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Abstract

Purpose Hypothermia occurs when core body temperature drops below 35 °C. The purpose of this review was to identify
and analyze studies on the topic of hypothermia from an immunohistochemical perspective to determine robust markers of
fatal hypothermia.

Methods This systematic review followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) reporting guidelines. It has been registered with Prospero (registration number: CRD42024572782).

Results In total, 2618 publications met the search criteria. A total of 63 duplicate articles were excluded and a further 2489
publications were excluded for not meeting the inclusion criteria, leaving 29 full-text articles. Furthermore, from the bibli-
ographies of the included articles, four more publications were selected, which also respected the established inclusion and
exclusion criteria. Only six studies identified a statistically significant correlation between immunohistochemical patterns
and hypothermia-related deaths.

Conclusion The existing literature examined appears fragmented and lacks robust statistical validation. Therefore, there
is an evident need for more comprehensive and methodologically rigorous research to develop reliable diagnostic criteria.
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Introduction

Hypothermia is defined as a decrease in core body tempera-
ture below 35 °C, resulting from an imbalance where heat
loss exceeds heat production [1]. It is a significant cause of
mortality in extreme environments, such as mountainous or
marine settings [2]. In these cases, it is referred to as exog-
enous hypothermia, as distinct from endogenous hypother-
mia and from that associated with hypothyroidism [3].

In addition, hypothermia can develop in elderly or debili-
tated individuals within controlled environments, such
as their homes, through a combination of exogenous and
endogenous factors [3]. This is known as accidental hypo-
thermia. Typically, in response to cold exposure the body
undergoes a series of endocrine and metabolic changes
depending on the drop in body temperature. Risk of death
has been described at over 70% for core body temperatures
of 30 °C and over 90% for core body temperatures of 26 °C
[4, 5].

Macroscopic observations in cases of fatal hypothermia
include Wischnewsky spots, erythema, and hemorrhaging
in the iliopsoas muscles [6—8]. Among the most commonly
documented histological findings in hypothermia cases are
fatty degeneration of myocytes, epithelial cells in the proxi-
mal renal tubules, and pancreatic cells [1, 3, 6].

While certain characteristic signs of hypothermic death
are recognized, they are not consistently present in all cases.
Furthermore, the absence of definitive findings at autopsy
often underscores the critical importance of the deceased’s
medical and circumstantial history in establishing a diag-
nosis [9]. This situation raises the critical question of how
much a pathologist can rely on circumstantial evidence
instead of objective findings of their examination, when
determining the cause of death [10, 11].

Consequently, hypothermia represents one of the most
intricate dilemmas in pathology. This is comparable to cer-
tain cases of epilepsy, asthma, and drowning. The challenge
is especially significant when autopsy findings are minimal,
non-specific, or entirely absent [12]. For this reason, immu-
nohistochemistry has been considered a potentially useful
tool in hypothermia diagnosis [13—15].

The aim of this systematic review was to identify and
analyze studies in which hypothermia has been investigated,
either partially or exclusively, through immunohistochemi-
cal analysis. It sought to determine whether, based on the
available literature, there is robust evidence to support the
use of immunohistochemistry for diagnosing hypothermia
using the various markers examined. The overall objec-
tive was to assess whether immunohistochemistry can be
considered a practically applicable tool in the diagnosis of
hypothermia-related death.
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Materials and methods

This systematic review followed the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) reporting guidelines. It has been registered with
Prospero (registration number: CRD42024572782).

The PRISMA checklist is provided as supplementary
material.

A systematic literature search was conducted by PubMed,
Scopus, and Web of Science to retrieve studies published in
English on immunohistochemical techniques used to deter-
mine a postmortem diagnosis of hypothermia.

The generic free-text search terms were: (“Hypothermia”
[All Fields] OR “accidental hypothermia” [All Fields] OR
“fatal hypothermia” [All Fields] OR “cold-related deaths”
[All Fields]) AND (“immunohistochemical” [All Fields]).
Filters applied were: “Humans” and “English”. No time
limit was given to this research.

Two researchers independently searched PubMed, Sco-
pus, and Web of Science for studies, while three other
researchers checked whether the selected articles met the
inclusion criteria.

The following data were recorded from the chosen stud-
ies: authors and year of publication, country of affiliation,
type of article, number of case-controls, type of study, type of
population investigated, type of parenchyma/organ studied,
marker studied, histochemical staining used, type of statisti-
cal analysis performed, and statistical results obtained. The
resulting documents underwent another round of screening
based on the language (excluding non-English texts), title,
abstract, methods, and keywords.

The selection process was carried out using Rayyan, a
free web and mobile application that expedites the initial
screening of abstracts and titles through a semi-automated
process. It incorporates a high level of usability and can be
accessed at the following website: http://rayyan.qcri.org
[16, 17].

The publications finally selected for analysis had to
respect the following inclusion criteria:

post-mortem investigations;
forensic study;

study of human tissues;

study about immunohistochemistry.

Non-inclusion and exclusion criteria were:

hypothermia treated in a clinical setting;
complications due to exposure to low temperatures;
clinical management;

critical patient;

systematic review;


http://rayyan.qcri.org
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Other relevant articles that met the inclusion and exclusion
criteria were extrapolated from the bibliography of articles
generated by the generic free-text search.

The study was designed according to PRISMA recom-
mendations and descriptive statistics were used to organize
the data. The selected articles were analyzed for the scope
of immunohistochemistry used in cases of hypothermia, the
tissues used, and the markers sought. In addition, informa-
tion was collected on countries and dates of publication.

The data collection process included both the selection of
studies and data extraction.

As mentioned previously, three researchers indepen-
dently assessed whether the articles had titles or abstracts
that met the inclusion criteria, and any disagreements were
resolved by achieving consensus. Two researchers extracted
the relevant data, which was then reviewed by two other
researchers and subsequently reconfirmed by an additional
pair of investigators.

It should be noted that in the case of studies involv-
ing both immunohistochemistry and other investigative
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the latter are noted in the results section.

Results

In total, 2618 publications met the search criteria.

A total of 63 duplicate articles were excluded. After
consideration of whether studies met the primary inclusion
criteria, a further 2489 publications were excluded, leaving
29 full-text articles. Upon reviewing the full-text articles,
an additional 13 studies were excluded for not adhering to
the inclusion criteria. The remaining 16 full-text articles
therefore fully met the inclusion criteria for the review. Fur-
thermore, from the bibliographies of the included articles,
four more publications were selected, which also respected
the established inclusion and exclusion criteria. The article
selection process is summarized in Fig. 1.

Out of the total 20 studies, 13 investigated hypothermia
cases, while seven also took into consideration hyperther-
mia cases.

Focusing on immunohistochemistry, 11 studies exclu-
sively examined these techniques, while nine studies incor-
porated both immunohistochemistry and other investigative
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techniques, such as molecular analysis, gene expression
studies, and biochemical assays.

The studies analyzed various types of parenchyma and
organs: the pituitary gland was examined in eight stud-
ies, the kidney in five studies, and the myocardium in four
studies. The lungs were analyzed in three studies. The hip-
pocampus, hypothalamus, adrenal glands, encephalon, pan-
creas, and liver were included in two studies each. Finally,
the spleen, gastric mucosa, and cerebellum were each cov-
ered in one study.

A wide range of immunohistochemical markers was
investigated across the 20 studies, notably the following:
Adrenocorticotropic hormone (ACTH) appeared in four
studies, heat shock protein 70 (Hsp70) in three studies, and
catecholamines (including adrenaline, noradrenaline, and
dopamine) in one study. Additionally, phosphorylated heat
shock factor 1 (HSF1), chromogranin A (CgA), and thyroid-
stimulating hormone (TSH) each featured in two studies.

Other markers that were evaluated, each in a single
study, included aquaporin 1 (AQP-1), aquaporin-5 (AQP-
5), atrial natriuretic peptide (ANP), brain natriuretic pep-
tide (BNP), messenger ribonucleic acid (mRNA), C5b9,
claudin-5 (CLDN-5), glial fibrillary acidic protein (GFAP),
hemoglobin (Hb), heat shock protein 27 (Hsp27), intercellu-
lar adhesion molecule 1 (ICAM-1), interleukin-1§ (IL-1B),
interleukin-10 (IL-10), matrix metallopeptidase 2 (MMP-
2), matrix metallopeptidase 9 (MMP-9), microtubule-asso-
ciated protein 2 (MAP2), S100b, ssDNA, lung surfactant A
(SP-A), lung surfactant D (SP-D), sirtuin 1 (SIRT1), tumor
necrosis factor o (TNF-a), thrombomodulin (TM), ubiquitin
(Ub), growth hormone (GH), gonadotropins, prolactin, and
basic fibroblast growth factor (bFGF).

The statistical analyses commonly employed included:
the Mann-Whitney U test (used in seven studies), Fisher’s
Exact Test (five studies), the Scheffe test (four studies),
ROC curves (four studies), the Bonferroni correction (three
studies), the Kruskal-Wallis test (three studies), ANOVA
(Analysis of Variance) (two studies), Spearman’s correla-
tion coefficient (two studies), the Tukey test (two studies),
the Steel-Dwass test (two studies), and the chi-square test
(one study). Others used were: the Benjamini-Hochberg
procedure, Student’s t-test, Levene’s test, the one-tailed test,
the non-parametric test, Pearson’s correlation coefficient,
descriptive analysis, and regression analysis (each of these
was used in a single work).

Six studies (30%) found a statistically significant correla-
tion between immunohistochemical expressions and hypo-
thermia-related deaths. Conversely, in 14 studies (70%), no
statistical significance was observed between the expression
of a specific immunohistochemical marker and death from
hypothermia, or no proper statistical analysis was conducted
within the study.

@ Springer

The studies that demonstrated a statistically significant
correlation of immunohistochemical markers concerned:
anti-thrombomodulin in the myocardium [18]; anti-TSH
in the pituitary gland [19]; the expression of chromogranin
(CgA) in hypothalamic neurons, the adenohypophysis, and
the adrenal glands [14]; the expression of anti-Hsp 70 posi-
tivity in renal podocytes [20]; the positivity of anti-bFGF
and S100b in glial cells [21]; and anti-ACTH in the anterior
pituitary gland [22].

A summary of the results of the individual studies are
presented in Table 1. A more detailed table containing all the
data extrapolated from each study can be found in Supple-
mentary Material. In addition, the results are further sche-
matized in graphical form in Fig. 2.

Discussion

Determining hypothermia as a cause of death is challenging
due to non-specific, inconsistent, or negative autopsy find-
ings [23]. The most diagnostically significant macroscopic
alterations were first documented by Keferstein (frost ery-
thema), Wischnewsky (hemorrhagic lesions of the gastric
mucosa), and Krjukoff in the late nineteenth and early twen-
tieth centuries [23, 24]. Despite extensive research efforts
over the years aimed at establishing more reliable diagnos-
tic criteria, progress in the accurate identification of hypo-
thermia as a cause of death has remained relatively limited
[1, 23].

In this context, the potential application of relatively
novel immunohistochemical techniques in diagnosing
hypothermia-related deaths warrants consideration, given
the distinct adaptive changes and stress responses induced
by hypothermic conditions. These techniques offer the pos-
sibility of detecting specific molecular and cellular altera-
tions that may provide critical insights into the physiological
impact of hypothermia, even in the absence of overt macro-
scopic or histological findings [6, 21, 23].

The data analyzed various organs and tissues across
multiple studies, indicating a broad approach to identifying
potential immunohistochemical markers in cases of death
from hypothermia [25].

Key organs such as the pituitary gland, kidneys, myocar-
dium, and lungs were more frequently studied, while other
organs like the hippocampus, hypothalamus, and adrenal
glands received comparatively less attention. Thus, the pri-
mary focus has been on organs potentially more susceptible
to hypothermic stress responses.

Certain markers tend to be associated with both hyper-
thermia and hypothermia diagnostics, and more generally
with stress responses, but this renders these markers non-
specific [15, 26-28]. In fact, it is pointed out that many of
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Results

Type of parenchyma/ Marker studied
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applicable)
Cases: 18

Firstly, the analysis revealed no significant differences in serum and CSF ACTH levels based on gender or age. A

ACTH

Anterior pituitary

Ishikawa et al.
(2008) [22]

strong negative correlation was observed for hypothermia, indicating that CSF ACTH levels tend to decrease as the
survival period increases in hypothermia cases. Regarding the cause of death, the study found that serum ACTH

Controls:
144

levels in cases of sharp instrument injury, fire fatalities, drowning, and hypothermia were within or above the clini-

cal reference range.

Leukocytes (LCA) stained positively in 2 cases in the fatal hypothermia group and in 25 cases in the control group.

ACTH gave positivity in all cases in both groups with similar expression patterns.

Hyperemia, hemor-

Anterior pituitary
gland, gastric
mucosa

Cases: 34

Doberentz et

rhage, cell vacuol-

Controls:
61

al. (2017) [8]

ization, leukocytes

(LCA), ACTH,

membrane complex

C5b-9

The hypothermic group showed better preservation of MAP2 immunoreactivity in the dendrites of the CA1-subic-

associated protein 2 ulum neurons. However, there was more evident cytoplasmic accumulation of MAP2, particularly near the stratum

Microtubule-
(MAP2)

Hippocampus

Cases: 8

Kitamura et al.

Controls:
12

(2005) [44]

oriens. In other regions of the hippocampus, such as CA2-CA4 and the dentate gyrus, the differences between the

two groups were less significant. In these areas, MAP2 staining was maintained in both cell bodies and dendrites,
and the changes were less severe compared to those observed in the CAl-subiculum. The dentate gyrus retained

intense MAP2 staining in the molecular layer and granule cells across both groups.

the markers analyzed by the different studies and shown
in Fig. 2 are stress-response factors, such as HSP, S100b,
ubiquitin ACTH, and, as a result, they are inevitably exac-
erbated by aspecificity. Therefore, it would be worthwhile
to investigate future research toward more specific markers
for hypothermia, such as response hormones produced by
endocrine organs [29-31].

A diverse array of immunohistochemical markers was
investigated, with some, such as ACTH, Hsp70, and cat-
echolamines, receiving attention in different studies [6, 27].
However, many markers were studied in isolation, reflecting
a fragmented research approach where individual studies
have focused on specific biological pathways or markers,
rather than a comprehensive examination of a broader range
of markers across multiple studies.

It should be noted that in the majority of cases, immu-
nohistochemistry was performed in combination with other
techniques (such as mRNA expression and the measurement
of markers in biological fluids). Therefore, many studies did
not initially regard immunohistochemistry as a standalone
diagnostic tool; this aspect must be acknowledged as a limi-
tation of the present work.

To reiterate: out of the 20 studies resulting from the
selection process, only six demonstrated some degree of
statistical significance concerning the usefulness of immu-
nohistochemical techniques in the diagnosis of fatal hypo-
thermia, excluding other investigations conducted in the
study.

The diagnosis of death by hypothermia, like other death
diagnoses, can hold significant value in legal proceedings.
Therefore, highly reliable, scientifically validated diag-
nostic tools are needed to present strong evidence before a
judge [28].

Additionally, it should be emphasized that each of the six
studies showing some type of statistically significant cor-
relation involved a different immunohistochemical marker,
often in different tissues, with correlations that were some-
times only weakly significant, as observed in the studies by
Ishikawa et al. (2008) and Pakanen et al. (2015) [18, 22].
This raises doubts about the practical applicability of such
findings in the diagnosis of death by hypothermia within
forensic practice.

Furthermore, Hlescu’s study considered a population
consisting solely of hypothermia cases, without comparison
with a control group of subjects who died from other causes
[32].

It can thus be inferred from the results of the present
work that the existing evidence is inconsistent and lacks
solid statistical support, even though recent developments
in immunohistochemical methods present opportunities for
enhancing the accuracy of hypothermia diagnosis in death
investigations. The variability and limited reproducibility
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Fig. 2 Bar graph summary of the results obtained

seen in previous studies indicate a pressing need for more
thorough and methodologically sound research to establish
dependable diagnostic standards [33].

Until such detailed studies are carried out, the practi-
cal use of these immunohistochemical markers in forensic
practice remains questionable [34]. Therefore, it is crucial
to persist in advancing and refining diagnostic strategies to
ensure that forensic assessments are based on scientifically
validated and dependable evidence [35].

Limitations

The main limitation of this review is that there are very
few papers, heterogeneous with each other, dealing with
the applicability of immunohistochemistry to hypothermia-
related deaths. This lack makes it difficult to use this tech-
nique practically applicable.

Another primary limitation lies in the fact that the statisti-
cal analysis performed in the various studies predominantly
relied on descriptive statistics, without incorporating more
advanced statistical models such as multivariate analyses,
regression tests, or predictive models. The approach adopted
in much of the literature, partly dictated by the nature of the
methodology employed, effectively restricts the ability to
identify causal or significant relationships among the vari-
ables studied and significantly limits the potential to gener-
alize the findings to a broader context.
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Perspectives

The findings from this systematic review highlight the
fragmented nature of current knowledge and underscore
the need for a more systematic and integrated approach
in research on the postmortem diagnosis of hypothermia.
The results obtained indicate that in the event of a continu-
ation of immunohistochemistry in the study of hypothermia
death, scientific studies should take the following steps:

e An important prospect for future research is to expand
the investigation to a broad range of immunohistochemi-
cal markers by adopting an integrative approach involv-
ing multiple organs and parenchyma. Combined analy-
sis of specific and nonspecific markers could represent
a significant methodological advance, improving diag-
nostic sensitivity and specificity. Such a strategy would
overcome the limitations associated with the isolated
examination of single markers, providing a completer
and more reliable picture for the postmortem diagnosis
of hypothermia.

e [t is imperative that future research be based on rigorous
and carefully designed statistical methodologies capable
of isolating and controlling potential confounding fac-
tors that might influence the results. Such an approach
is essential to ensure the reliability and reproducibility
of analyses, allowing biological and molecular changes
specifically associated with hypothermia to be clearly

@ Springer
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and unequivocally distinguished from those attribut-
able to alternative dying conditions. The adoption of
advanced statistical tools, combined with meticulous
experimental planning, will make it possible to assess
the complex interactions between biological markers,
demographic variables, and environmental circumstanc-
es. In fact, recent studies seem to be moving toward a
greater trend toward the use of statistical tools.

e The presence of appropriate control groups, representa-
tive of other dying conditions, is crucial to verify the
specificity of the identified markers. This aspect is often
overlooked, leading to conclusions that are potentially
limited or not applicable to forensic practice.

e Future research, such as the proposal of specific markers
for further investigation or the development and imple-
mentation of standardized protocols for immunohisto-
chemical analysis in cases of suspected hypothermia,
would be highly beneficial in advancing the field. These
efforts could help establish more reliable diagnostic cri-
teria and enhance the overall accuracy and reproducibil-
ity of findings in forensic and clinical investigations.

Although advances in immunohistochemical techniques
offer new opportunities, practical application requires a
more robust body of scientific evidence. Future research
should therefore aim to fill identified gaps by providing reli-
able and scientifically validated diagnostic tools to improve
accuracy and reproducibility in forensic investigations.

Conclusion

In conclusion, while recent advancements in immunohis-
tochemical techniques offer opportunities for enhancing
the diagnosis of hypothermia as a cause of death, the exist-
ing evidence remains fragmented and lacks robust statisti-
cal validation. The variability and limited reproducibility
across studies underscore the need for more comprehensive
and methodologically rigorous research to develop reliable
diagnostic criteria. Without further investigations, the prac-
tical use of these immunohistochemical markers in foren-
sic pathology remains uncertain. Ongoing efforts to refine
diagnostics are crucial to ensure scientifically validated and
reliable forensic evaluations.

Key points

1. Hypothermia is the decrease in core body temperature
to below 35 °C;

@ Springer

2. macroscopic observations in cases of fatal hypothermia
include Wischnewsky spots, erythema, and hemorrhag-
ing in the iliopsoas muscles;

3. immunohistochemistry has been considered a poten-
tially useful tool in hypothermia diagnosis;

4. the diagnosis of death by hypothermia may hold signifi-
cant value in legal proceedings. Therefore, highly reli-
able, scientifically validated diagnostic tools are needed
to present strong evidence before a judge;
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mRNA Messenger Ribonucleic Acid
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SP A-Lung Surfactant A
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