, the PMI was specified in 67 studies (46.53%), unreported in 34
studies (23.61%), and not applicable in the remaining 43 studies
(29.86%) without controls.

Regarding body preservation conditions, these were described for
case samples in 49 studies (34.03%), whereas 95 studies (65.97%) did
not provide this information. Among the control samples, preservation
conditions were reported in 30 studies (20.83%), omitted in 71 studies
(49.31%), and not applicable in 43 studies (29.86%) due to the absence
of controls.

Finally, the analysis of potential confounding factors was addressed
in 128 studies (88.89%), which explicitly described the identification,
management, or statistical control of confounding variables such as age,
sex, postmortem interval, fixation time, tissue type, and comorbidities.
The remaining 16 studies (11.11%) either did not account for con-
founding factors or did so only partially—for instance, by acknowl-
edging their existence without detailing the corrective measures or
adjustments employed in the analytical process.

Thematic classification

Regarding the thematic macro-areas of forensic application, studies
were distributed as follows: 1 study (0.69%) was classified under “Acute
Kidney Injury (AKI)”, 2 studies (1.39%) were classified as “Acute Res-
piratory Distress Syndrome (ARDS), 7 studies (4.86%) under ‘Asphyxia’,
19 studies (13.19%) were categorized as ‘COVID-19-related death’, 4
papers (2.78%) were classified as ‘Drowning’, 3 (2.08%) as ‘Hypother-
mia/Hyperthermia’, 20 studies (13.89%) as ‘Sudden Cardiac Death
(SCD)’,8 studies (5.56%) as ‘Sudden Infant Death Syndrome/Sudden
Unexpected Infant Death (SIDS/SUID)’, 7 papers (4.86%) investigated
‘Substance-related death’, 3 studies (2.08%) were classified in the
‘Suicide’ category”, and 23 studies (15.97%) investigated “Traumatic
Brain Injury”. 5 studies (3.47%) focused on the use of IHC for “Post-
mortem Interval” estimation, while 16 papers (11.11%) aimed at
studying “Vitality/wound dating”. Lastly, 26 studies (18.06%) were
classified as “Other”.

Results interpretation and methodological rigor

The primary aim of this systematic review was to critically evaluate
the methodological quality and forensic validity of IHC techniques
applied to human post-mortem tissues. In particular, the analysis
focused on assessing the methodological rigor of the included studies
and on documenting the presence of standardized approaches, shared
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protocols, or reproducible interpretative frameworks supporting the
forensic use of IHC.

As partially outlined in the Materials and Methods section, specific
attention was paid to how immunohistochemical slides were interpreted
and standardized across studies. In this context, the “Slide reading”
column reported in the Supplementary Table S1 represented a key
analytical element, as it allowed a structured appraisal of the interpre-
tative strategies adopted in each study.

For the purposes of the present results analysis, slide-reading meth-
odologies were examined using six predefined methodological param-
eters (M1-M6), reflecting different levels of standardization,
transparency, and control in IHC interpretation, including the use of
predefined scoring metrics, multi-reader or digital assessment, blinding
procedures, reported concordance, quality control measures, and pre-
specified positivity thresholds.

The combined analysis of the six core methodological parameters
(M1-M6) applied to the 144 included studies allowed a systematic
quantification of the degree of standardization and interpretative
robustness of immunohistochemical techniques used in forensic settings.

Although slide evaluation was performed in 100% of the studies,
only 122 studies (84.7%) provided some information on the slide
reading criteria. The adoption of either a quantitative or semi-
quantitative approach in(M1) emerged as the most frequently satisfied
criterion (109 of 144 studies, 75.69%). Specifically, 50 studies (34.72%)
adopted a quantitative approach based on percentages of positive
staining or counts per field (HPF/ROI), 59 studies (40.97%) adopted a
semi-quantitative scoring systems (e.g., 0-3/0-4, +/++/+-++, or
composite scores), while 3 studies (2.08%) provided mixed,
quantitative/semi-quantitative information. 10 studies (6.9%) per-
formed strictly qualitative assessments, while, as above mentioned, 22
studies (15.28) did not provide any information. In several cases,
qualitative and quantitative approaches coexisted within the same
study. The overall prevalence of each methodological criterion across
the entire dataset is summarized in Fig. 3.

It should be noted that M1 was designed to capture the presence of an
explicit slide-reading framework rather than the degree of objectivity of
the adopted scoring system. Consequently, studies employing simple
ordinal scales (e.g., +/++/+++) and those using more structured ap-
proaches such as H-score, IRS, Allred score, or digital image analysis
were all considered M1-positive. The distribution of scoring methodol-
ogies was therefore analyzed separately to provide additional informa-
tion regarding the heterogeneity of interpretative approaches.

Quality assessment using QUADAS-2

To provide an external validation of the methodological findings

Panel A — Frequency of methodological criteria (M1-M6)
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obtained through the M1-M6 framework, a complementary quality
appraisal was performed using QUADAS-2.

Of the 144 included studies, 110 (76.4%) were considered amenable
to formal QUADAS-2 assessment, whereas 34 studies (23.6%) were
classified as descriptive, mechanistic, or otherwise unsuitable for diag-
nostic risk-of-bias evaluation.

Among the studies eligible for scoring, overall risk of bias was judged
as high in 102 studies (92.7%) and unclear in the remaining 8 studies
(7.3%), while no study fulfilled all criteria required for a low overall
risk-of-bias judgement.

The most frequent source of bias emerged from the patient-selection
domain, reflecting the widespread use of a two-gate sampling structure
in which cases and controls were recruited from separate, highly
selected forensic autopsy populations. Additional concerns were
commonly related to insufficient reporting of reader blinding, absence of
pre-specified positivity thresholds, and limitations of the reference
standards used in several forensic scenarios.

Importantly, the QUADAS-2 assessment and the M1-M6 framework
explored different methodological dimensions. Whereas M1-M6 evalu-
ated reporting transparency and reproducibility safeguards, QUADAS-2
focused on structural sources of systematic bias. Consequently, the two
approaches should be regarded as complementary components of
methodological quality assessment rather than alternative instruments.

The second most frequently satisfied criterion concerned the
robustness of slide interpretation (M2), met by 65 of 144 studies
(45.14%). Of these, 51 studies (35.42%) reported independent assess-
ment by two or more human readers, 13 (9.03%) used software-based or
digital image analysis with predefined parameters, and 1 (0.69%)
combined multi-reader and software-assisted evaluation. M2 was not
satisfied in 79 studies (54.86%): 67 (46.53%) provided no information
on the number or means of slide assessment, 10 (6.94%) relied on a
single reader, and 2 (1.39%) reported a reading modality that did not
fulfil the M2 definition as applied.

Reader blinding (M3) was reported in 52 studies (36.11%), high-
lighting that explicit mitigation of observational bias is not yet a
consolidated practice in most forensic IHC applications. Even less
frequent was the reporting of inter- or intra-observer concordance (M4),
documented in only 13 studies (9.03%) through statistical coefficients
(x, ICC) or qualitative descriptions of agreement. The sparse and
discontinuous distribution of these criteria across individual studies is
clearly visualized in Fig. 3, where large vertical bands of absence are
evident for M4 and, to a lesser extent, M3.

The explicit declaration of quality control procedures (M5),
including the use of positive and negative controls and the management

Panel B — Distribution of cumulative M-scores
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Fig. 3. Graphical representation of the M1 — M6 criteria met by each study.
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of technical artefacts, was reported in only 76 studies (52.78%).

Similarly, predefined cut-off values or positivity thresholds (M6)
were specified in only 6 studies (4.17%). However, this finding should
be interpreted with caution, as a substantial proportion of the included
studies were exploratory, descriptive, or mechanistic investigations that
did not aim to generate a binary positivity or diagnostic classification. In
these contexts, a predefined positivity threshold may not be required.
Therefore, the absence of M6 should not be interpreted as an indicator of
poor methodological quality, but rather as the lack of a pre-specified
interpretative threshold in studies where such a threshold may be rele-
vant for reproducibility and inter-study comparability.

When the six original criteria (M1-M6) were considered jointly, only
56 studies out of 144 (38.89%) satisfied at least three criteria, 33 studies
(22.91%) satisfied at least four criteria, and 8 studies (5.56%) fulfilled
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five or more criteria, corresponding to a high level of methodological
standardization. Only one study satisfied all six criteria. The distribution
of the total number of criteria met per study is shown in Fig. 3, which
demonstrates a clear clustering around two to three satisfied criteria and
the presence of a non-negligible subset of studies with zero or one re-
ported criterion.

Overall, the distribution of methodological criteria reveals a recur-
ring pattern: high standardization for M1, moderate standardization for
M2, predominantly through independent human readers, M3, and M5,
primarily through the inclusion of positive and negative controls during
THC staining, and low standardization for criteria related to inter-rater
reliability and decision thresholds (M4 and M6).

Finally, the analysis of methodological continuity indicates that
cross-citation of previous studies aimed at explicit replication of

Proportion of studies
meeting the criterion
1.00
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0.50

0.25

0.00

M4 M5 M6
Parameter

Fig. 4. Heatmap showing the percentage of studies within each forensic macro-area satisfying the M1-M6 methodological criteria. Results are presented for
descriptive purposes only. Categories represented by fewer than five studies (AKI, ARDS, and hypothermia/hyperthermia) should be interpreted with caution and are

not intended for comparative inference.
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immunohistochemical setups is largely unsystematic. In most cases,
studies share individual markers or similar biological targets but differ
substantially in reading metrics, regions of interest, and interpretative
criteria, contributing to overall methodological fragmentation.

When the six methodological criteria (M1-M6) are examined by
forensic macro-area, the distribution and combination of standardiza-
tion elements vary across categories. These patterns are presented as
descriptive and exploratory observations, as several macro-areas are
represented by a limited number of studies and no statistical comparison
between categories was performed (Fig. 4).

The drowning category, represented by 4 studies, exhibits the
highest methodological completeness, with all criteria satisfied in at
least 25% of the studies. Although not generalizable due to the limited
sample size, this case illustrates that a fully structured immunohisto-
chemical workflow is feasible in forensic applications when methodo-
logical rigor is explicitly prioritized. Vitality/wound dating studies (n =
16) exhibit the second-highest proportion of studies meeting each cri-
terion, despite less than 10% of the studies reporting the evaluation of
inter-rater concordance and cut-off criteria (M4 and M6, respectively).
Asphyxia, Covid-19-related death, SIDS/SUID, SCD, TBI, and substance-
related death categories exhibit methodological completeness in a
greater proportion of studies for each criterion, except for pre-defined
cut-off values (M6), which no single study adopted. For each category,
the reviewed studies display a higher adherence to the adoption of a
semi-quantitative or quantitative assessment and the inclusion of quality
controls, while the inter-rater concordance and diagnostic confirmation
parameters appear to be inconsistently applied.

Suicide and PMI estimation studies show moderate adoption of
predefined metrics and quality controls but limited use of blinding and
organized reading.

For AKI (n = 1), ARDS (n = 2), and hypothermia/hyperthermia (n =
3), the very limited number of available studies precludes any mean-
ingful characterization of methodological completeness. The corre-
sponding values are reported for transparency purposes only and should
not be interpreted comparatively.

The heterogeneous “Other” category shows marked variability,
reflecting conceptual diversity rather than a unified methodological
approach. The two ARDS studies displayed different M1-M6 profiles;
however, no inference can be drawn from this category because of the
extremely limited number of available studies.

Overall, the macro-area analysis is consistent with the global find-
ings and provides an exploratory overview of how methodological
practices are distributed across the currently available forensic THC
literature. These patterns help explain the fragmented methodological
landscape of forensic immunohistochemistry despite the increasing use
of multi-marker panels.

In addition to methodological heterogeneity, the included studies
differed markedly in the conceptual role assigned to IHC within the
forensic investigation. Based on the classification reported in the study
table, IHC applications were stratified into three mutually exclusive
categories: standard morphological evidence, mixed use, and non-
morphological (functional-forensic) use.

When interpreted together, these findings indicate that slightly more
than half of the reviewed studies employ immunohistochemistry in a
strictly functional-forensic sense, while a substantial proportion re-
mains confined to descriptive or hybrid applications. This conceptual
heterogeneity parallels the methodological fragmentation highlighted in
the preceding sections and provides an additional explanation for the
limited inter-study comparability and evidentiary consolidation
observed in forensic immunohistochemistry, despite the increasing use
of multi-marker panels.

Combined or overlapping categories (e.g., SIDS/SUID, SCD, TBI
combined with vitality/wound dating) were treated as distinct analyt-
ical entities in the descriptive classification but overlap conceptually
with their parent macro-areas; therefore, counts should not be inter-
preted as mutually exclusive.
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4. Discussion
4.1. General overview and interpretation of results

Analysis of 144 forensic IHC studies confirms the scientific vitality
and methodological unevenness of the field. Rather than evaluating the
biological validity of specific markers, this review systematically
assessed methodological standardization—the dimension that condi-
tions reproducibility, transferability, and evidentiary weight of pub-
lished findings across all forensic application domains.

Overall, the results confirm that ITHC has been extensively investi-
gated across several key forensic domains, including traumatic brain
pathology, ischemic and arrhythmic cardiac pathology, assessment of
cutaneous wound vitality, asphyxial scenarios, and estimation of the
post-mortem interval [9,17,30-32]. However, based on the findings of
the present study, this widespread application does not appear to be
accompanied by a corresponding consolidation of methodological
standards. The analysis of the 144 included studies reveals marked
heterogeneity in study design, sampling strategies, selection of control
groups, management of confounding variables, and, most notably, in the
reading and interpretation of immunohistochemical preparations.

A first relevant finding concerns the predominantly retrospective
nature of the analyzed studies. The prevalence of retrospective and
descriptive designs reflects an operational reality that is understandable
in the forensic setting, where access to cases and biological samples is
often constrained by judicial contexts and non-programmable case se-
ries. Nevertheless, this approach inherently limits the ability to sys-
tematically control crucial variables such as the post-mortem interval at
the time of sampling, body preservation conditions, the actual patho-
physiology of death, and the presence of relevant comorbidities. As a
result, the scientific output, although rich in observations, often remains
fragile from an inferential standpoint.

A second key issue emerging from the analysis concerns the man-
agement of pre- and post-mortem variables, which represent one of the
main critical factors in the forensic application of IHC. Although the
post-mortem interval is reported in the majority of studies with respect
to case samples, it is frequently absent or incompletely documented in
control groups, when these are included. Even more rarely are body
preservation conditions, refrigeration procedures, tissue sampling and
fixation times, and potential differences in handling between cases and
controls described in sufficient detail.

In addition, variability in fixation procedures may represent a further
source of methodological heterogeneity. Beyond fixation time itself,
differences in the type, concentration, buffering, and preparation of
fixatives may substantially influence antigen preservation, staining in-
tensity, and antibody performance. The limited reporting of these pre-
analytical parameters in many studies further complicates inter-study
comparability and may contribute to variability in immunohistochem-
ical findings.

A further limitation emerging from the present review concerns the
scarce reporting of fixation-related variables, despite their recognized
influence on immunohistochemical reproducibility. Evidence from pa-
thology literature indicates that fixation delay, fixative composition,
buffering, fixation duration, and tissue processing may all affect antigen
preservation and staining performance [33,34]. Notably, Sato et al.
demonstrated that formalin pH and fixation duration directly influence
both Ki-67 immunoreactivity and nucleic-acid amplification, recom-
mending fixation in 10% neutral buffered formalin for no longer than
one week as the most reproducible protocol under controlled laboratory
conditions [35,36]. However, these findings derive primarily from sur-
gical pathology specimens and cannot be directly extrapolated to
forensic autopsy tissues, where post-mortem interval, autolysis, refrig-
eration, and variable fixation delays introduce additional sources of
variability. The limited reporting of fixation protocols in forensic IHC
studies therefore remains a significant obstacle to reproducibility and
inter-study comparability.
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This lack of information carries significant methodological weight, as
many immunohistochemical markers used in forensic settings are well
known to be sensitive to autolysis, protein degradation, and post-
mortem changes.

In particular, in tissues with high post-mortem vulnerability such as
the brain, the myocardium, and lung, the absence of accurate docu-
mentation of pre-analytical conditions makes it extremely difficult to
distinguish biological signals genuinely related to vital or perimortem
processes from alterations secondary to post-mortem evolution. This
limitation is especially evident in studies that attribute temporal or
causal significance to the expression of markers of hypoxia, inflamma-
tion, or cellular stress without a uniform control of the variables that
may influence their expression in a nonspecific manner.

A further critical aspect concerns the selection and characterization
of control groups. Although a substantial proportion of studies include
controls, their definition is often heterogeneous and, in some cases,
conceptually problematic. In many instances, control groups consist of
individuals who died from different causes, sometimes with systemic
diseases or prolonged agonal states that may influence the expression of
the same markers under investigation. Moreover, documentation of the
cause of death, comorbidities, and post-mortem interval in control
subjects is frequently incomplete or absent, thereby compromising the
validity of comparisons and introducing potential systematic bias.

These structural limitations are particularly relevant in light of the
explicit aim, stated in many studies, of using IHC as a supportive tool for
determining the cause of death or reconstructing perimortem events. In
the medicolegal setting, the interpretation of an immunohistochemical
signal cannot be dissociated from a rigorous comparison with truly
comparable baseline conditions, as failure to do so entails the risk of
attributing forensic significance to nonspecific biological variations.

A central methodological feature of the present study is the sys-
tematic application of six predefined criteria (M1-M6) to assess inter-
pretive standardization across 144 forensic IHC studies. Rather than
restricting the evaluation to biological outcomes, this approach provides
an objectifiable measure of methodological quality grounded in estab-
lished standards for evidence-based laboratory practice. The results
demonstrate that most studies satisfy only a limited number of criteria,
with emphasis concentrated on the adoption of a slide-reading metric
(M1), while critical safeguards—blinding, inter-observer concordance,
and predefined positivity thresholds—remain systematically under-
implemented. This pattern reflects a disconnect between the inferential
ambition of forensic IHC and its operational methodological rigor.

A further consideration concerns the interpretation of M1. This cri-
terion was designed to assess the presence of an explicit slide-reading
framework rather than to rank the objectivity of different scoring
methodologies. Consequently, simple ordinal systems (e.g.,
+/++/+++) and more structured approaches such as H-score, IRS,
Allred score, or digital image analysis were coded equivalently for the
purposes of M1. While this binary approach maximizes transparency
and reproducibility of the assessment process, it does not capture the
substantial differences in objectivity that may exist among scoring sys-
tems. M1 should therefore be interpreted as an indicator of methodo-
logical formalization rather than as a measure of interpretative rigor.
The descriptive stratification reported in the Results provides a more
nuanced representation of this methodological heterogeneity and
identifies the progressive adoption of structured and digital scoring
approaches as a potential direction for future standardization. We
deliberately avoided post-hoc subdivision of M1 into graded levels of
objectivity. Although sample ordinal systems (e.g., +/++/+++) and
more structured approaches differ substantially in reproducibility,
introducing an additional ranking would have required an independent
validation process and could have reduced the transparency and inter-
rater reproducibility of the framework itself.

To complement this framework, a secondary methodological
appraisal was performed using the validated QUADAS-2 instrument
[29]. While the M1-M6 criteria were specifically designed to evaluate
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reporting transparency, interpretative reproducibility, and procedural
standardization in forensic immunohistochemistry, QUADAS-2 assesses
the risk of systematic bias arising from study design, case selection,
reference standards, and analytical procedures. The two approaches
therefore evaluate distinct but complementary methodological
dimensions.

The QUADAS-2 analysis broadly supported the conclusions derived
from the M1-M6 assessment. Among studies amenable to formal
appraisal, the majority were judged at high overall risk of bias, pre-
dominantly due to two-gate patient selection, with cases and controls
recruited from separate highly selected forensic populations, together
with limitations affecting reference standards and study architecture.
Importantly, the principal weaknesses identified through QUADAS-2
differed from those highlighted by the M1-M6 framework. Whereas
QUADAS-2 primarily captured structural sources of bias, the M1-M6
criteria identified deficiencies in reporting transparency and reproduc-
ibility safeguards, particularly regarding blinding procedures, concor-
dance assessment, and pre-specified interpretative thresholds. Taken
together, these findings suggest that the current limitations of forensic
immunohistochemistry extend beyond biomarker performance and
involve both the methodological design of studies and the standardiza-
tion of interpretative procedures.

This uneven distribution of methodological criteria reflects a
conception of IHC that remains strongly rooted in descriptive histo-
pathological tradition rather than in a fully quantitative and standard-
ized approach. Although the adoption of semi-quantitative or
quantitative systems represents an advance beyond purely qualitative
assessment, the absence of procedures to control observational bias and
the lack of shared decision-making criteria substantially limit inter-
study reproducibility and the transferability of results across different
forensic contexts.

A specific consideration is warranted regarding the interpretation of
M6 (predefined positivity thresholds). The presence of a predefined
positivity threshold should not be regarded as a universal indicator of
methodological quality across all forensic immunohistochemical
studies. A substantial proportion of the forensic IHC literature is
exploratory, descriptive, or mechanistic in nature and reports contin-
uous or semi-quantitative expression patterns without attempting to
generate a binary positive/negative classification. In such contexts, the
absence of a predefined threshold is not inherently problematic and
should not be interpreted as a methodological deficiency. Conversely,
when immunohistochemical findings are used to support a dichotomous
diagnostic or classificatory conclusion, a pre-specified threshold be-
comes an important reproducibility safeguard [27]. In these circum-
stances, reliance on data-derived or post-hoc thresholds may reduce
inter-study comparability and increase the risk of optimistic interpre-
tation, a concern that is also reflected in established methodological
assessment frameworks such as QUADAS-2.

Immunohistochemistry and forensic macro-areas: interpretative po-
tential and structural limitations.

Analysis by forensic macro-areas of application allows clarification
of how the observed methodological heterogeneity is not uniform, but
rather differentially distributed according to the specific medicolegal
question addressed. Given the uneven distribution of studies across
categories and the very small number of studies available for some
macro-areas, these observations should be interpreted as descriptive and
hypothesis-generating rather than as evidence of confirmed differences
between forensic domains. This finding is of particular interest, as it
suggests that the limitations of forensic IHC do not depend solely on
general technical shortcomings, but also reflect different interpretative
traditions and varying levels of inferential ambition across application
domains.

In the context of cerebral pathology, particularly in studies focused
on hypoxic-ischemic damage and traumatic brain injury, immunohis-
tochemistry is frequently employed with a functional purpose, serving as
a tool to document dynamic biological processes such as neuronal
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suffering, axonal damage, and glial response. Markers such as beta-APP,
GFAP, phosphorylated tau, neurofilaments, and cellular stress proteins
are interpreted as temporal and pathogenetic surrogates, often with the
aim of distinguishing between vital, perimortem, and post-mortem
events [12,37-39]. Several studies have adopted more structured
methodological approaches, including explicit scoring criteria and
standardized immunohistochemical protocols, although these practices
remain inconsistently implemented across the field [30,40,41]. The
challenge lies in extending these practices from individual exemplary
studies to the field as a whole: the present analysis shows that even
within the TBI category, the majority of studies do not implement
blinding, concordance assessment, or predefined cut-off values
(M3-M6). Closing this gap represents one of the most important op-
portunities for methodological consolidation in forensic IHC.

A structurally analogous pattern, albeit with distinct implications, is
observed in cardiac pathology [42-44]. Here, immunohistochemistry
has been explored mainly in the context of myocardial inflammation and
cellular stress responses, including myocarditis, virus-associated
myocardial injury, and heat-shock protein expression. While these
studies demonstrate the ability of IHC to provide additional information
beyond routine histology, they also reveal persistent methodological
limitations, particularly regarding case selection, control-group defini-
tion, and the interpretation of quantitative findings. Consequently,
immunohistochemical results should be interpreted as complementary
rather than independently diagnostic evidence and integrated with
conventional histopathological, clinical, and circumstantial data.
Further progress will likely depend on greater methodological stan-
dardization and more consistent reporting of interpretative criteria.

A relevant aspect emerging from the present analysis concerns the
heterogeneous conceptual role attributed to immunohistochemistry
across studies. In a non-negligible proportion of cases, IHC was
employed exclusively as standard morphological evidence, serving to
characterize cellular populations, tissue components, or antigen locali-
zation without interpreting marker expression as a biological response
to injury, vitality, or post-mortem timing. This descriptive use included
immunophenotypic markers of inflammatory or immune cells (e.g.,
CD3, CD4, CD8, CD20, CD68, IBA1, TMEM119) as well as structural or
vascular markers (e.g., CD34). In these contexts, IHC functioned pri-
marily as an ancillary histopathological tool rather than as a source of
dynamic or inferential information.

In the field of cutaneous wound vitality, immunohistochemistry re-
mains one of the ancillary approaches most frequently explored to
support the distinction between vital and post-mortem lesions. A wide
range of inflammatory, vascular, and cellular stress or activation
markers has been investigated for this purpose [45-48]. Several studies
have adopted explicit semi-quantitative or quantitative interpretation
criteria and, in some cases, predefined diagnostic thresholds. Never-
theless, substantial heterogeneity persists in marker selection, scoring
systems, and study design, limiting comparability across investigations.
Furthermore, formal assessments of inter-observer reproducibility
remain uncommon, and approaches to interpretation and reporting
remain heterogeneous across studies. Variability related to survival
time, post-mortem interval, and individual biological response further
complicates the interpretation of immunohistochemical findings and
underscores the need for broader validation studies.

Studies focusing on pulmonary tissue and hypoxia-related deaths
illustrate both the potential and the limitations of forensic immunohis-
tochemistry. In these investigations, markers associated with hypoxic
stress, inflammatory responses, and alveolar alterations— including
surfactant protein A, HIF-la, mast-cell markers, and other markers
associated with hypoxic stress—have been explored as ancillary in-
dicators of asphyxial or hypoxic mechanisms of death [49-51]. At the
same time, the available evidence highlights important methodological
constraints, including variability in study design, limited validation
across independent cohorts, and inconsistent approaches to marker
quantification. Notably, marker performance may be influenced by post-
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mortem tissue alterations, as illustrated by the differing behaviour of
HIF-1a and SP-A in decomposed cases [13,49-51]. Collectively, these
studies suggest that immunohistochemical findings may provide useful
complementary information when interpreted alongside conventional
pathological evidence, but further validation, standardization, and
reproducibility studies remain necessary before such markers can be
regarded as robust forensic diagnostic tools.

4.2. Functional use of immunohistochemistry and evidentiary value

A relevant finding of the present review is the widespread use of
immunohistochemistry for inferential rather than purely descriptive
purposes. Across multiple forensic domains, I[HC was frequently
employed to support interpretations regarding wound vitality, survival
time, tissue responses, and mechanisms of death. While such applica-
tions are biologically plausible and increasingly common, their
evidentiary value depends on the reproducibility and transparency of
the underlying methodology.

The present analysis shows that forensic IHC has adopted several
methodological safeguards, particularly predefined reading metrics
(M1: 75.7%). However, formal assessment of inter-observer agreement
remained uncommon (M4: 10%), formal assessment of reproducibility
was rarely reported, and predefined positivity thresholds were often
absent. Similar concerns emerged from the complementary QUADAS-2
assessment. Collectively, these findings indicate that methodological
variability remains a major limitation to the reproducibility and
comparability of forensic IHC studies.

Existing frameworks developed for diagnostic pathology and
biomarker research, including STARD [52], REMARK [53], QUADAS-2
[29], and recommendations for immunohistochemical assay validation
[54], may provide useful methodological references for future forensic
IHC research. Based on the gaps identified in this review, greater
emphasis should be placed on analytical validation, standardized
interpretation criteria, assessment of observer agreement, and system-
atic reporting of relevant pre-analytical variables [54-57]. Such mea-
sures may improve the transparency, reproducibility, and evidentiary
robustness of forensic immunohistochemistry.

5. Conclusion

This systematic appraisal of 144 studies confirms that contemporary
forensic immunohistochemistry is a scientifically active but methodo-
logically heterogeneous field. IHC has been applied across several
forensic domains—including traumatic brain injury, cardiac pathology,
cutaneous wound vitality, asphyxial and hypoxia-related deaths, and
post-mortem interval estimation—f{requently with an inferential rather
than a purely descriptive purpose. The central finding of this review is
not that forensic IHC lacks biological plausibility or forensic utility, but
that its potential remains unevenly supported by the methodological
safeguards required to ensure reproducibility and comparability across
studies.

The structured M1-M6 assessment revealed a consistent pattern.
Predefined slide-reading metrics were widely adopted (M1: 75.7%) and
quality controls were moderately implemented (M5: 52.8%), whereas
safeguards more directly related to interpretative
reproducibility—including blinded reading, formal assessment of inter-
observer agreement (M4: 10%), and predefined positivity
thresholds—were reported only infrequently. A complementary
QUADAS-2 appraisal supported these findings, with most eligible
studies judged at high overall risk of bias, predominantly due to two-
gate case selection and limitations in study design and reference
standards.

Taken together, these findings indicate that the current limitations of
forensic immunohistochemistry are primarily methodological rather
than biological. Accordingly, immunohistochemical findings should be
interpreted as complementary to conventional histopathological,
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clinical, and circumstantial evidence rather than as independently
decisive. Future studies should place greater emphasis on analytical
validation, standardized interpretation criteria, assessment of observer
agreement, and systematic reporting of relevant pre-analytical variables
in order to improve the reproducibility, comparability, and evidentiary
value of forensic immunohistochemical investigations.
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