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Preface

Within investigations, forensic science acts as a guiding force, unraveling the mysteries
of death and exposing the hidden truths within the remains of the deceased. Through
this book Unlocking the Mysteries of Death — New Peyspectives for Post-mortem Examination,
readers will gain insight into innovative research and changing methods that inform
our understanding of post-mortem investigations. It is with great pleasure that I intro-
duce the assortment of chapters in this compilation, each playing a part in pushing

the boundaries of forensic science.

Experts from diverse fields have come together in this book to offer their knowledge
and perspectives on key elements of post-mortem examinations. The various chapters
in this book cover a wide range of topics in forensic science, including molecular
autopsies that uncover inherited arrhythmogenic diseases and the use of microbial
communities to estimate post-mortem interval.

While moving forward in the chapters, we come across pioneering techniques like
conducting limited genomic studies on rapidly collected post-mortem tissues and
revitalizing decomposed and mummified tissues. The microbial witness, examined in
a chapter delving into the unexplored potential of forensic microbiomes, introduces
new approaches to understanding crime scenes and solving mysteries.

Forensic science is crucial for both criminal investigations and postmortem exami-
nations, aiding in piecing together the complex stories behind the cause and manner
of death and I believe that this book will provide readers with valuable insights into
the recent progress in the field.

Kamil Hakan Dogan

Department of Forensic Medicine,
Selcuk University Faculty of Medicine,
Konya, Turkey






Chapter1

Microbial Witness: Unraveling
Mysteries with Forensic
Microbiomes

SaharY, Issa

Abstract

Recent breakthroughs in forensic sciences, bioinformatics and next-generation
sequencing technologies have broadened the application of microbiome analysis as
an upcoming forensic tool. Studying the variation of the microbial flora and their pro-
file, as well as the interactions among microorganisms, hosts, and the environment,
are recent topics in microbiome research worldwide. Such novel microbiome applica-
tions have created a wide range of additional opportunities for the advancement
of the forensic science. There are many modern forensic uses for the microbiome,
such as postmortem identification, geolocation inference, and post-mortem interval
prediction.

Keywords: microbiome, Forencic medicine, postmortem, identification, medicolegal,
new advances, forensic microbiology, microbial forensics, microbial communities,
Postmortem interval, high-throughput DNA sequencing, trace evidence, criminal
investigations, ethical considerations

1. Introduction

In the context of forensics, the term “microbiome” refers to the collective commu-
nity of microorganisms, including bacteria, fungi, viruses, and other microbes, that
inhabit a specific environment or surface of interest, such as a crime scene, a victim’s
body, or evidence recovered from a crime scene [1]. These microorganisms leave
behind unique traces and patterns, which forensic scientists can analyze and utilize to
gain valuable insights and aid investigations. More Simply, The microbiome consists
of all microorganisms and their DNA that inhabit a particular environment. Soils and
oceans have distinct microbiomes, as do humans, animals, and vegetation [2].

Microbiomes in forensics can be found in various locations, including soil, skin,
hair, and even on objects associated with a crime. By studying the composition
and diversity of these microbial communities, forensic experts can potentially
determine vital data that might help them in their daily work. These contributions
include the time of death, postmortem interval, geographical origin, and other
crucial information about a crime or incident [3]. Using microbiomes in forensics
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is an emerging field, offering a novel and promising approach to complement
traditional forensic techniques and contribute to more accurate and comprehensive
investigations [4].

Every crime scene contains microbes used as tangible evidence for over a century.
Low-cost, high-throughput technologies enable the rapid accumulation of molecular
data and the application of sophisticated machine-learning algorithms and artificial
intelligence to develop criminal justice-relevant, generalizable predictive models.
Integrating microbiome and metabolomic data has the potential to advance microbial
forensics significantly [1, 5].

2. The microbiome analysis pathway

The microbiome analysis pathway involves several steps, from sample collection
to data analysis. Figure 1 is a basic outline of these critical stages. It’s important to
note that this is a simplified schema. However, the process can be more complex
and involve additional steps depending on the specific case and available resources.
Additionally, specialized training and expertise in microbiome analysis and forensic
science are required to accurately perform and interpret the results.

2. DNA Extraction:

- Extract microbial DNA from t
collected samples.

1. Sample Collection & Preservation:

- Collect the samples from the crime scene,

victim, or suspect. s : ~
: : - Use specialized kits and protocols for
- Preserve the samples perly  to DNA extraction.

maintain the microbial integr

£

4. DNA Sequencing: 3. PCR Amplification:
- Amplify specific regions of microbial
DNA using Polymerase Chain Reaction
(PCR).

- Target conserved regions as the 16S
rRNA gene for bacterial analysis.

- Perform DNA sequencing of the

amplified DNA fragments.

Use high-throughput sequencing

5. Data Preprocessing:

- Clean and preprocess the raw
sequencing data to remove artifacts
and errors.

6. Taxonomic Classification:

roorganisms present in
. . the processed sample.
- Trim adapters, filter low-quality
reads, and remove contaminants to
ensure proper data integrity

- Compare DNA sequences against
acknowledged databases like NCBI or
Greengenes.
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7 ot : Statistical Analysis:
7. Quantitative Analysis: tatistical Analysis

- Do the math by using proper statistical
tools to help identifying significant
differences between samples.

- Determine the relative abundance of
different microbial taxa

- Calculate the diversity indices and Perfor madests pasting and
fichRe s eagHEs - Perform h iesis  testing  an

multivariate analysis.

10. Interpretation and Reporting:
- Bioinformatics data an: - Interpret the obtained results in the
context of the current forensic

- Utilize updated bioinformatics
investigation.

software for data analysis and
visualization.

- Finally, Prepare a report summariz
ese findings and markup their potenti
to help solving the
investigated case.

- Using the proper software is the
mainstay

11. Validation and Review: 12. Integration with Other Evidences:
- Now, scientis can 2
microbiome analysis results with other
obtained forensi dences

- Ensure the accuracy and reliabili

the obtained results through different
methods of validation.

- Correlate the findings with other pieces
of evidence encountered in the
invest case; witness statements,

- Peer review by other experts in the
field will add to further validate your
findings .

Figure 1.
A simplified schema summarizing the microbiome analysis pathway during fovensic investigations.

3. Microbial forensics

Microbial Forensics is the term applied to the science of using microbiological
techniques to analyze evidence for forensic attribution in situations spanning from
bioterrorism to fraud, pathogen outbreaks, transmission, or the unintentional release
of a biological agent or toxin. Biological and non-biological evidence are targeted for
detection and characterization in microbial forensic investigations [6, 7].

Biological agents include microorganisms, protozoa, fungi, and toxins. Non-
biological evidence, including additives, growth media, delivery devices, intelligence,
etc. Biological and non-biological evidence can generate investigative leads and infer
manufacturing and distribution processes [2, 8].

3



Unlocking the Mysteries of Death — New Perspectives for Post-mortem Examination

Forensic microbiomes in criminal investigations are expanding beyond biocrime,
bioterrorism, and epidemiology. They are currently used to elucidate causes of death
[such as drownings, toxicology, hospital-acquired infections, unanticipated child
death, and shaken baby syndrome] and to aid in identifying mortals using microbi-
omes from the skin, hair, and body fluids. In addition, soil microbiomes assist in geo-
location, while thanato-microbiome and epi-necrotic microbial communities are used
to predict posthumous ages [9, 10]. Microbiomes are currently considered modern,
reliable forensic investigation tools due to their current and prospective applications
in various forensic investigations [3, 5].

The topic of microbiome forensics has been propelled by significant advance-
ments in sequencing technology and computational pipelines, enabling the in-depth
investigation of microbial communities with a high degree of species diversity. This
methodology diverges from microbial forensics, which predominantly uses proce-
dures tailored to detect and classify specific taxa of interest [11, 12].

4. The potential for microbial DNA as a source of trace evidence

Microbial forensics is a field that primarily concerns itself with the identification of
certain strains of microorganisms linked to acts of terrorism, disease outbreaks, and
instances of contamination. This discipline has extensively examined and investigated
several strains for decades, employing a detailed analysis of genetic variations within
individual genomes [13-15]. In contrast, the postmortem alterations and trace evidence
signatures associated with microorganisms exhibit distinct variations in microbial
communities, which can be most effectively analyzed using microbiome methodologies
[16]. Numerous study groups have provided evidence of the potential of using micro-
biome data to estimate the postmortem interval (PMI), identify concealed burial sites,
and establish connections between individuals and things or environments based on
their skin microbiota [17-19]. The characteristics of microbial communities by employ-
ing advanced sequencing techniques were used to analyze gene markers that provide
information about the evolutionary relationships or taxonomic classification (16S rRNA,
18S rRNA, and ITS). Additionally, statistical and computational methods, including
machine learning, were utilized to analyze the data [1, 20].

5. Examples of microbiome forensic applications

Forensic microbiomes offer a growing capacity for microbial community identifi-
cation and characterization, opening the door for microbial evidence in cases involv-
ing human identification, geolocation, and postmortem interval estimation, among
other applications, as seen in Figure 2.

5.1 Postmortem interval estimation

Postmortem interval (PMI) estimation has always been an essential tool in forensic
science. PMI has traditionally been estimated using physical, histomorphological, and
biochemical techniques. However, preserving the forensic samples used in PMI estima-
tion and surpassing the time limit for endogenous substance degradation largely com-
promise these traditional methods [21-23]. The organism undergoes irreversible physical
and chemical changes after death. As time progresses, the accuracy of the current
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AT ppicaions of icrobiomes
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Estimation

Figure 2.
Microbiome applications in forensic sciences.

methodologies for estimating PMI diminishes [24]. For decades, forensic entomology has
been used to provide valuable estimates of time elapsed since death, but only if the death
occurred between days and weeks ago. After this time limit, accuracy declines dramati-
cally [25]. Here come the benefits of Metagenomics offering an alternative solution to
this issue. Cadaver decomposes progressively after death due to the action of microor-
ganisms. In the interim, tissue degradation products also progressively accumulate. As
the duration of death increases, the quantity of spoilage microorganisms and products
varies according to specific patterns. Therefore, the law of microbial community succes-
sion can be utilized to estimate PMI. Recently, the importance of metagenomic analysis
in PMI estimation has grown [3, 8].

Different decay stages indicate the elapsed time since death, which can be cal-
culated using changes in the variability and quantity of the microbiome in human
corpses after death. However, it is essential to note that the bacterial succession that
occurs at different stages of decomposition is influenced by physiological changes,
fresh, bloated, active, and advanced decay, dry remains, and gender type. Each
has diverse bacterial populations, which suggests the potential of microbiomes in
criminal investigations to estimate the postmortem interval. In the future, it may
be possible to investigate different microbiome communities in terms of decom-
position to determine the actual time since death in addition to gender-specific
microbiomes [7, 26].
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Similar and repeatable microbiomes influence mammalian decomposition in
various hosts and environments. This ecological hypothesis supports the PMI estima-
tion method based on the microbiome. Most experiments have been conducted on
animal models by obtaining postmortem samples from the abdomen, skin, scalp, and
soil of experimental animals’ cadaver decomposition systems. These studies yielded
PMI estimates with a small mean absolute error. Scalp data yielded the lowest level of
error [27].

The lack of a predictive model based on many human cadaver samples primarily
restricts the method’s application in forensic investigations. However, the potential
for developing cadaveric microbiomes as a “clock” for estimating human PMI is
immense [5].

5.2 Identification or individualization of unknown bodies

Individualization through skin microbiomes as a distinct and unique traitisa
dream coming to reality through microbiome studies. A person’s microbiome can
be stable over time, making microbiome characterization potentially pertinent for
forensic human identification. The human body’s largest organ, the skin, is a complex
living ecosystem supporting diverse microbial communities [14]. This helps establish
the connection between human contact and evidence and that certain minor species
are unique to particular individuals and have the capacity for personal recognition.
Various substrates may facilitate the transmission of skin microbiome through direct
or indirect skin-to-skin contact. The influence of individual microbial communities
in public and private spaces revealed that microbiome variation is more significant
between individuals than within the same individual [3].

5.3 Microbiomes in body fluid characterization

In contrast to body fluids like blood and semen, which are generally present in
large quantities, traces of other fluids, such as vaginal fluid, urine, and sweat, have an
essential role in DNA evidence. Identification is very obvious in forensic investigation
cases of mixed body fluid, and it becomes a challenge to identify them separately
[6, 9]. Microbial markers have been proposed as an alternative method of distin-
guishing between mixed body fluids. Each type of body fluid has a unique microbial
makeup that can be used as bio-indicators, with the microbial composition inferring
the kind of body fluid present. Different body fluids carry different types of bacteria
that can be identified in this way. For instance, vaginal discharge often contains
Lactobacillus crispatus, Lactobacillus jensenii, and Atopobium vaginae. Saliva often
contains Streptococcus salivarius and Streptococcus mutans [28].

Particularly in the cases of an alleged sexual assault, microbial communities’
identification will undoubtedly be beneficial, whereby the spatial placement of such
biological samples can fix sexual relationships and support the testimony of victims
or suspects [11].

5.4 Stain deposition time estimation
The time estimation since the deposition of a stain at a crime scene can be a valu-

able tool for law enforcement to evaluate the alibis of identified suspects and wit-
nesses and generate investigative leads to determine the appropriate perpetrator [14].
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Until recently, the forensic application of studying microbial composition in a
microbiome setting has not been thoroughly explored. However, new research has
demonstrated that DNA and RNA analysis can identify time-dependent changes in
the microbial composition of human biological traces [12, 17]. Estimating the time
elapsed since an individual’s salivary stain deposition, for example, can be primar-
ily achieved using DNA profiling of commensal bacteria. This method exhibits an
average error rate of 5 days when applied within the initial 30-day period following
the deposition of the stain. Nevertheless, additional investigation is required to gain
a more comprehensive understanding and provide a more accurate representation of
the microbial alterations pertaining to this application [27].

5.5 Geolocation during crime scene investigations

The human microbiome can be influenced by various circumstances, some of which
may serve as a means to deduce the geographical origin of a host through the examina-
tion of microbiome samples obtained from human evidence found at crime scenes. The
criteria encompassed in this analysis comprise geographical latitude, industrialization
in the country of residency, and cultural and societal components [25].

Microbial community composition of things belonging to individuals residing
within the same geographical places has more similarity to those of the individu-
als living in different areas. Human microbiome analysis has the potential to
determine the city of origin for human biological samples accurately. Identifying
the geographic sources of unidentified cadavers was facilitated by the appearance
of Helicobacter pylori strains in the context of forensic casework. In the event of
a satisfactory outcome, integrating microbiome-based geolocation analysis and
bio-geographic ancestry [BGA] research utilizing human ancestry informative
DNA markers will yield supplementary geographic data about the individual being
examined [18].

5.6 Other forensic science applications of microbiomes

Microbiome analysis in forensic medicine encompasses other various applications,
including ethnicity and possible living conditions, determining the cause of death,
such as drowning, cardiovascular-related fatalities, and deaths associated with drug
usage. In addition, the genotyping of microorganisms related to sexually transmitted
illnesses can serve as a valuable tool for identifying the primary source of infection, a
factor of particular significance within the legal and law enforcement domains [29].
In some instances, establishing a connection between the infectious microbe present
in the suspect, the source of infection, and the victim, the infected individual, has
been found beneficial. This approach has been valuable in identifying the perpetrator
of child abuse [15].

Metagenomic research of microbial communities can yield insights about an
individual’s racial and ethnic background. For example, individuals residing in
economically disadvantaged rural regions who have not been exposed to commercial
antibiotics exhibit more bacterial diversity and enhanced functionality in their skin
than those utilizing alternative therapeutic antibiotics [7]. Nonetheless, variations
in the composition of the human microbiome among different ethnic groups are
influenced to some extent by factors such as dietary patterns, lifestyle choices, and
geographical surroundings [12].
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6. The challenges and ethical perspectives surrounding forensic
microbiome analysis

The utilization of metagenomics in the field of forensics is now in its nascent
stages. The utilization of microbiomes as a shred of exclusive evidence for individual
identity, geolocation inference, and postmortem interval [PMI] estimates has not yet
received official approval. There is a lack of established operational principles and
requirements for microbiological evidence extraction, packaging, transportation, and
preservation. Furthermore, there is a pressing need to enhance the trustworthiness of
microbiome tools utilized in forensics. Further validation is necessary to establish the
specificity and stability of individual microorganisms in comparison to human DNA
markers [30].

Further investigation is needed to enhance our understanding of the microbiome’
trustworthiness in the context of forensic applications and to establish error rates that
can be deemed trustworthy. To effectively tackle the issue at hand, it is imperative
to employ a sample size of considerable magnitude and utilize quantitative machine
learning methodologies [18]. Various well-established methods, such as K-nearest
neighbor models, random forest models, and neural networks, have been extensively
used in forensic applications involving the microbiome, namely in the domains of clas-
sification and regression [4]. Machine learning techniques have demonstrated a clear
benefit in effectively handling multidimensional datasets, particularly in the context
of microbiome data. However, it is necessary to do the quantitative computation of
pertinent forensic factors. There exist notable disparities between the existing evalu-
ation techniques employed in elucidating microbiome evidence and the conventional
likelihood calculation utilized for human DNA [21]. Additional study is required for
the evaluation criteria to gain acceptance within the forensic scientific community [8].

However, it is imperative to have a sample size that is large enough for machine
learning techniques to achieve satisfactory performance. Hence, it is essential to
create microbiome databases to employ their proper use in forensic science effec-
tively. Implementing forensic DNA databases has facilitated law enforcement agen-
cies in identifying or eliminating individuals connected to criminal activities [24].
Furthermore, this technological advancement enabled the identification of serial
criminals through the correlation of several cases, enhancing forensic evidence’ evi-
dentiary significance [19]. The application of microbiomes as a forensic tool has been
hindered by the fragmented condition of publically available databases despite the
sequential creation of several microbiome databases, such as the Human Microbiome
Project [HMP] and Earth Microbiome Project [EMP]. Using 16S rRNA gene sequenc-
ing data obtained from publically accessible sources can facilitate the identification
and characterization of the Forensic Microbiome Database [FMD], enabling the deri-
vation of insights about its original location of discovery. There is a growing demand
for more databases to cater to diverse forensic applications [31]. Ultimately, the estab-
lishment of awareness is a crucial component in rendering forensic science admis-
sible. The cost of training and acquiring equipment for sequencing microbiomes is
substantial. The reduction in prices will be facilitated by advancements in sequencing
technology and increased computational capabilities. The aforementioned concerns
hold significant importance in forensic microbiomes and are expected to be resolved
with the advancement of related scientific research. In addition to its previous uses,
metagenomics has the potential to yield significant improvements in forensic pathol-
ogy, toxicology, and drug addiction testing. In summary, integrating metagenomics
into forensics can offer novel insights and resolutions for forensic identification [32].
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Chapter?2

Exploring the Potential of
Microbial Communities:

Understanding Their Role in PMI
Estimation

Chitra Jangid and Jyoti Dalal

Abstract

Cadaver decomposition is a natural phenomenon intimately affected by
numerous organisms such as insects, bacteria etc., where they use the decaying
body as their nutrition source. These organisms can be utilized in forensic science
to estimate the Post-mortem Interval. Forensic entomology is one of the popular
approaches where successive colonization of insects on cadaver is studied to estimate
PMI. However, sometime this method does not provide consistent results due to
lack of insect activities during cold environment conditions or when crime scene
is indoor. Recently, researchers have noted that microbiomes have shown predict-
able and clockwise successional patterns on decomposing cadavers and suggested
this could be utilized to estimate PMI when this approach is etched with other
established methods. This chapter summarizes the utility of microbial profiling in
medico-legal investigations.

Keywords: post-mortem interval (PMI), microbial communities, cadaver,
decomposition, succession pattern

1. Introduction

In forensic investigations, PMI estimation is crucial, especially when the exact
time of death is uncertain or in doubt. It acts as a crucial criterion to estimate the
sequence of events leading to the person’s death, supporting the reconstruction of the
incident’s conditions, and making it easier to identify prospective suspects [1]. As it
helps law enforcement authorities gather evidence, establish alibis, and link suspects
to the crime scene, a precise measurement of PMI is crucial for criminal investiga-
tions [2]. Additionally, by ensuring that justice is done, and the rights of the deceased
are maintained, estimating PMI contributes to preserving the overall accuracy and
integrity of the legal system. Rigor mortis, the stiffening of muscles after death,
has been used as an indicator of PMI. It usually starts shortly after death, peaks
between 12 and 24 hours later, and then slowly fades away [3]. However, the onset and
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duration of rigor mortis might vary depending on conditions including temperature
and physical activity [4]. Another common technique for estimating PMI is livor
mortis, or the settling of blood in the dependent areas of the body. Forensic examin-
ers can calculate the PMI and establish the location of the body after death by examin-
ing the color and dispersion of the livor mortis [5]. Algor mortis, the cooling of the
body, has also been utilized for PMI estimation [5]. By measuring the temperature of
the body and the ambient environment, forensic investigators can estimate the time
since death [5]. Few authors have applied total body scoring method based on the
appearance of three separate regions, the head, trunk, and limbs for estimating PMI.
Megyesi et al. [6] developed this method for estimating PMI using accumulated day
degree (ADD) degree days in human remains. Later, this method was later modified
by Heaton et al. [7] to estimate Post-mortem submersion interval (PMSI) in human
remains. Although the rate of decomposition is highly variable and affected by factors
such as temperature, humidity, and insect activity, it might be difficult to estimate the
accurate PMI using only the stages of decomposition. The assessment of PMI has also
been done using chemical changes in the body, such as potassium levels in the vitreous
humor and hypostasis patterns [8]. The necessity for more sophisticated and precise
procedures in PMI assessment is highlighted by the fact that each of these old meth-
ods has its own drawbacks, including subjectivity, variability, and the influence of
outside influences [1, 9]. Since conventional methods for PMI assessment in forensic
investigations have substantial limitations, alternative strategies are being investi-
gated. Microbial forensics, which uses the power of microbial communities present on
and within the deceased individual, is a new area with significant potential for PMI
estimate. Microbial forensics investigates the composition, diversity, and microbial
activity related to the decomposition process in order to calculate the PMI [10-12].
This strategy acknowledges that microbial communities exhibit diverse patterns of
succession through time and are crucial to the breakdown process [2]. Researchers
may be able to create more precise and dependable approaches for PMI estimation

by studying these microbial alterations. Numerous research has shown how useful
microbiological forensics may be for PMI estimate. As an example, researchers have
explored microbial composition of diverse body regions, including the skin, oral
cavity, and gastrointestinal system, and have discovered distinct microbial succes-
sion patterns linked to various stages of decomposition. Researchers have been able

to identify certain microbial signatures that correlate with the PMI by using high-
throughput sequencing methods and bioinformatic studies [2, 13-15]. These discover-
ies open the door to the establishment of databases and forensic technologies based

on microorganisms that can help investigators to determine the time since death more
precisely.

Although decomposition in aquatic environments has received less study, it is not
arare occurrence in investigations, with a primary focus on detecting the presence of
diatoms, algae, and scavenging activity of aquatic species [16-18]. Only a few authors
have discussed the utility of microbial communities in estimating PMI [16, 19, 20].

In a study conducted by Cartozzo et al. [20], they estimated PMI in freshwater by
studying the successional pattern and associated changes in the bacterial community
within submerged skeletal remains of pigs. The microbial communities were identi-
fied using 16S rRNA sequencing, revealing the presence of phyla such as Firmicutes,
Proteobacteria, Acidobacteria, Bacteroidetes, and Spirochaetes. Collectively, these
studies suggest that PMI can be predicted by observing the repeatability of microbial
community succession during decomposition.
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2. Stages of decomposition

Decomposition is a continuous process which begins with the changes at the

cellular level. The degradation process continues even when the bones reach to dry
remains stage until the whole nutrients get into to the natural ecosystem and thus
energy is recycled.

Goff [5] described five stages of decomposition in his study which are discussed

below.

1. Fresh Stage: The fresh phase starts as soon as the death occurs and remains until
bloating occurs. Apart from the deposition of eggs by flies in the natural cavities
such as nose, eyes, ears and the areas of tissue dehiscence, this phase does not
exhibit any insect activity. Blowflies and flesh flies are the earliest flies to reach
the cadaver.

2.Bloated Stage: Putrefaction occurs during this phase of decomposition. Putre-
faction is a process of tissue decay by the action of microbes that are generally
associated with the gut of the deceased [21, 22]. During this process, gases such
as ammonia, hydrogen sulphide, and methane are released inside the body, lead-
ing to a balloon-like appearance of the corpse [23, 24]. The temperature also rises
due to the combined effect of putrefaction and the metabolic activities of fly
maggots. Flies and their larvae are most abundant during this phase. Seepage of
fluid from natural orifices, when it mixes with the ammonia gas, deteriorates the
soil fauna and increases the pH of the soil.

3.Decay Stage: The decay stage begins with the rupture of the skin, enabling gases
to escape and the collapse of the abdominal cavity. Extensive maggot infestation
can be observed during this phase. As part of faunal succession, flies are eventu-
ally replaced by beetles [24, 25]. Necrophagous and predatory taxa are seen in
significant numbers in the later stages of the decay stage, whereas certain preda-
tory taxa, including Staphylinidae species, were present during the bloated stage.
The majority of Calliphoridae and Sarcophagidae will have completed puparia-
tion by the end of this stage and left the remains. By the time the decay stage is
complete, dipteran larvae will have mostly removed the flesh from the remains.

4. Post-decay Stage: The corpse in this stage reduces to skin, cartilage, and bone.

Flies are no longer dominant. The number of species and individuals of Coleop-
tera increases. These species feed on the dried flesh and cartilage from the bones,
giving them a clean appearance.

5.Skeletal Stage: During this stage, only bones and hair remain. Most of the
arthropods are absent, or if present, they are in very few numbers [25]. The area
beneath the remains gradually returns to its usual soil fauna.

3. Microbial communities and decomposition

Microbial forensics makes use of the fact that the human body contains a diverse

array of microbial communities known as the human microbiome. These microbial
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communities play significant roles in many physiological processes and have the
ability to persist and evolve reliably after death [26]. They also help with the release
of gases like methane and hydrogen sulphide as well as volatile compounds that
give decomposition its distinctive odor [3]. These microbial communities also help
break down organic matter into simpler forms that may be utilized by other organ-
isms, which contributes to the recycling of nutrients [8]. Diversity and composition
of decomposition-related microbial communities vary depending on a number of
factors, including the location of the body, the environment, and the individual.
Microbial communities that exhibit different patterns of microbial succession can
be observed on the skin [27], oral cavity [28, 29], gastrointestinal tract [30-32], and
other regions of the body that are vulnerable to decomposition. Thanks to advance-
ments in molecular biology technologies like high-throughput DNA sequencing, the
study of microbial communities in human decomposition has undergone a radical
transformation. By studying the DNA or RNA retrieved from postmortem samples,
researchers can identify and define the microbial species present and learn more
about the specific microorganisms involved in the decomposition process.

4. Succession of microbial communities and building microbial clock

Studying microbial communities in human decomposition for forensic investiga-
tions has a number of benefits. It can assist with more accurate PMI estimation,
for example, by analyzing the pattern of microbial succession and the presence of
specific microorganisms connected to distinct breakdown phases. Studies have shown
that microbial communities undergo predictable changes over time with the prog-
ress in decomposition process, allowing for the construction of a timeline for PMI
estimation [12-15, 19, 33]. Although much progress has been made in the recognition
of microbial community contribution during decomposition, there are still many
unknowns. Sample handling practices, DNA extraction techniques, and data process-
ing practices must all be standardized for research to be comparable and reproduc-
ible. Additionally, it is crucial to consider and control the effects of outside elements
including the environment and sample processing.

Microbial forensics considers functional changes in microbial communities after
decomposition in addition to taxonomic variations. Researchers have conducted
studies to characterize the microbial succession and establish a microbial clock for
PMI estimation [2, 33]. By sampling the microbial communities present on a decom-
posing body and analyzing their composition and abundance, forensic scientists can
compare the microbial profile to reference data collected from known PMI cases. This
comparison allows them to estimate the time since death based on the similarities and
differences in microbial succession. In 2014, Pechal et al. [26] developed a framework
shown in Figure 1 to estimate post mortem interval from bacterial community. In
real-world forensic investigations, this paradigm offered a conceptual roadmap
for combining microbiological succession data into the computation of PMI. Their
research identified seven families (Fusobacteriaceae, Clostridiales Incertae Sedis X1,
Aerococcaceae, Micrococcaceae, Campylobacteraceae, Comamonadaceae, Moraxellaceae,
Bacteroidetes) and four phyla (Proteobacteria, Actinobacteria, Firmicutes) as potentially
significant predictors of estimating physiological. Additionally, the use of statistical
models and machine learning techniques has improved the precision and dependabil-
ity of PMI calculation utilizing microbial forensics. Predictive models can be created
to estimate PMI with more precision by incorporating several parameters, such as
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* Samples of the microbial community from a deceased body are collected at regular intervals, typically
sample every 12-24 hours, to track changes in the microbial populations over time
collection S

* Microbial community data is generated through methods such as high-throughput sequencing, qPCR,
Data or culture-based methods.
generation P

« Statistical methods are used to analyze the microbial community data, with the aim of identifying

changes in the abundance of specific microbial taxa over time.
Data analysis

* A statistical or machine learning model is built using the data analysis results to estimate the PMI. The
model takes into account the specific patterns of growth and decay of different microbial taxa to make

Model predictions about the length of time that has elapsed since death.
building J

~

* The model is validated using independent data sets to assess its accuracy and precision in estimating
PMI.

Figure 1.
Framework to estimate post mortem interval from bacterial community [26].

taxonomic abundance, functional profiles, environmental conditions, and weather
data [14, 27, 28, 34-36]. As additional information about the dynamics of microbial
communities during decomposition is produced and included in the study, these
models keep becoming better. Although microbiological forensics has a lot of poten-
tial as a method for PMI estimate, there are a number of obstacles and restrictions
that need to be overcome.

5. Investigating the temporal changes in microbial communities during
decomposition

Microbial postmortem interval (PMI) assessment must take into account the
temporal changes in microbial populations during decomposition. Researchers can
improve PMI estimation techniques and obtain important insights into the break-
down process by examining the dynamic changes in microbial populations over
time. This field has used a variety of technologies, including culture-dependent and
culture-independent techniques, as well as advanced molecular biology methods
including DNA sequencing, metagenomics, and metabolomics.

A basic strategy for comprehending the temporal dynamics of microbial commu-
nities during decomposition is time-series sampling. In order to characterize micro-
bial populations at various phases of decomposition, samples must be taken at various
points after death [37]. Researchers can pinpoint temporal patterns and changes con-
nected to various PMI phases by tracking the composition, variety, and abundance of
microbes over time [10, 38, 39]. Shotgun metagenomics and 16S rRNA gene sequenc-
ing are two examples of high-throughput sequencing methods that have revolution-
ized the study of microbial communities during decomposition. These techniques
allow for the identification, measurement, and evaluation of the functional potential
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References specimen Microbial findings Estimated PMI
[47] Blood, brain, heart, Clostridium sp. in heart, liver, spleen and 20-240 h PMI
liver and spleen Lactobacillus in blood were prominent
bacterial species observed.
[48] Intestine, oral cavity Aerobic to anaerobic bacterial shift was 0-30 days
and skin noted. Firmicutes, Actinobacteria and decomposition
Bacteroidetes were prominent.
[49] Pericardial fluid, Escherichia sp., Enterococcus sp., 1-7 days
portal vein liver, Staphylococcus sp. and Clostridium were
mesenteric lymph prominent.
node and blood

[34] Lower rib Chloroflexi, Acidobacteria Firmicutes, 571-18,918 ADD
Actinobacteria, Proteobacteria and decomposition
Bacteroides, were prominent phyla
found.

[31] Proximal large Bacteroides and Lactobacillus declining 9-20 days

intestine abundance was noted to estimate PMI. decomposition

[45] heart, spleen, liver, Higher abundance of Pseudomonas 3.5-240 h PMI

buccal cavity, blood and Clostridials were found in Female

and Brain cadavers while male cadavers have higher
abundance of Clostridium, Clostridiales,
and Streptococcus as decomposition
progress.

[28] Oral cavity Firmicutes and Actinobacteria were found 0-12 days
prominent during decomposition. decomposition

[30] Proximal large Significant decline in Bacteroidetes 0-800 ADD

intestine (caecum) while increase in Clostridiales and decomposition
Gammaproteobacteria, Ignatzschineria
and Woklfahrtiimonas was noted.

[50] Liver and spleen Post-mortem Clostridium Effect was 4-78 h PMI

tissues observed.

[14] Rectum, nares, eyes, Decline in Actinobacteria and 1-73 + hPMI

mouth, umbilicus Bacteroidetes with increase in abundance
and external of Proteobacteria was observed as
auditory canal, decomposition progresses.

[51] transverse colon Firmicutes, Bacteroidetes, and their 5-192 h PMI

and the vermiform respective subclasses
appendix

[52] Skin most abundant families were 0-7415 + accumulated
Movaxellaceae, Burkholderiaceae degree hours (ADH)
(Proteobacteria), and Clostridiaceae
(Firmicutes),

[53] A cloacal swab, large Lactococcus, Serratia, and Clostridium 0-72 h PMI

intestine, ceca, and
Small intestine,

[54] Oral cavities Atopostipes, Fack lamia and Ceras bacillus 0-59 days
were linearly correlated at all 12 time decomposition
points in the 59-day period.

Table 1.

Association of prominent microbial taxa with different decomposition stages of different animal models.
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of various microbial species [40, 41]. Researchers can determine how the relative
abundance of different taxa has changed over time by analyzing the sequencing data
derived from time-series samples [10, 38, 39]. To establish links between microbial
dynamics and the breakdown process, these results can be connected with PMI.
Another effective approach for examining the temporal variations in microbial activ-
ity during decomposition is metabolomics, the study of small-molecule metabolites.
Understanding microbial communities’ metabolic processes can be accomplished by
examining the volatile organic compounds (VOCs) and other metabolites they create
[24]. Researchers can better understand the metabolic activities of various microbial
species during decomposition and their relationship to PMI by analyzing the tempo-
ral patterns of these metabolites. Another method used to comprehend the metabolic
capability of microbial communities during decomposition is functional profiling.
Researchers can uncover the functional genes and pathways involved in organic mat-
ter decomposition, nutrient cycling, and other pertinent processes by using metage-
nomic or metatranscriptomic techniques [41, 42]. The activity and functional changes
of microbial communities over time can be learned from the temporal examination of
functional profiles, which helps with PMI calculation.

Large-scale microbiological datasets created from time-series samples can be
analyzed using bioinformatics and statistical analysis. The processing, quality con-
trol, taxonomic assignment, and functional annotation of microbial sequencing data
are made easier by data analysis pipelines like QIIME, Mothur, and MG-RAST [43].

In order to find relevant temporal trends, microbiological markers, and create PMI
prediction models, statistical approaches like multivariate analysis, linear regression,
and machine learning algorithms are also used [10, 27, 44, 45]. The temporal changes
in microbial communities during decomposition have been investigated using these
methods in several research. In a time-series investigation on decomposing human
remains, for instance, Metcalf et al. [2] found distinct changes in the microbial
communities throughout time, with particular species predominating during vari-
ous phases of decomposition. Dekeirsschieter et al. [46] conducted research on the
volatile organic chemicals released during decomposition and isolated particular
molecules linked to various stages of decomposition. Table 1 represent the association
of prominent microbial taxa with animal models with different decomposition stages.

6. Factors influencing the composition and succession of microbial
communities during decomposition

Numerous elements that affect the dynamics of microbial colonization and activ-
ity have an impact on the composition and succession of microbial communities dur-
ing decomposition. Accurately evaluating the microbial profiles linked to breakdown
processes requires an understanding of these parameters. Environmental circum-
stances, corpse location, and interspecies interactions are only a few of the variables
that might affect the composition and succession of microbial communities during
postmortem decomposition [15]. The composition of microbial communities during
postmortem decomposition is greatly influenced by environmental factors, including
temperature, moisture content, soil type, soil texture and oxygen availability [55, 56].
The rate and course of decomposition are significantly influenced by temperature.
According to Carter et al. [56], high temperatures hasten tissue breakdown by acceler-
ating microbial activity and low temperatures slow down degradation and lower
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microbial community activity. The amount of moisture is also important since it
influences the water availability required for microbial growth and enzymatic activity
[56]. Areas with high moisture content may be more conducive to microbial coloniza-
tion and breakdown [55, 56]. On the other hand, oxygen availability affects the kinds
of microbial communities that are present during decomposition. In oxygen-rich
environments, aerobic decomposition favors the growth of aerobic bacteria and fungi,
whereas anaerobic decomposition favors the activity of anaerobic microbial groups,
such as sulfate-reducing bacteria [48]. The composition of the microbial community
during postmortem decomposition is also influenced by the body’s location. Different
bodily sites have different environmental characteristics, such as temperature, mois-
ture content, and oxygen levels, which affect microbial colonization and succession
in different ways. In contrast, buried bodies may experience lower temperatures and
lower oxygen levels, which would favor the activity of anaerobic microbial communi-
ties [57]. For instance, exposed body surfaces may experience higher temperatures
and increased oxygen availability, favoring the growth of aerobic microorganisms.
Additionally, the presence of nearby soil or water may introduce new microbial spe-
cies, changing the makeup of the community [57].

Interspecies interactions are important in determining the dynamics of the
microbial community during postmortem decomposition. Microbes interact in a
variety of ways, including competition, collaboration, and predation, which can
have an impact on the composition and succession of communities. Microbial species
may become dominated by some groups and excluded by others due to competition
for resources [40]. By facilitating the breakdown of complex organic molecules,
cooperative interactions like cross-feeding and syntrophy can improve the efficiency
of decomposition. Necrophagous insects and scavengers can also influence microbial
communities by modifying the availability of nutrients and spreading microbes
across various body regions [45]. The diversity of microbes is also significantly shaped
by maggot activity throughout the decomposition stages. Maggots actively feed on
decomposing organic matter as the larvae of flies, which has a significant effect on
microbial dynamics. The mechanical disruption caused by their eating and movement
of the decaying material increases the surface area available for microbial coloniza-
tion and speeds up the decomposition of organic materials [56]. According to Pechal
etal. [40], certain microbial groups can be inhibited or selected for by medications,
embalming fluids, and other chemical agents, changing the breakdown process. The
dynamics of the microbial community can also be impacted using antibiotics during
life or the presence of naturally occurring antimicrobial substances in body tissues,
which may change the rate of breakdown and the types of organisms involved [58].

7. Advancement in techniques employed in microbial PMI estimation

In order to estimate the time since death, microbiological PMI estimates entails
examining the changes in microbial communities linked to decomposing remains.
To investigate microbial composition, diversity, and functional activity during
decomposition, numerous methods and procedures have been developed. Utilizing
molecular biology tools like DNA sequencing, metagenomics, and metabolomics,
these techniques cover both culture-dependent and culture-independent procedures.
Advancements in microbial identification techniques have significantly contributed
to our understanding of postmortem microbial communities and their implications
in forensic investigations. One widely used technique is 16S rRNA gene sequencing,
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which targets the highly conserved region of the 16S rRNA gene to identify and clas-
sify bacterial and archaeal taxa. This approach provides valuable information about
the composition and diversity of microbial communities associated with decomposi-
tion processes [59]. The development of high-throughput sequencing platforms, such
as [llumina and Ion Torrent, has greatly enhanced the efficiency and speed of 16S
rRNA gene sequencing, enabling comprehensive characterization of microbial com-
munities present on decomposing cadavers [4].

Another advanced technique is metagenomic shotgun sequencing, which involves
the sequencing of all the DNA present in a microbial sample, including both the
microbial and host DNA [60]. This method offers deeper understanding of the
microbial community, allowing for the identification of not only bacteria but also
viruses, fungi, and other microorganisms. Metagenomic shotgun sequencing has been
instrumental in revealing the functional potential of microbial communities during
decomposition, providing insights into metabolic activities and pathways associated
with postmortem processes [48]. Advancements in bioinformatics tools and databases
have also played a crucial role in microbial identification. The development of special-
ized databases, such as the Ribosomal Database Project (RDP) and the Greengenes
database, has facilitated accurate taxonomic assignment of microbial sequences
obtained through high-throughput sequencing [33]. Additionally, advanced bioinfor-
matics pipelines and algorithms have been developed to process large-scale sequenc-
ing data and perform taxonomic profiling, allowing for more accurate identification
and characterization of microbial communities [61].

Other techniques, such as quantitative polymerase chain reaction (QPCR), have
also seen advancements in the context of postmortem microbial identification. gPCR
enables the quantification of specific microbial taxa by targeting conserved regions
of their genomes. This technique has been used to assess the relative abundance
of certain bacterial species associated with decomposition, providing quantitative
data that can be used in estimating PMI [13]. The application of NGS technologies
in postmortem microbial community analysis has provided valuable insights into
the temporal dynamics of microbial succession during decomposition. By analyzing
the changes in microbial composition over time, researchers have identified specific
microbial taxa associated with different stages of decomposition. For example, stud-
ies have shown that certain bacteria, such as members of the genera Clostridium and
Bacteroides, are more abundant during the advanced stages of decomposition when
anaerobic conditions prevail. Moreover, NGS technologies have enabled the detection
of low-abundance microorganisms that may have important forensic implications.
These technologies are highly sensitive and can detect microbial taxa present in
minute quantities. This sensitivity is crucial when dealing with postmortem samples
where the microbial biomass may be low or unevenly distributed across different
body sites. In addition to microbial identification, NGS technologies have facilitated
the analysis of microbial functional potential. Metagenomic sequencing allows
researchers to predict the functional capabilities of microbial communities based on
the presence of specific genes or functional pathways. This information can provide
insights into the metabolic activities of microbial communities during decomposi-
tion and their potential roles in various stages of PMI estimation. The use of NGS
technologies for the identification and analysis of microbial communities associated
with postmortem processes has significantly advanced the field of forensic microbiol-
ogy. These technologies have provided a more comprehensive understanding of the
complex microbial dynamics during decomposition, offering potential applications
for estimating PMI more accurately.
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8. Microbial communities presence at different body organs

Approximately 1-10 trillion microbes, including bacteria, archaea, and fungi,
reside inside the human body. Prior to birth, the human body is free from any type
of microbes, but after birth, a complex microflora develops as these microorgan-
isms begin to colonize, and this colonization continues throughout life. Each
individual has a unique microbial composition that undergoes various changes and
fluctuations depending on factors such as lifestyle, genetics, and food intake [62].
The earlier belief of internal organs being sterile was challenged by the Human
Microbiome Project (HMP) [63]. Although the abundance of microorganisms varies
from one organ to another, the composition of the microbiome differs between
bodily regions due to site-specific conditions. The HMP studied the microbiome of
seven body sites, including the nasal passage, skin, gut, oral cavity, and urogenital
region, in healthy individuals [63]. The prominent bacterial phyla differed among
these sites, with Firmicutes and Bacteroidetes being most abundant in the gut,
Actinobacteria, Firmicutes, and Proteobacteria being prominent on the skin, and
Fusobacteria, Bacteroidetes, Firmicutes, and Proteobacteria being prominent in the
oral cavity. During decomposition, the richness of microbial communities increases,
but overall diversity decreases, meaning that the number of individuals of species
decreases [30]. This decrease in diversity may be due to varying abilities of micro-
bial species to respond to the environment, with some species able to reproduce
while others may fail [30]. Microbes associated with the decomposition process
have been the subject of numerous investigations [28]. These studies have explored
microbial communities in different locations of the body, such as the skin, gut
region, internal organs, and oral cavities. Several of these studies will be discussed
in the following section.

1. Skin: The largest organ in the human body, the skin, is essential in defending
against microbial invasion. The epidermis, however, becomes more permeable
as a result of the breakdown process, allowing microorganisms to colonize and
aid in the decomposition process. According to studies, the skin displays various
microbial successions as it decomposes [45]. Metcalf et al. [2] examined mice
carcass skin as well as grave soil and found association of Gammaproteobacteria
in both cases. In addition, the association of the family Pseudomonadaceae was
also found dominant over the mouse skin. However, considerable quantities
of Moraxellaceae bacteria have been found associated with the skin of a swine
carcass during the first 24 hours of decomposition by Pechal et al. [26] and the
number decreases as the decomposition progresses.

2.0Oral Cavity: Different microbial communities related to the human host can be
found in the nasal and oral cavities. These microbial communities are important
in these regions’ tissues’ degradation during decomposition. The Oral cavity
contains around 1000 types of microbial taxa from phyla such as Aponeurophytes,
Proteobacteria, Synergists, Firmicutes, Actinomycetes and Bacteroidetes [64]. The
relative abundance of Actinobacteria was found decreasing with rise in PMI,
which is similar to findings of other previous microbial studies of oral cavity in
decomposing [28, 36]. Adserias-Garriga et al. [28] also described the succes-
sional changes in the oral cavity microbes in decomposing cadaver from early
putrefaction stage to the skeletonized stage.
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3. Gut: A complex microbial community that supports overall health and plays a
critical role in nutrition metabolism is found in the gut. The release of nutrients
from the disintegrating tissues causes the gut microbial community to undergo
major alterations throughout decomposition. Gut region is mostly dominated
by Bacteroidetes and Firmicutes with smaller populations of Proteobacteria and
Actinobacteria. Several studies have investigated the microbial communities of
gut region, especially from caecum region. For example, microbial communi-
ties from gut region of 12 human cadavers were evaluated in a study conducted
by Hauther et al. [31] where three bacterial genera were quantified by gPCR and
target gene was 16S rRNA. The relative abundance of Bacteroides and Lactoba-
cillus were found to be decreasing exponentially with increase in PMI and was
suggested that these microbial species could be used as quantitative indicators
of PMI. Later, DeBruyn & Hauther [30] observed evident change in micro-
bial species with PMI where decline in Bacteroidetes and increase in Clostridial
(Clostridium, Anaerosphaera) and Gamma proteobacteria (Ignatzschineria and
Wohlfahrtiimonas) was noted. These microbes help transform complex molecules
into simpler ones, such as proteins and carbohydrates. Numerous volatile organic
compounds (VOCs) are produced by the metabolic processes of gut bacteria and
can be employed as PMI indicators.

4.Viscera: During decomposition, the internal organs, also referred to as viscera,
support various microbial communities. While the external microbial taxa are
involved in the skin decomposition, internal organs usually remain free from
microbial species interaction in healthy individuals [15]. However, after the
death of the individual, the immune system of body does not work and microbial
community present in the gut region of the individual starts spreading to the
other organs [15]. Microbes overpower the immune system and enters into the
internal organs within the 24 hours of the death [65]. The rate of decomposition
does vary from one organ to another depending on its role in biological activity.
Among all the internal organs, microbial communities of brain, liver, spleen and
heart have stable composition. The uterus or prostate, for instance, normally
decays last and lack enzymatic activity, while the putrefaction in the gut and
intestine starts within a few hours [66]. Burcham et al. [42] tracked translocation
of Staphylococcus and Clostridium perfringens in internal organs during decom-
position using whole body fluorescent imaging and culture-based techniques.
Structural and functional changes in the microbial taxa during decomposition of
caecum, heart, bone marrow and lungs were observed in Rat carcass. The obser-
vation of this study co-related to several other study of microbial communities
during decomposition such as [36, 50, 67].

5. Other: Several studies have been conducted to explore the microbial communi-
ties of burial cadavers. Decomposing environment of burial cadaver are quite
different than the cadavers decomposing in the exposed environment. Thus, the
microbial communities of these cadavers may be different than the other bodies
due to different temperature, oxygen availability, humidity etc., Receiving the
cadavers which have been buried in the grave is not so rare in the Forensic legal
medicine investigations. Procopio et al. [68] studied successional pattern of soil
microbial community in buried pig carcasses using metabarcoding approach
where 16SrRNA gene (Variable region 4) was sequenced. They observed

23



Unlocking the Mysteries of Death — New Perspectives for Post-mortem Examination

significant increase in Firmicutes, Proteobacteria, and Bacteroidetes at specific
PMIs as well as a decrease in Acidobacteria. Additionally, along with the change
in composition of microbial communities on surface and internal organs of the
cadaver, change in microbial communities of soil around the decomposition
cadaver also occur. Cobaugh et al. [41], observed such changes in the microbi-
ome of surrounding soil of human cadavers. Study conducted by Metcalf et al.
[67] revealed that microbial diversity of soil surrounding cadaver is generalized
across selective season, ecosystem and microbial taxa of host and exchange of
microbial species between the host and the surround soil may occur.

9. Future direction and limitations

The use of microbial communities to estimate postmortem interval (PMI) holds
great promise for forensic investigations. However, there are several future directions
and limitations that need to be addressed to enhance the reliability and applicability
of this approach. One future direction is the integration of multi-omics approaches
in studying postmortem microbial communities. This involves combining metage-
nomic sequencing with other “-omics” techniques such as metatranscriptomics,
metaproteomics, and metabolomics. By incorporating these approaches, research-
ers can obtain a more comprehensive understanding of the functional activities
and interactions within postmortem microbial communities. This integration
can provide valuable insights into the specific metabolic processes and molecular
mechanisms involved in decomposition, which can further improve the accuracy of
PMI estimation. Another important aspect for future development is the establish-
ment of standardized protocols and databases specific to postmortem microbial
analysis. Standardization of sample collection, processing, and analysis methods is
crucial to ensure reproducibility and comparability of results across different stud-
ies. Additionally, the creation of comprehensive and curated databases that catalog
microbial taxa associated with decomposition and their temporal dynamics would
greatly facilitate microbial identification and analysis. These databases could serve as
valuable references for PMI estimation, enabling the comparison of microbial com-
munity profiles in different postmortem scenarios.

Despite the potential of using microbial communities for PMI estimation, there
are limitations that should be addressed. One limitation is the influence of external
factors on microbial communities, such as environmental conditions and the presence
of scavengers or competing microorganisms. These factors can introduce variability
in microbial succession patterns and make it challenging to establish universal cor-
relations between microbial profiles and PMI [1]. Therefore, future research should
focus on understanding and accounting for the impact of these external factors on
postmortem microbial communities to improve the accuracy of PMI estimation.
Another limitation is the lack of comprehensive longitudinal studies that monitor
microbial succession from the time of death to advanced decomposition stages.
Long-term studies that track microbial communities over extended periods will
provide valuable insights into the temporal dynamics of microbial succession and
the stability of microbial profiles for PMI estimation [26]. Such studies would allow
for the development of more accurate models and algorithms that incorporate the
complex interplay between microbial communities and decomposition processes. The
future direction of using microbial communities for PMI estimation lies in integrat-
ing multi-omics approaches, establishing standardized protocols and databases, and
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conducting comprehensive longitudinal studies. Overcoming the limitations associ-
ated with external factors and the lack of long-term studies will be essential in further
improving the accuracy and reliability of microbial-based PMI estimation, ultimately
enhancing the capabilities of forensic investigations.

10. Conclusion

Despite its promise, microbial forensics in PMI estimation is still a developing field
with several challenges to overcome. Standardization of methods, protocols, and data
analysis techniques is necessary to ensure reproducibility and comparability of results
across different studies and forensic laboratories [1]. Additionally, the influence of
confounding factors, such as environmental conditions, the presence of personal
care products, and variations in microbial communities among individuals, needs
to be thoroughly investigated and accounted for [2]. Ethical considerations, includ-
ing sample collection procedures and privacy concerns, should also be addressed to
ensure responsible and ethical application of microbial forensics in PMI estimation.
In conclusion, microbial forensics is an emerging field that shows great potential in
PMI estimation. By harnessing the power of microbial communities associated with
the decomposition process, researchers can gain valuable insights into the postmor-
tem interval. However, further research is needed to validate these findings across
different environmental contexts and refine the predictive models. The continued
exploration of microbial succession patterns and their correlation with PMI holds
great promise in enhancing forensic investigations and providing valuable informa-
tion for the justice system.
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Chapter 3

Limited Approaches for Genomic
Studies in Rapid Postmortem
Tissue Collection

George Sandusky, Michael Yard, Megan Szymanski,
Lydia Emmert and Vivian Valadares

Abstract

Rapid postmortem tissue collection has been shown to have increasing
use for molecular and genetic profiling. Although research on human tissue has
been conducted for many years, modern molecular assays have significantly
higher sensitivity and specificity than those used in the past. Higher grade tis-
sue specimens are now required for the extraction of macromolecules as a result
of this. In fact, these studies have paved the way for multiple postmortem tissue
collection studies such as COVID-19, brain, skin, and small cell lung cancer.
Best practices for tissue collection have also been developed by a number of
professional organizations, including the National Institutes of Health Office of
Biorepositories and the International Society of Biological and Environmental
Repositories (ISBER). These guidelines can be used to establish procedures for
tissue collection.

Keywords: autopsy, post-mortem, COVID-19, small cell lung cancer, SCLC, skin,
histology, post-mortem interval, RIN

1. Introduction

One of the most important tools for the study of human disease and the creation
of new therapeutics is human tissue specimens. The techniques utilized for sample
collecting and processing can have a significant impact on the molecular information
included in tissue samples. Several factors that are essential for collecting high-
quality tissues are covered in this chapter. By adhering to pre-established guidelines
and standard operating procedures, tissue samples will be handled consistently and
optimally, minimizing the impact of environmental factors on a sample’s quality and
molecular profile.
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2. Tissue collection for genomic research
2.1 Tissue collection

Proper collection and preservation of tissue specimens is fundamental to the
ability to isolate enough high-quality nucleic acids for genomic research. It is now
well-recognized that changes in the molecular profile of a tissue can occur during
sample retrieval, between the time interval from retrieval to processing, and dur-
ing processing itself. Therefore, it is important to establish standardized guidelines
that keep the time from specimen collection to preservation as short as possible and
maintain consistency in the handling of samples.

One of the major factors influencing the integrity of nucleic acids in stored tissue
samples is tissue ischemia time. The surgical disruption of blood flow to an excised
clinical sample leads to progressive tissue ischemia, hypoxia, and release of endog-
enous nuclease enzymes capable of degrading nucleic acids. The warm ischemia
time is the time from the interruption of the blood supply to the removal of a tissue
sample from the patient, while the cold ischemia time is the time from removal of a
tissue to its preservation by freezing or by placement in a fixative. Warm ischemia
time is dependent on the surgery and can be difficult to control. In contrast, the
institution’s tissue collection and transportation protocols affect the cold ischemia
time and can be readily controlled using standardized sample collection and han-
dling procedures. To minimize tissue and cell damage, the cold ischemia time should
be kept as short as possible. It is important that both the warm and cold ischemia
times are documented [1, 2].

2.2 Tissue preservation and storage

In general, three basic methods of sample preservation exist: snap freezing,
fixation, and a nucleic acid stabilizing reagent. If enough material is available, it is
often advisable to split and preserve the tissue sample using multiple methods (e.g.
snap freeze half the tissue and fix the other half in formalin).

Fresh-frozen tissue samples provide optimal quality nucleic acids, compared to
fixed tissue specimens. However, the freezing process can compromise tissue mor-
phology, so this method is not always ideal if tissue morphology is to be examined.
The process of snap-freezing may also pose logistical issues for some laboratories
because it requires specialized equipment. Snap-freezing (also known as flash freez-
ing) is the process by which samples are lowered to temperatures below —70°C very
rapidly. Snap-freezing, as opposed to standard freezing, reduces the chances of water
in the sample forming ice crystals and damaging the tissue. Snap-freezing also slows
the actions of nucleases and proteases thus inhibiting the degradation of nucleic acids
and protein in the sample.

If examination of tissue morphology by histochemical or immunohistochemical
means is required, formalin fixation and paraffin embedding (FFPE) is the standard
process for sample preservation. The FFPE process not only preserves tissue morphol-
ogy, but also allows for easy transport and storage and permanent preservation of the
tissue. Formalin fixation is carried out by submerging the tissue specimen directly in
10% neutral-buffered formalin (NBF) at room temperature. For molecular assays,
the optimal fixation time is approximately 14-18 h. Studies have shown that longer
fixation times tend to result in poor quality RNA.
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Another common method of preservation is submersion of the tissue directly in
anucleic acid stabilizing reagent such as PAXgene® Tissue Fix, TRIzol or RNAlater.
This method is ideal for minimizing nucleic acid damage and changes in gene
expression.

2.3 Use of wet ice for stabilization of genomic RNA

One method of transporting organs is through the use of wet ice. One pilot cardio-
vascular study collecting explanted hearts from 1996 to 2008 experimented using this
method. There were 50 heart explants from the heart transplant team. The explanted
hearts were delivered to the surgical pathology gross room by the heart team. The
heart was then packed in a stainless-steel surgical bucket of wet crushed ice using the
three-bag technique. The heart was washed in transplant solution before putting
the first bag in preservation solution which was patented by University of Wisconsin.
The heart was dissected with approximately half the sections being transferred into
10% NBF and the other half into small containers surrounded by wet ice for trans-
portation to the processing lab. The tissue samples were placed in an —80° C freezer
and put into a liquid nitrogen tank. Research at the time did not fully support the use
of wet ice for preservation of RNA; however, this study found that the RIN quality
was not impacted by using wet ice. Other studies worked with four different organ
procurement organizations (OPO) in Indianapolis for about 10 years and found the
same preservation of RNA in wet ice yielded high RIN values [3-7].

2.4 Histology quality control

Quality control analysis begins at the histology level and should be performed
real-time as tissue specimens are received. For each procured tissue, a hematoxylin
and eosin (H&E)-stained slide should be generated and reviewed under a micro-
scope. In the case of tumor specimens, the pathologist confirms that the sample
contains enough tumor cells (at least 50%) to be considered acceptable for molecular
analysis. Tumor samples that contain less than 50% tumor might be released only for
applications, such as immunohistochemistry or in situ hybridization. In addition to
evaluating the percentage of viable tumor cells, guidelines issued by ISBER and NCI
state the pathologist should also make note of the percentages of necrosis, fibrosis,
mucin formation, stroma, normal adjacent tissue, and inflammation [8-13].

2.5 Nucleic acid quality control

Archival FFPE samples are notorious for yielding poor-quality nucleic acids after
5 years of storage. Therefore, it is important to evaluate the molecular quality of each
sample before its release for subsequent molecular testing. For retention of high-qual-
ity RNA, freezing is currently the best method of long-term tissue storage. Although
not as labile as RNA, DNA molecules are also susceptible to degradation during the
long-term storage of tissue samples [8-10].

2.6 Post-mortem specimens

Post-mortem human tissues are a valuable source of biological material. These
specimens have versatile research applications, but the quality must be maintained
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throughout processing. In animal studies, the handling and storage of tissues immedi-
ately after death can be easily controlled. However, in human studies, the uncontrolla-
bility of these factors leads to a higher degree of variability. For example, the time lag
between death and preservation of a sample following autopsy (PMI) is a major factor
influencing the quality of RNA in post-mortem tissues. Existing evidence suggests
that there is little correlation between the post-mortem interval and RNA quality/
RIN score. The integrity of RNA in post-mortem samples appears to be linked to pre-
mortem factors such as the cause of death and the length and duration of the period
just before death, known as the agonal period.

3. Background of pilot RNA post-mortem study
3.1Introduction

Numerous research studies have analyzed the post-mortem brain tissue’s qual-
ity. When analyzing post-mortem brain tissue, the goal of genetic research has been
to comprehend neurological illnesses. These investigations have made significant
progress and identified high RNA quality [14, 15]. These studies recorded pre-mortem
fever or sepsis, pre-mortem tissue pH, temporal relationship to time of death (either
sudden death or protracted illness), post-mortem interval, and other significant health
conditions prior to death [16]. In the last 10 years, the integrity and general quality of
the tissue have been assessed using the quality of the RNA. RNA quality is currently
assessed using electrophoresis and RIN values [17]. The length of time before death till
tissue removal, the classification of death, and the state of the patient’s health before
death all may have an impact on the quality of the RNA in the tissue [18].

In addition to RNA quality assessed by RIN values, the area of postmortem neu-
ropathology has developed chemical markers for tissue quality, starting with pH and
the 28S/18S ratio. Ten organ tissues from four postmortem instances with various PMI
were examined. To ascertain the histology and molecular markers of the postmortem
tissue, the clinical history, agonal condition, refrigeration time, and PMI of 10, 12, 16,
and >24 h were assessed (Figure1) [18].
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Figure 1.
Tissue RNA evaluation using a whole electrophoretogram to quantitate a RIN value.
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3.2 Results

RNA stability (RIN values) was not predicted by the PMI, although cooling after
death affected body temperature, postponed post-mortem autolysis, and improved
RIN levels. However, RIN values fell with sustained hypoxemia. Two of the key
factors influencing RIN values were agonal state scores and clinical medical history.
RIN values decreased when agonal state scores were high, which is consistent with
previous research. Most organs’ RIN scores could be predicted from histology, with
the exception of the pancreas and small intestine, which autolyzed relatively quickly.
RIN values for all organs are shown in Table 1.

This study was used as a pilot for the following ongoing human genomic
studies: suicidality [19], small cell lung cancer, COVID-19 [20], and skin [21].

As a result of the pilot study for the GTEx tissue collection study, multiple

Tissue A B C D Average
Liver 3 49 2.5 77 4.5
Kidney 7.2 29 34 41 4.4
Heart 8.2 6.8 77 5.8 71
Lung 56 5.8 51 7 5.9
Small Intestine 5.2 6.4 36 5.5 5.2
Pancreas 4.7 26 1.8 2.7 3
Skin 74 36 4.6 7.8 59
Brain 79 4.5 4.7 N/C N/C
Cerebellum 8.7 39 N/C 53 N/C
Skeletal muscle 83 N/C N/C N/C N/C
Bone marrow 2.7 29 N/C 3 N/C
Table 1.

Breakdown of patients A-D RIN values [18].

RIN Values for Postmortem Tissue
with Different PMI
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Figure 2.

Patients A-D RIN values for each tissue collected [18].
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Patient A B C D

Refrigeration (h) 4.80 210 9.80 0.13

Refrigeration Time (h) 23.55 14.50 217 917

Refrigeration to Autopsy (h) 0.33 0.25 0.23 0.25

Total time (h) 28.68 16.85 12.20 9.55
Table 2.

Comparison of patients A-D PMI intervals [18].

Patient Agonal score Agonal factors

A 3 Failed bone marrow transplant for multiple myeloma

B 1 CO, Poisoning

C 2 Wound (more detail later)

D 3 48 h medically-induced hypothermia during brain death protocol
Table 3.

Agonal state scove and factors of patients A-D [18].

studies involving genomic expression in esophageal carcinoma, lung adenocarci-
noma, and breast tumors have been conducted (Figure 2 and Tables 2 and 3)
(1,2, 3,18,21].

4. Methodological considerations of brain and blood recovery, analysis,
and storage

4.1 Introduction

The proper methodology for recovery, analyzing, and storage of human specimens
is a common source of discussion among many scientists and researchers across the
world. Many intrinsic and extrinsic factors such as temperature, timeliness of col-
lection, and natural disease processes influence the quality of tissue, and thus the
effectiveness to which the specimen can be analyzed. This section will discuss our
SOP for brain banking and biological fluid in this brain collection. In general, our
process includes protocols for the recovery, analysis, and storage of sections and
entire brain specimens.

4.2 Methods used

Three main methods of collection in the suicidality project were used: blood col-
lection, DNA, and RNA tubes. All methods were designed to allow an easy medium
to which DNA and/or RNA may be extracted and analyzed. Blood was generally
collected in PAXgene® DNA and RNA tubes due to their long ambient temperature
requirements.

The SOP began with deputy coroners/hospital staff notifying staff of a death
that fits collection criteria guidelines. A taped verbal consent was obtained from the
next of kin by action of the Deputy coroner and Followed up with obtaining signed
written informed consent at the morgue or at the funeral home by the Coroner’s
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Office. Once these two actions were completed, the case was approved for tissue
and/or blood collection.

The reagents include 4 mL labeled and bar-coded tubes for storage via PAX Gene
tubes for RNA and DNA. If possible, whole blood was collected from normal patients
and patients with neurological diseases. Tissue procurement included collection
of PAXgene® DNA and RNA tubes from the subclavian vein or heart, removal of
calvarium, documentation and photography of whole brain weight, cutting and
sectioning of brain, and prompt freezing of samples at —80° C.

Prolonged ischemic state of brain tissue, natural disease processes such as
Alzheimer’s disease, and long postmortem intervals may have affected the quality of
recovery of brain tissue and RIN values. While pH premortem acidosis often influenced
viable brain tissue for genomic studies, pH is stable post-mortem and during consequent
freezer storage. Typically, individuals who suffered prolonged agonal states tended to
have more acidotic brains. Conversely, those who experienced brief deaths typically had
anormal pH. RIN values in most postmortem tissues is highly correlated with medical
history and agonal state. Natural disease processes and length of time taken to collect
specimens after the decedent’s passing are taken into consideration. Special consider-
ation was taken for subjects with a history of psychiatric disorders, psychiatric visits and
hospitalizations, suicide attempts, and excessive use of alcohol and/or street drugs.

The inclusion and exclusion criteria were then further examined. Inclusion criteria
consisted of the decedent’s medical history being consistent with schizophrenia,
schizoaffective disorder, bipolar disorder, major depression, a postmortem interval
of 24 h or less, any gender or race, 18 years or older (unless otherwise agreed upon in
writing by a legal representative of the decedent), and appropriate informed consent
forms. Oppositely, the exclusion criteria included greater than a 24 h post mortem
interval, any primary or metastatic brain cancer, history of stroke, intracranial bleed
or other brain trauma, severe alcoholism or Korsakoff’s syndrome, history of con-
genital brain defects, sepsis, infection, communicable disease, prolonged hypoxia or
intubation/ventilator assisted breathing for greater than 12 hs, use of vasopressors
prior to death, and attempted ACLS resuscitation.

Staff also developed strict quality control criteria. Upon each new sample
obtained, the following quality control checks are performed: RIN > 7.0 for frozen
specimens, pH > 6, proper FFPE specimen fixation, and appropriate preparation,
labeling, and storage of samples, specimens, and data [19].

4.3 Concern for biohazard material

All human specimens should be considered potential biohazards whether they are
fixed, paraffin-embedded, or fresh frozen. Due to the hazardous nature of the organs
under examination, universal precaution was taken and standard procedures were
implemented while handling the specimens.

4.4 Collection of brain

In addition to removal of the brain, factors of concern included the weight of the
whole brain, bleeding, prior healed or open/partly open surgical incisions of the scalp
or skull bone, dura stuck inside the calvarium or if it peeled away from the skull and
stuck on the brain, and whether the surface of the meninges were stained with blood
or were transparent. If any of these conditions were observed, the location and severe-
ness of the afflictions were noted and photographed for documentation purposes.
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The entire brain, including the cerebrum, cerebellum, and brain stem, are
removed per standard autopsy procedure (Figures 3 and 4). The brain was then
placed in a plastic bag partially filled with saline and placed in an ice-filled cooler.
Upon arrival at the designated grossing area, the brain was divided by a mid-sagittal
cut through the corpus callosum. A coronal sectioning was also performed through
the brain hemisphere from anterior to posterior.

Next, a section of the identified region is cut that is approximately 1 cm thick. The
section is then trisected to create three samples that are approximately 3 mm thick.
Samples in the cassettes are then transported on wet ice and immediately (within
15 min) placed in a — 80°C freezer. The time that each sample is frozen is recorded.
The last remaining sample is then placed into a white cassette and immediately placed
in 10% neutral buffered formalin.

4.5 Storage of brain tissue

A pH strip was placed on the first section (about 10 seconds) to get the pH of
the brain. Subsequent slices were made parallel to the first cut, producing 14 slices.
The slices were then placed on a blue cutting board and photographed with a digital
camera. Slices were slowly frozen using cooled stainless-steel plates. The precooled
plates were then placed on ice packs in a flat Styrofoam container. Slight pressure
on the upper stainless-steel plate allowed the cut brain slices to flatten out. More ice
packs were then placed on top of the upper stainless-steel plate.

4.6 Conclusion
The data pertaining to all cases were compiled in a single database spreadsheet.

Also present at each site for procurement, analysis, and storage are data books used
to update the research study with pertinent findings and basic demographics. There

Figure 3.
Whole brain removed after prosection.
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Figure 4.
Incision from ear to ear of decedent is then veflected in order to remove calvarium. Temporalis muscles removed in
ovder for autopsy bone saw to properly cut through calvarium.

were 180 total cases collected under the suicidality protocol and we had high-quality
RNA data from blood samples. After seven brains were collected, we compared RNA
profile from both brain and blood. Past findings showed the mutated genes were
similar. The brain collection was stopped after the seventh case and are now only
collecting DNA and RNA blood samples in PAXgene® tubes.

5. Collection of lung and blood for COVID-19 post-mortem study
5.1Introduction

In the past 3 years, a novel acute respiratory RNA virus known as SARS-Cov-2
has grown into a pandemic. In this investigation, the lung pathology of 43 individu-
als who passed away and displayed significant COVID-19 symptoms was examined.
Decedents were not seen in a clinical environment and were taken post-mortem.
Decedents ranged in age from 3 to 76 years old. Ethnicities included 29 Caucasians,
eight African American, three Hispanic, one Cuban, one Asian, and one unknown.
There was a male to female ratio of 4:1. All cases were classified into positive and
negative COVID-19 using the FDA and CDC approved RT-PCR test. Eighteen were
negative and twenty-one were positive for COVID. A subset of these cases (11) was
positive for cocaine, methamphetamine, fentanyl, morphine, acetyl fentanyl, chronic
ethanol, or sertraline. There were additional compounding etiologies with most of
these cases (diabetes, trauma, and atherosclerotic heart disease) [22].

5.2 Concern for biohazard material
All human specimens should be considered as potential biohazards whether they
are fixed, paraffin-embedded, or fresh frozen. Due to the hazardous nature of the

organs under examination, universal precaution standard procedures were imple-
mented while handling the specimens.
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5.3 Tissue specimens

Informed consent and IRB approval was obtained. All lung and blood samples were
collected at the Marion County Coroner’s Office. These were partial intercostal surger-
ies with a biological fluid blood draw over the period of April 9, 2020 to March 15, 2021.

Body transport: The body was transported from the scene of death to Marion County
Morgue. The group used Tyvek Iso Clean surgical gowns over scrub suits, thick rubber
gloves, surgical masks, eye goggle protection, surgical boots, and surgical slippers.

Lung removal: The clavicle was identified (rib 1 beneath clavicle) and counted
down to ribs 3-5. An incision was made through the skin and through the thoracic
cage from the mid-axillary line over to the manubrium of the sternum between ribs
4-7. This incision was approximately 10-12 cm in length. A vacuum was used to
remove any fluid from the chest cavity. A small piece of lung tissue from the right
middle lobe (5 cm x 7 cm) was removed and placed in 10% NBF. PAXgene® DNA and
RNA blood samples were drawn from the superior vena cava.

For this infectious disease lung study, lung tissues were fixed at 4°C for 48 h,
instead of the usual 18 h followed by tissue processing, embedding in paraffin, and
staining for H&E and Trichrome. Approximately 14 sections of lung were collected
from each case.

Immunology: Antibodies were tested in various cases. Total RNA isolation was
performed on all samples.

RNA extraction: RNA QC and qRT-PCR were used to confirm viral load in all 23
positive deceased blood and lung samples. The average post-mortem interval for these
samples was 14 %2 h.

5.4 Findings

The findings were similar to previous COVID-19 findings. We had both acute
and chronic inflammation in the lung samples. The histology in the acute cases were
characterized by minimal bronchiolar perivascular lymphocytic infiltration, focal
hyaline membrane formation, severe pulmonary congestion, bronchiolar respiratory
epithelial/alveolar pneumocyte necrosis, formation of microthrombi, and pulmonary
edema. Interstitial pneumonia with thickening of the alveolar wall, perivascular
and peribronchiolar lymphocytic infiltration, multifocal areas of fibroplasia, micro-
thrombi, severe congestion, squamous metaplasia of the alveolar epithelium, and
fibrosis and septal collagen deposition were the hallmarks of the histology in the
chronic cases.

We performed immunohistochemistry using both DNA and fluorescence imaging
of lung tissue and detection of the COVID-19 virus. In addition, total RNA isolation
with qRT-PCR and RNA Seq was completed to confirm the diseased blood in lung
samples.

6. Collection of liver and lung for small cell lung cancer study
6.1 Introduction
This study examined a rapid autopsy program including three patients currently

looking for mutational and molecular changes in small cell lung cancer (SCLC). The
findings will provide new insights into treatment resistance and lead to new targets
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to find more effective immunotherapy and targeted therapies for advanced SCLC.
SCLC is one of the rarest types of lung cancer, affecting 10-15% of all patients with
lung cancer. Diagnosis usually occurs once the patient is symptomatic and after
metastasis has occurred. It has one of the worst prognoses out of all lung cancers and
is the hardest to treat. Blood samples from the superior vena cava were collected in the
funeral home in order to keep the PMI under 8 h. Two more cases are currently being
processed using this protocol. Most autopsy rooms do not collect tissue after usual
business hours, and we have done all collections in a funeral home.

6.2 Specimen collection

Blood collection was performed utilizing the subclavian vein. Six tubes were
collected: DNA, RNA, Peripheral blood mononuclear cells (PBMCs), Natural
Killer (NK), circulating tumor cells (CTC), and In Vivo were collected (Figure 4).
PAXgene® DNA and RNA were collected for stability purposes.

MRIs were performed to determine an appropriate location for lung and liver
collection. Lung removal was characterized by an incision of 10-12 cm made through
the skin through the mid-axillary line over to the manubrium of the sternum between
ribs 3-7. Rib retractors were used to spread the ribs and have a large field to visualize
the lesions in the lungs (Figure 5). Russian tissue forceps were used to remove the
mass and adjacent normal tissue. A scalpel and/or autopsy knife is then used to dissect
mass into 250-750 mg sample sizes. Masses were transferred to 10% neutral buffered
formalin (NBF) and MACS solution.

Liver removal was characterized by an incision of 10-12 cm made below the
xiphoid process. The skin and fascia were lifted utilizing Russian tissue forceps, and a
scalpel was used to cut into fascia. Liver palpation was performed to identify the mass
and was carefully cut along with normal adjacent tissue. A vacuum to remove excess
fluid accumulation from the abdominal cavity was used if necessary. Samples sizes of
250-750 mg were transferred into 10% NBF and transported on wet ice.

6.3 Subclavian vein location

The following anatomical landmarks were identified. The sternocleidomastoid
muscle insertion into the clavicle was visible. Below the clavicle is the right subclavian
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Figure 5.
Visual illustration of ovder of collection of blood tubes.
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Figure 6.
Rib spreader.

vein. At the top of the ribcage, the right subclavian vein starts. The skin puncture site
can be identified by landmarks 1 cm laterally from the sternocleidomastoid muscle’s
posterior clavicular head and 1 cm down under from the clavicle (Figure 6).

7. Collection of skin specimen
7.1 Introduction

The Post-mortem Tissue Collection Skin Project has collected 80 cases to date.
Tissue collection was completed by the Marion County Coroner’s Office, and from
there was transported on wet ice to the regenerative medicine lab where the skin
samples were fixed and embedded into paraffin blocks. Skin samples were collected
and divided into two samples. One went into 10% NBF and the other into MACS
solution. MACS solution was kept in wet ice as it was transferred to the research lab.
Microscope slides were prepared and stained with hematoxylin and eosin (H&E) and
Masson’s Trichrome for autolysis detection. In addition, Visium spatial gene expres-
sion slides were created for molecular profiling. Tissues were profiled on a 4-point
Hardy Score (Figures 7 and 8).

7.2 Specimen collection

Skin specimens are identified with an alpha-numeric Specimen ID that contains
the case ID and a sequence number. Collection time should stay under 16 h. A sun-
exposed (e.g., lower limbs) 6x3 cm strip of skin is collected and cut into two sections.
The tissue is preserved in MACS solution and PAXgene® tissue fixative and trans-
ferred over wet ice to the lab. After collection, the Sample Collection Form is filled
out and the drug data is collected from the deputy coroner, such as cause of death,
toxicology, and prescription pills report.

7.3 Results
MACS solution separated the dermal collagen fibers in the dermis compared to the
PAXgene® tissue fix. Initially, a PMI of 8 h was used, but after analysis of six samples

it was expanded to 12 h and then to 16 h. At 16 h, the genetic material was superior
quality with high RIN values (>6).
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1 Death classification based on the 4-point Hardy Scale:

0: Ventilator Case All cases on a ventilator immediately before death.

1: Violent and fast death due to accident, blunt force trauma or suicide, terminal phase estimated at < 10 min.

2: Fast death of natural causes. Sudden unexpected deaths of people who had been reasonably healthy, aftera
terminal phase estimated at < 1 hr (with sudden death from a myocardial infarction as a model cause of death for
this category).

3: Intermediate death. Death after a terminal phase of 1 to 24 hrs {not classifiable as 2 or 4); patients who were ill
but death was unexpected.

4: Slow death. Death after a long iliness, with a terminal phase longer than 1 day (commonly cancer or chronic
pulmonary disease); deaths that are not unexpected.

? The destruction of organism cells or tissues by the organisms’ own enzymes or processes.

* See Schroeder A, Mueller O, Stocker S, et al. The RIN: an RNA integrity number for assigning integrity values to
RNA measurements. BMC molecuiar biology. Jan 31 2006#:3

Figure7.
Description of 4-point hardy scale.

Figure 8.
Skin collected in MACS solution (top) compared to PAXgene® tissue fix (bottom).

8. Conclusions

In recent years, the development of new molecular technologies with improved
specificity, sensitivity, and throughput has greatly increased the demand for high
quality, well-annotated biological specimens. By using surgical techniques instead of
traditional autopsy protocols, we were able to maintain a short PMI and high genomic
quality for samples collected. We have been able to collect tissues such as skin, lungs,
and blood, advancing the research of post-mortem human genomics.
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Chapter 4

Recovery and Rehydration of
Decomposed and Mummified
Tissues in Postmortem Analysis

William Aguilar-Navarro and Carmen Cerda-Aguilar

Abstract

After the death of individuals, sequential degradative processes called autolysis
and putrefaction are initiated in the tissues, processes that cause total or partial
degradation, sometimes leaving remnants of tissue. Mummification is a process by
which the degradative processes are slowed and, in some cases, stopped, allowing
the tissue to be apparently preserved. There are two main types of mummification:
natural and artificial; natural mummification is caused by conditions related to the
environment in which the tissues are located. Within the artificial techniques, there
is cadaveric preservation (embalming), a procedure currently used for health and
scientific studies. To carry out studies of tissues in some degree of decomposition or
mummified, it is necessary to submit the samples for a process called recovery and/
or rehydration, by means of immersion techniques in hypotonic solutions, which
facilitates the processing and subsequent analysis of the characteristics of these
tissues, both macroscopically and microscopically.

Keywords: decomposition, mummification, recovery, rehydration, analysis

1. Introduction

Tissues present a characteristic process of decomposition after the death of the
individual; these processes are responsible for degrading the tissue in most cases
until its complete disappearance [1]. However, depending on the multiple factors and
conditions to which they are subjected, there are tissues in which the decomposition is
altered; due to these changes, the tissues can be analyzed by subjecting them to some
kind of recovery process.

The tissue preservation phenomena, one of which is the mummification process,
corresponds to the dehydration of tissues, in which the whole body, segments, or
tissues are apparently maintained in a certain state of preservation characterized by
dehydration, hardening and a stiffened appearance of the tissues, a state that gives the
impression that they have been preserved. This process delays or may halt the char-
acteristic processes occurring during decomposition. Mummification can occur in
two ways: spontaneous or natural and anthropogenic or artificial. The natural mum-
mification process is influenced by factors such as environmental conditions, such as
climate, air currents, chemical characteristics of the soil, factors that favor natural
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mummification [2]. In the process of artificial mummification, there are a series of
procedures carried out on the corpse such as the addition of chemical fixatives in
order to preserve the body in a certain state for as long as possible.

For postmortem analysis of tissues in initial state of decomposition or mummified,
from a macroscopic or microscopic point of view, it is necessary to take the tissues
and subject them to processes that allow them to return their structural integrity.
Obtaining, as far as possible, results like those of a normal tissue, since the limiting
factor of adequate results corresponds to the initial conditions in which the sample
to be recovered is found. Conditions such as stage of tissue degradation, degree of
mummification, more desiccated tissues are more difficult to recover, among many
other factors.

2. Postmortem changes in tissues

When working with decomposing or mummified tissues, it is necessary to know
the postmortem phenomena and how these are affected by various factors, such
as body size and condition, tissue type, environmental temperature, soil porosity,
chemical reactivity, pH, micro-organisms, and so on [1]. In the initial phase of
postmortem phenomena, there are chemical changes in which enzymes play an
important role, which due to their lytic activity produce the breakdown of macro-
molecules such as proteins, carbohydrates, and fatty acids, a phenomenon known as
autolysis [3].

The breakdown of soft tissues is separated into three consecutive stages of enzy-
matic action, the first by tissue enzymes, the second by bacterial enzymes, and the
third by insect action [2]. The tissue enzymes involved are hydrolytic and determine
the self-digestion of the tissue [4]. The second stage in tissue degeneration is known
as “putrefaction,” given by endogenous or exogenous bacterial enzymatic activity,
establishing the process of liquefaction and gasification of the tissues involved [5].

The emanation of various types of gases allows the arrival of other organisms such
as insects and scavengers, which contribute to the decomposition process by defini-
tively degrading the tissues [6]. As tissue decomposition requires certain conditions
specific to the cellular and tissue environment, such as availability of water, humidity,
adequate temperature, salt concentration [1], any alteration within these parameters
affects the changes produced by the enzymes and the subsequent action of the various
microorganisms and insects involved in the process.

2.1 Preservative phenomena

Adipocira, also known as saponification, is a change involving the fatty acids
present in the tissue, consisting of the breakdown and subsequent hydroxylation of
triglycerides, which, as their melting point increases, are transformed into a kind of
grayish, rather friable wax [7].

The mummification process is characterized by the desiccation of tissues in which
the whole body, segments of it, or different types of tissues are maintained in a state
of apparent preservation, stopping the characteristic processes occurring in the
decomposition phenomena [8]. This process can occur in two ways: spontaneous or
natural and anthropogenic or artificial. In natural mummification, circumstances
such as environmental conditions stand out: certain types of climates and soil charac-
teristics in relation to the concentration of various chemical components such as salts,
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which would favor natural mummification. On the other hand, the artificial mum-
mification process involves a series of procedures carried out on the corpse such as the
addition of preservative chemicals, via arterial perfusion or immersion, to preserve
the body for as long as possible by means of the technique known as cadaveric preser-
vation or embalming [9].

2.2 Mechanisms of mummification

Historically, the need has arisen to carry out studies with mummified bodies or
tissues, from a medicolegal point of view to the study of the sociocultural characteris-
tics of individuals [8]. As the mechanisms of mummification are varied and there are
numerous factors that affect or influence the process in one way or another, to better
understand them, it is necessary to categorize them [8].

The types of mummification can be classified as follows:

1. Artificial (anthropogenic) mummification.
2.Natural (spontaneous) mummification.

3. Augmented spontaneous mummification.
4.Indeterminate mummification.

The mechanisms of spontaneous mummification are the most important, since
from the histopathological point of view, the changes that occur in tissues are related
to environmental characteristics [8].

As mentioned above, for the enzymatic degradative activity of the cell and
microorganisms to occur, tissues present a large amount of water, oxygen, and
other substrates in their composition; therefore, a rapid dehydration of the tissue
allows a decrease in the rate of degradation, due to little or no enzymatic activity.
Environmental factors such as high temperature and humidity generate a rapid
decomposition; on the contrary, a low environmental humidity produces a slow
decomposition due to the evaporation of moisture from the corpse, which partially
prevents the phenomena of autolysis and putrefaction [10]. The saline concentration
of the soil or the environment favors desiccation, since it generates a process of cel-
lular dehydration by osmosis, both in the tissue and in the microorganisms [11].

2.3 Desiccation

Desiccation is the spontaneous preservation process characteristic of mummifica-
tion, which corresponds to the dehydration of tissues. The tissue loses water due to
different factors, especially environmental ones, the most influential as previously
mentioned correspond to extremely hot and dry climates, which favor natural mum-
mification; an example of this is the high heat of desert climates that generates the
rapid loss of water in soft tissues [1]. Environments with good ventilation or dry
air currents would also allow mummification [12]. Another type of desiccation is
that caused by freezing, since in extremely cold environments, the low temperature
favors mummification mechanisms, due to the decrease in enzymatic activity [13].
Desiccation by chemical factors, such as different types of salts, favors mummifica-
tion due to dehydration by water outflow or osmosis, in addition to the fact that the
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high salt concentration alkalinizes the initial acidic environment in which enzymes
develop their activity, which causes a decrease in the enzymatic activity of the cells [8].
Another important chemical factor is the concentration of heavy metals in the soil,
such as arsenic, mercury, and copper, among others, which completely inactivate the
enzymatic action in the degradative processes [14].

2.4 Current embalming methods

Throughout history, there have been several methods of cadaveric preservation;
these have varied, from evisceration and use of different components, such as spices,
resins, and some types of salts to fill the cavities, to contemporary methods that use
different chemical components such as alcohol, formaldehyde, and glycerin, among
others in a mixture that is perfused to the corpse by arterial route, or the sample is left
in immersion [9]. It should be noted that this process is used for funerary purposes to
delay the degradative processes or for academic purposes of a more permanent preser-
vation, for teaching purposes in Normal Anatomy, Pathology, or Forensic Medicine.

2.5 Recovery and rehydration

The macroscopic and microscopic study of tissues in initial stages of decomposi-
tion and mummified tissues should be very rigorous, and it should be considered that
the expectations regarding the process cannot be very high, since each tissue presents
its own characteristics, related to the cause of death, form of maintenance, conserva-
tion, and environmental conditions, among others, which are relevant factors that
generate characteristic results for each sample, after recovery or rehydration.

As decomposed tissues are friable and mummified tissues are hard and brittle, both
are very difficult to handle, process, and analyze. The study at the macroscopic level does
not provide much evidence for the analysis of lesions or other characteristics, and on the
microscopic aspect, due to routine histopathological processing, the results can be very
variable. For these reasons, it is of the utmost importance to have recovery and rehydra-
tion protocols that give relatively adequate results, that is, that provide a morphology
in which tissue characteristics can be identified to guide the recognition and analysis of
forensic medical aspects, as elements of identification of the individual or lesions.

2.6 Rehydration solutions

Most of the rehydration solutions that recover tissues have as main components
alcohol, formaldehyde and a salt that provides an adequate osmolarity. The alcohol
used corresponds in most cases to ethanol in concentrations between 70° and 95° and
is used for its diffusion capacity in the tissue, added to its fixative properties that are
complemented with the fixative properties of formaldehyde. Some authors mention
that the use of formaldehyde is irrelevant and remove it from their solutions [15].
Other authors mention the importance of using a medium similar in pH and osmolar-
ity in the rehydrating solution, mixing ethanol with some buffer [16]. Within the clas-
sification of alcohol-formaldehyde solutions, mention should be made of Sandison’s
solution, which stands out for providing good results in rehydration protocols and for
being one of the most widely used [17].

Consequently, over time, a series of studies have attempted to determine the solu-
tion that allows optimal rehydration; however, the quality of the tissue, the type of
tissue, and the conditions under which the tissue degrades and/or mummifies, among
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multiple other factors establish that the vast majority of the methods used provide
different results when considering the main criteria that are evaluated in the tissue,
such as its morphology and structural integrity, from the point of view of the identifi-
cation of tissue and cellular structures [17].

Objectively, a rehydration solution would give the best results if it tried to emulate
the usual conditions in which living tissue is found. Because of this, human serum
began to be used due to its similarity to the internal environment in which the cells
are found; however, its use began to be discouraged due to the presumption that in the
microscopic analysis, it could generate cross-reactions in the immunohistochemical
analysis, generating a nonspecific background that does not provide adequate infor-
mation on certain tissue components. Therefore, variations to this methodology have
been proposed, such as the use of heat-inactivated serum, which provides a rehydra-
tion that gives adequate immunohistochemical results [18].

One of the revolutions in rehydration corresponded to the use of commercial
fabric softeners in rehydration protocols [19]. There is a wide range of softeners on
the market, and in many cases, their components and concentrations are not detailed;
however, most of them contain polyamides, some esters, and surfactant amines,
which would give “reorganizing” properties to the tissue, giving good results in tis-
sues of high hardness such as fibrocartilage [17].

In the recovery and rehydration process, the fundamental aspect corresponds to
the concentration of the solutions, since the solution must be hypotonic, a charac-
teristic that allows it to enter the tissues and cells, reorganizing the remnants that are
altered, either by degradation or by mummification.

Another relevant point is the time in which the samples remain in the recovery or
rehydrating solution; the time is determined in relation to the characteristics of the
tissue to be recovered, whether it is very degraded or very dehydrated, the times can
vary, being this a determining step in the processing. Excessive rehydration gener-
ates tissue rupture and cell lysis; on the contrary, deficient rehydration impairs the
subsequent steps in tissue analysis [20].

An adequate recovery and rehydration can provide adequate results in the cellular
and tissue structure, but it must be considered that there are variations due to the
multiple circumstances to which the tissues were subjected.

The purpose of these procedures is not only to carry out studies on mummified
tissues; however, an important field is the forensic aspect and postmortem analysis,
especially in expertise related to tissue findings or exhumations, which allow to
clarify injuries and even the cause of death, as well as the use of rehydrating solutions
in the recovery of fingerprints with the subsequent or subsequent identification of
individuals [21].

2.7 Results in tissue recovery and rehydration

As a reference, the tissues most commonly used for rehydration procedures corre-
spond to skin and skeletal muscle, since they are usually found with greater availabil-
ity in the body or body segments, with some degree of decomposition or mummified.
Internal organs, due to autolysis and putrefaction processes, usually do not give good
results in the recovery procedure [20].

Due to the above, it is important to manage a tissue recovery and rehydration
protocol that provides adequate morphological results related to the objective of the
study. As mentioned above, the solution should be hypotonic in its composition and
preferably use low molecular weight molecules that allow diffusion to the tissues,
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such as sodium bicarbonate, ammonia solution, sodium chloride, and potassium
hydroxide, among others.

It should be noted that a standardized protocol based on times and concentrations
depends on the type of sample to be recovered or rehydrated; this is at the discretion
of the researchers, since variations in the concentrations can generate a decrease
or increase in the immersion times in which the sample is left in the solution. For
example, more hardened samples require longer rehydration times.

Despite this, the literature describes times from 18 to 24 hours in the recovery and
rehydration protocols [17]. Because of this, it is necessary to perform the procedure
with the greatest possible dedication, considering in the first instance the macro-
scopic aspects of the sample. It should be noted that after recovery or rehydration, the
sample should be preserved by fixation according to each investigator’s own proto-
cols, suggesting fixation in 10% w/v formaldehyde and/or 10% w/v glycerin.

2.8 Macroscopic results

Next, some macroscopic results in the recovery and rehydration of tissues are
presented, using the rehydration solution with standardized times, fundamentally
based on the macroscopic changes that the samples had and the color and texture to
the touch, when being evaluated in the passage of time subjected to immersion.

Figure 1 shows the sample of a human hand in the initial state of decomposition,
in which a dark color is observed, including some larvae in the sample.

Figure 2 shows the same sample after 30 hours, subjected to the immersion
recovery process.

Figure 1.
Dorsal side of the hand in the initial state of decomposition.

Figure 2.
Dorsal aspect of the hand, after 30 hours of recovery.
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Figures 3 and 4 show the sample of a human hand mummified by desiccation;
the dried tissues stand out; the texture of these was quite hard and presented a great
rigidity.

Figures 5 and 6 show the results of the rehydration process of the sample after
72 hours in immersion. Figure 7 shows that the protocol allows recovering the flex-
ibility of the sample.

Figure 3.
Palmar side of the hand mummified by desiccation.

Figure 4.
Dorsum of the hand mummified by desiccation.
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Figure 5.
Palmar side of the hand, after 72 hours of rehydration.

Figure 6.
Dorsum of the hand, after 72 hours of rehydration.

2.9 Microscopic results

For the analysis of the samples at the microscopic level, skin samples were taken
from aleg in a state of decomposition Figure 8, (red square).
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Figure7.
Recovery of the sample flexibility.

Figure 8.
Decomposing leg, ved square corvesponds to the area where the sample was taken.
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Figure 9.
Skin sample without vehydration protocol, H/E, 100x.

Two skin samples were taken, one sample that was not subjected to the recovery
process (Figure 9), and one sample that was subjected to the recovery process for
25 hours (Figure 10). Both samples were submitted to the routine histotechnical
process. The samples were stained with Hematoxylin-Eosin. Figure 9 shows the skin
without recovery, as a compact cut, where the layers of the skin are not evident. On
the other hand, Figure 10 shows a tissue in which the skin layers are differentiated.

To differentiate the tissue components of the skin, such as the dermis and epi-
dermis. Both samples were stained with Van Gieson’s trichrome technique. Figure 11
shows a sample that was not subjected to the rehydration process, which despite

Figure 10.
Skin sample subjected to H/E rehydration protocol, 100x.
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Figure 11.
Skin sample without vehydration protocol, Van Gieson, 100x.

-
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Figure 12.
Skin sample subjected to vehydration protocol, Van Gieson, 100x.

having differentiation of the tissue components, is very disintegrated. Figure 12
shows the sample subjected to the rehydration process. Here the layers of the skin can
be seen, differentiating the epidermis from the connective tissue of the dermis.

3. Conclusion

The study of tissues in the initial state of decomposition or mummified represents
a challenge in postmortem analysis, since it is a complex subject due to the processes
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that allow the tissue to reach these states. This process is influenced by multiple fac-
tors, among which the characteristics of the type of tissue, as well as environmental
factors, stand out.

The objective of the study and the expectations regarding the process of recovery
and rehydration of the tissues is the first factor that must be considered, since it
depends on the condition of the tissue and a previous evaluation must be made to
determine concentrations and recovery time in the immersion solution. Considering
from this aspect that not all tissues can be submitted to the recovery process, since it
depends on the conditions in which the sample is found, tissues in certain states of
decomposition or mummified can degrade due to an abrupt entrance of the rehydrat-
ing solution, which would alter the objective of the study in an important way.

There are many areas where these techniques can be used, one example is in
post-mortem analysis. From a macroscopic point of view, it can provide information
related to identification elements such as tattoos, marks, scars, lesions, and so forth.
And in the microscopic field related to Forensic Pathology, it can provide information
on vital or postmortem injuries and pathological conditions among other factors that
have generated alterations in the tissue.
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Abstract

Molecular autopsy makes it possible to identify the genetic alteration responsible
for an inherited arrhythmogenic disease, main suspected cause of sudden death in
cases that remain unexplained after a complete medico-legal autopsy. By using next-
generation sequencing technology, a massive genetic study can be carried out that
identifies a rare variant classified as potentially pathogenic in up to 25% of sudden
death cases in the young population. To carry out a post-mortem genetic study, it is
necessary to have samples in suitable conservation conditions. Our chapter focuses on
the type of samples that are used today in massively parallel genetic analyses.

Keywords: samples, molecular autopsy, genetics, tissue, paraffin, blood

1. Introduction

Currently, in nearly 5% of all cases after comprehensive forensic autopsy no
definite cause of death is found, allowing for the definition of “negative autopsy” [1].
When autopsy fails to find the cause of decease, sudden death can be called
“unexplained” (SUD) [2]. In SUD cases, especially in those younger than 35 years,
inherited arrhythmogenic syndrome (IAS), are frequent cause of death and thus,
sudden cardiac death (SCD) should always be suspected [3]. All IAS are of genetic
origin and therefore, family members can be carriers of pathogenic genetic alter-
ations, and in consequence, be at risk for SUD. The first manifestation of any of IAS
may be a lethal arrhythmogenic episode, highlighting early identification of genetic
carriers and allowing the adoption of preventive personalized therapeutic measures
[4]. In 2001, a post-mortem genetic analysis or post-mortem molecular analysis (also
called “molecular autopsy”) was firstly proposed [5] as a fundamental tool in order to
unravel the genetic origin of an IAS as cause of SUD [2]. To date, molecular autopsy
has become a complement to autopsies process in the current forensic area. Molecular
autopsy has been shown to be a reliable diagnostic tool during a comprehensive
forensic investigation of SUDs and may have important implications for the
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first-degree relatives of the victim leading to further analyses to predict and prevent
the risk of life-threatening events [6].

2. Genetic analysis

First genetic approach in molecular autopsy was Sanger technology which has
played a significant role allowing the identification of the first genes associated with
IAS related to SCD. Although, the Sanger sequencing technique has played an impor-
tant role in the history of molecular genetics and has been very useful in the study of
SCD for many years, at present, its use in clinical practice has been reduced [7]. For
years, Sanger sequencing was the gold standard for investigating SUD cases until it
was replaced by second-generation high-throughput techniques, called Next genera-
tion sequencing (NGS) [8]. This is due to the fact that Sanger technology only allows
the study of a limited number of genes and at a high cost, compared to massive next-
generation sequencing techniques. However, it remains the gold standard technique
for variant confirmation, especially for small deletions and insertions. Nowadays
available NGS technologies allow a rapid and cost-effective genetic analysis of
numerous genes (even whole exome -WES- and genome -WGS- sequencing). NGS
has enabled the identification of more than 2400 new disease-associated genes and
more than 150 new genetic diseases [9].

Finally, third-generation sequencing technologies, also known as single-molecule
sequencing, allow for the direct sequencing of single DNA molecules without the need
for amplification or fragmentation. Although this technology promises to improve the
range of detection of causal variants in a wide range of pathologies, since it has some
advantages such as the possibility of studying structural variants and repetitive ele-
ments, its implementation in clinical practice has not yet materialized. It is partly due
to certain limitations such as the high cost compared to NGS, the need for a more
complex bioinformatics analysis, and perhaps the most important limitation in our
field, the fact that it requires fresh material to obtain ultralong DNA of high molecular
weight, which can be a great challenge in post-mortem analysis [10, 11].

3. NGS applicability to SUD

The routinary genetic study carried out using NGS technology in SUD consist of
analyzing the main genes currently associated with IAS, either by amplification and
sequencing of gene panels, or by performing WES and subsequent filtering of the
genes of interest [12-14]. The number of genes analyzed increase as progress is made
in the field of IAS [15]. In young population, molecular autopsy using NGS reveals a
definite pathogenic genetic alteration responsible of an IAS in near 20% of cases
[16-22]. It is important to remark that genetic alterations identified in IAS are genetic
defects in ion channels expressed in heart as well as in brain, therefore being the main
cause of sudden death episodes during epilepsy (Sudden Unexpected Death in
Epilepsy, SUDEP) [23-25].

After molecular autopsy with a positive genetic diagnosis, due to other family
members could harbor the same genetic variant and, thus at risk of IAS, a clinical
translation of genetic results should be performed [4]. In such cases, first-degree
relatives of a SUD victim should undergo a multidisciplinary evaluation including
clinical examination and genetic analysis [6, 26]. To date, main challenge in clinical
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translation of genetic data is the interpretation of large part of variants identified,
remaining of unknown significance (VUS). Firstly, this is due to the stricter
classification provided by the American College of Medical Genetics (ACMG) [27].
Moreover, either variants are found in genes with no definite association with any
of IAS or available data does not allow a deleterious role of a variant to be assigned.
Despite this fact, current clinical guidelines recommend molecular autopsy in SUD
cases when the victim is young (< 50 years of age) and/or the circumstances of
death and/or the family history support an IAS as the most plausible cause of

SUD [4, 6, 28, 29].

4. Samples

Collection of samples for molecular autopsy is a crucial step in the forensic analysis
of SUD and is recommended by several guidelines [6, 30]. Suitable sampling in terms
of site and of timing is crucial also because of the risk of low-template DNA, i.e.,
inadequate quality and/or quantity of extracted DNA. Indeed, in IAS, up to 40% of
samples are not collected adequately for post-mortem genetic study preventing an
appropriate analysis [31]. In an exploratory study, fresh blood and frozen blood were
reported as the most common types of post mortem samples. In addition, fresh blood
and frozen blood had the highest number of successful DNA extractions, but blood
spot cards, frozen liver, and frozen heart tissue were also reported to have successful
DNA extractions [32]. Recently, a consensus focused on post-mortem study of SCD
cases was published, recommending blood as optimal sample for molecular autopsy
despite other kind of samples can be also used if appropriate collection and storage,
such as fresh/frozen tissues or formalin-fixed and paraffin-embedded (FFPE)
tissues [14].

4.1 Blood

This is the easier approach to obtain and storage a post-mortem sample in order to
perform a molecular autopsy. The sample will be preferably extracted from the subcla-
vian vasculature by puncture prior to opening the thoracic cavity. If not possible, the
thoracic and abdominal cavities will be opened, removing the visceral blockage and
puncturing the right atrium afterwards for blood collection [33]. It is recommended to
collect 3-5 ml of peripheral or intracardiac blood less than 48 hours post-mortem in
Ethylene Diamine Tetra Acetic acid (EDTA) tubes (Figures 1 and 2A). If sample is
collected more than 48 hours post-mortem, the degradation of DNA increases pro-
gressively despite conservation of body at cold temperature. This degradation may
impede a proper DNA extraction and NGS analysis. EDTA tubs should be also store at
cold temperature (4-8°C) but if DNA will be extracted during first 48 hours after
collection, tubes can be retained at room temperature (no more than 20°C) [34]. If
DNA extraction will be programmed more than 2 days after collection, it is highly
recommended store tubes at 4°C (maximum 2-4 weeks) [34]. More than one month
after extraction, DNA may be progressively degraded, so freezing at a minimum of
—20 to —80°C is recommended [14, 35]. However, it is important to note that freezing
the EDTA tube should be avoided as much as possible, as the freezing and thawing
process damages the DNA structure. In this situation, and in order to preserve DNA
integrity, thawing process should be performed progressively (—20 to 4-8°C for at
least 1-2 days, and then to room temperature). DNA extraction should be performed
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Samples used in molecular autopsy analysis and their conservation methods.

at routine room temperature in laboratories (around 15°C). This is the optimal proto-
col to avoid a rapid DNA degradation, which prevents a proper NGS analysis.

4.2 Dried blood spot (DBS)

Most NGS analyses are performed using EDTA-anticoagulated peripheral blood,
because of the high quality of DNA extraction obtained from such samples (Figure 1).
However, collecting, transporting and storing blood in some circumstances can rep-
resent a challenge. An alternative may be the use of Dried blood spots (DBS), since
NGS techniques require only short fragments of DNA for sequencing, which can be
obtained with this collection technique [14, 35, 36]. DBS is an inexpensive method
that is easy to handle in all conditions and does not require a trained professional for
collection [37]. DBS can be storage at ambient temperature for many months and even
years but the quality of DNA extracted could be reduced progressively [38]. Although
recent studies support a sequencing yield with DNA from DBS samples, similar to that
obtained with DNA samples from peripheral blood, both in the detection of single
nucleotide variants, insertions and deletions, as well as copy number variants and
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Figure 2.
Real samples mostly used in post-mortem NGS analysis. A. Blood sample. B. Fresh tissue sample.

mitochondrial heteroplasmy, such studies are limited and their throughput in NGS
techniques applied to postmortem analysis of SUD has not been confirmed [39-41].

4.3 Fresh/frozen tissue

Fresh tissue samples from cadaver should be collected for post-mortem genetic
testing (Figures 1 and 2B). The 2020 APHRS/HRS expert consensus statement
recommends that samples of heart (especially if SCD is suspected) and at least one
spleen/liver/skeletal muscles sample should always be saved [35]. About 5 g of tissue is
optimal to perform a quick DNA extraction (no more than 6-12 hours after extraction
and retained at 4-8°C) in order to avoid DNA degradation. Focused on SUD and
suspected IAS, tissue should be of heart (optimal from ventricular myocardium). If
not analyzed in this time period after extraction, the fresh samples should be stored at
freezing or ultra-freezing temperatures (—20 to —80°C) [35]. In this situation,
defrosting should be carried out progressively (—80 to —20°C, then to 4-8°C for at
least 1-2 days, and finally to room temperature) before DNA extraction to avoid
degradation, as mentioned for frozen blood. DNA extraction should be performed at
routine room temperature in laboratories (around 15°C).

4.4 Saliva

DNA extraction from saliva for high-quality genetic analysis is widely used for
living people and many devices are available for the sample collection (Figure 1) [42].
It is a widely used sample in the genetic study of many pathologies given the multiple
advantages it presents in terms of sample collection, transport and storage. Saliva can
be stored at room temperature for up to 18 months without compromising its quality
for genetic analysis [43]. Although in forensic genetics buccal swabs are indicated for
identification in recent corpses, sampling cadaveric saliva is usually not
recommended, since it is technically challenging and can be biased by post-mortem
changes. Other samples with the same or lower extraction complexity may yield better
quality DNA samples.
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4.5 Formalin-fixed and paraffin-embedded (FFPE) tissues

Currently, FFPE tissue samples are processed and stored, as part of routine forensic
protocol in order to unravel any tissular alteration (Figure 1) [44]. In heart FFPE tissue,
several alterations such as inflammatory cell infiltration, myocyte apoptosis or any other
alteration may clarify the cause of death. Focused on IAS, tissular alterations may
confirm the suspected diagnosis. Sometimes, macroscopic study does not reveal any
alteration but FFPE analysis identify alterations such as disarray or fibro-fatty infiltra-
tion in myocardium, hallmarks of cardiomyopathies [45]. It is possible to extract DNA
from FFPE stored for more than 25 years for molecular analysis [46]. These samples
represent a suboptimal material for molecular autopsy as storage in formalin has been
shown to damage DNA, which is then variable in both quantity and quality [44, 47].

In order to use FFPE for NGS analysis, protocols of tissue fixation and paraffin
embedding usually damages the DNA integrity preventing an adequate NGS study
from being performed according the recommended protocols [48]. Tissue samples
that were formalin-fixed did not have high rates of successful DNA extraction, which
is consistent with evidence found in a past study that showed formalin-fixed samples
are unreliable for post mortem genetic testing in cases of sudden unexplained death
[32]. DNA from FFPE have been considered error prone and unreliable in compre-
hensive surveillance of SUD-associated genes. Given these shortcomings, the standard
autopsy for SUD should include archiving EDTA-preserved blood or frozen tissue to
facilitate post mortem genetic testing [49].

However, several studies have been carried out obtaining proper DNA from FFPE
heart tissue in IAS but with a wide range of technical variables preventing a standard-
ized use of FFPE for a comprehensive NGS analysis [50, 51]. In order to solve this
limitation, in last years, adapting protocols and special kits focused on DNA extraction
from FFPE samples has been developed, helping to use this kind of samples, especially
in old cases if no other sample available.

5. Ethics considerations

Although in some countries it is not necessary to have a specific and express consent
to perform a genetic analysis on the sample of a deceased person, current legislation
must be taken into account before performing a molecular autopsy. When identifying a
genetic alteration responsible for the pathology or if the results of the studies are of
interest to other members of the deceased’s family, it is important to take into account
ethical concepts to preserve the privacy and protection of the family members’ data, as
well as the impact on the health of the individuals who may be at risk. In the case of
minors or individuals with intellectual disabilities, the parents or guardians/legal repre-
sentatives are the ones who must make the decision for them. Communication of the
results of genetic testing and autopsy to the family should ideally be performed by a
multidisciplinary team composed of cardiologists and genetic counselors specialized in
cardiovascular genetics at a medical center, in the context of genetic counseling [14].

6. Conclusions

Finding the cause of the death in SUD cases should be considered a public health
priority since, especially in young population, these events are mainly due to IAS.
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The current standard techniques for postmortem molecular analysis are those focused
on panels of known SUD-associated genes, both because it allows the analysis of a
large number of genes at low cost, and because it requires a small amount of DNA
obtained from a wide variety of samples for analysis. Sampling is a crucial step in
molecular autopsy to avoid the risk of low-template DNA and thus to maximize DNA
yield. Post-mortem blood and fresh or frozen highly vascularized tissues are optimal
sources of DNA, while the recourse to FFPE tissues should be reserved when other
strategies are not feasible, since the risk of low-template DNA.
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Chapter 6

Estimation of Death Time

Melike Evbag

Abstract

Death time is an issue that is generally requested to be determined by the
prosecution offices that request autopsies. The determination of the time of
death may be necessary for the heirs to carry out some legal actions and also,
from a forensic point of view, to enlighten the case. Although its determination is
very important, there is no known scientific method by which the exact time of
death can be determined. Generally, the ambient conditions where the corpse is
found, the environmental temperatures, and similar factors are evaluated, and the
time interval is estimated by considering these factors according to the level
of algor mortis, livor mortis, rigor mortis, signs of decomposition or skeletoniza-
tion. The estimated death time is then reflected in the autopsy report. In this
section, we aim to explain in detail how we make these estimations according to
the time intervals and environmental conditions, as well as to review the literature
in this area.

Keywords: postmortem changes, stages of decomposition, postmortem interval, death
time estimation, postmortem examination

1. Introduction

Today, there is no method that can be used alone in the determination of the
time of death [1]. It is noteworthy that most of the proposed methods do not have
a standardized procedure [1, 2]. Therefore, the term “time of death” should be
avoided even if all factors are taken into account [3]. However, it is possible to
determine the approximate duration of death as “interval” [3]. The usage of meth-
ods such as algor mortis and electrical stimulation of muscles either as isolated
methods or in multi-methodological approaches was introduced as reliable in the
estimation of early postmortem intervals (PMI) [4, 5]. Along with the physical
methods, the usage of biochemical parameters in combination with other param-
eters were reported to be beneficial [6]. In the journey of scientific advancements.
Degradation of nucleic acids over time stands at the attention-grabbing point in
the field of PMI estimation [7, 8]. However, in this chapter, we will be focusing
on how to estimate the death time during the postmortem external examination
in practice by using the factors as postmortem changes and if present phases of
decomposition.
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2. Usage of postmortem changes in the estimation of death time
2.1 Usage of algor mortis in the estimation of death time

Postmortem body temperature is considered normal at the time of death. There
may not be a significant increase or decrease in natural and rapid deaths and forced
deaths in postmortem body temperature [9]. In some cases (such as congestive heart
failure, massive bleeding, and secondary shocks), the temperature may be subnor-
mal, and in deaths from infections, pons bleeding, and heart attacks, it may be above
normal, and in some cases (septicemia, fulminant infections, etc.), it may continue to
increase for a few hours post mortem [10].

The use of postmortem interval determination methods based on body tempera-
ture is limited due to their high standard deviations [5, 11]. Although there are many
schemes used in dead cooling, none of them is completely reliable, and the most
useful of these schemes is the Henssge Normograms, with which the estimated time
differs from the real time by 2.8 hours [4].

2.2 Usage of rigor mortis in the estimation of death time

After death, the body muscles first relax, and after this event, which is called
primary muscle relaxation, stiffness of muscles becomes visible in about 1-3 hours,
which is called rigor mortis [12, 13]. There are also cases where it has been reported
that rigor mortis occurs within 15-20 minutes [12-14]. It takes approximately
6-12 hours for the rigor mortis to become visible throughout the body [12-14].

The formation of muscle stiffness depends on the consumption of ATP avail-
able after death and the lack of new ATP production. ATP is the main energy source
required for muscle contraction [12, 14, 15].

The development of stiffness actually occurs in all muscles at the same time;
however, it first appears in smaller muscles such as the jaw muscles, so it is said that
rigor mortis starts from small muscles and gradually spreads to the whole body
[12]. The onset and duration of dead stiffness are closely related to muscle mass and
functional state before death [9]. There are many factors such as ambient tempera-
ture, physical activity before death, and so on, which affect the formation of dead
stiffness [16]. Therefore, PMI cannot be determined by only looking at the rigor
mortis parameter. While interpreting PMI during the onset and end of rigor mortis,
symptoms such as cooling of the corpse, condition of dead spots, and decay should be
evaluated together [9]. Rigor mortis disappears with decomposition in about 36 hours
depending on the ambient conditions, but it can be seen to extend up to 6 days
[12, 14]. In very hot environments, it can be seen to disappear within 24 hours [14].
Regarding the determination of rigor mortis and PMI, there are experiments in which
Kromprecher measures rigor mortis at certain hours [17]. In the study by Hirakawa et
al. with Nuclear Magnetic Resonance Spectroscopy, metabolic changes in the femoral
muscle of rats after death were examined, and it was reported that the data obtained
showed hourly differences, and these differences were correlated with PMI [17].

2.3 Usage of livor mortis in the estimation of death time

Since circulation stops with death, the vascular system and blood physiology
completely change. Components in the blood remain under the influence of gravity
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due to the cessation and immobility of blood flow [12, 18]. Under these conditions,
the plasma and cellular contents precipitate, initially forming a sediment within

the vascular system of the corpse [19]. Later, it gradually collects from the vascular
system into venules and capillaries near the ground, with the effect of gravity, and
over time, dark purple and sometimes light red “livor mortis” occur on the skin parts
of the corpse that are close to the ground that do not have pressure on [12, 14]. About
30 minutes after death, dead spots that start to form in a period of about 8-12 hours
become fixed according to the body position; in cooler environments, it may take
24-36 hours for the dead spots to become fixed [14]. Livor mortis can be seen until the
body completely loses its color due to decay [13].

2.4 Usage of postmortem macroscopic changes in the eye in the estimation of
death time

Many methods have been proposed for the estimation of the postmortem interval
based on the changes in the eye [15].

About 10 minutes after death, the cornea becomes cloudy. If the eyelids remain
open in dry weather, the cornea will turn brown in a few hours. At the 10th or 12th
hour, the cornea takes on the color of milk. The complete formation of corneal opacity
takes the third day [3, 9].

Measurement of intraocular pressure with the tonometer method, which is
stated to be used up to the postmortem 6th hour; direct examination of retinal
blood vessels with ophthalmoscope; and reflex contraction due to electrical or
pharmaceutical stimulation of the iris may be possible in the early postmortem
period [15].

It has been observed that reflex contraction can occur with injections of localized
catecholamine solution for up to 46 hours following clinical death [15].

Jafaar and Nokes state that eye-related changes such as corneal opacity, retinal
vessel segmentation, pupillary reaction, retinal changes, and intraocular pressure
changes seen in the postmortem eye can be used in the early detection of PMI [20].

In the study by Kocaturk et al., no relationship was found between pupil diameters
and tache noire development and PMI, but it was reported that the rate of corneal
clouding was statistically significantly higher (P < 0.01) if the postmortem period
lasted longer than 8 hours [3].

There is also one other method that uses the excitability of orbicularis oculi found
to be reliable, which tests the local contraction and not the whole muscle [4].

2.5 Usage of postmortem stimulations of nerves and muscles

It was first revealed by Professor Luigi Galvani in 1780 that isolated muscle groups
can be stimulated by external electrical stimulation [15].

In the determination of PMI, there are subjective and objective measurement
methods that examine the changes in skeletal muscles due to postmortem stimula-
tion [4]. Henssge and Madea visually evaluated the muscle response to stimulation
and showed that the accuracy of their predictions increased when they used the heat
method together with their method [4]. The same researchers also made objective
measurements with muscular power conductors placed in the muscle [4]. There are
studies in which the peripheral nervous system is also stimulated for the determina-
tion of PMI [2].
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3. Usage of decomposition in the estimation of death time

Decomposition is a process consisting of autolysis and putrefaction [14]. Autolysis
refers to aseptic chemical destruction processes of cells and organs by the help of
the intracellular enzymes [14]. Since this is a chemical reaction, it accelerates with
temperature, slows down with cold, and stops with freezing [14]. Organs rich in
enzymes are autolyzed faster than others [14]. For this reason, the pancreas autolyzes
faster than other organs [9].

Bacterial fermentation: After death, the flora in the gastrointestinal tract disperses
throughout the body, creating putrefaction [14].

Although the putrefaction varies according to the environmental conditions,
it starts with a green color change in the right lower quadrant approximately
36-48 hours after death, and the stage progresses until the skeletonization [9, 14].
There are four phases of decomposition [9].

3.1 First phase of decomposition in the estimation of death time

This period is the beginning of decay; it varies according to ambient conditions.
It starts with green coloration of the skin over the cecum, in the right lower
quadrant, approximately 36-48 hours after death [9, 10]. Epidermal separations and
bulla formations are observed. The gases released as a result of decay are approximately
60-72. It causes the abdomen to begin to swell within hours [14]. The abdomen appears
swollen and tense within a week; in conditions where the environment is very hot,
swelling can occur in 24 hours, and in very cold environments such as Siberia, putre-
faction does not occur even for thousands of years [14]. In common sepsis cases, there
are cases where decomposition is observed to accelerate even if the corpse is immedi-
ately placed in the refrigerator. It is stated that even if a septic corpse is placed in the
refrigerator, it can appear as 5-6 days old within 6-12 hours [14].

In the 3rd and 4th weeks, as the gas and volume increase in the corpse reaches
its maximum dimensions, the abdomen bursts [9, 12]. It is thought that this period
is completed in approximately 3-4 weeks (1 month) under average conditions of
15-20°C [9, 12].

3.2 Second phase of decomposition in the estimation of death time

With the realization of the explosion in the abdomen, the abdomen and chest wall
collapse [9, 12]. All organs look like sacs filled with a mud-like substance (9). After
this period, the evaluation of PMI becomes difficult and varies greatly according to
conditions [9, 12].

3.3 Third phase of decomposition in the estimation of death time

The liver becoming indistinguishable indicates the beginning of the 3rd period.
Muscles gradually begin to separate from their places [9].

3.4 Fourth phase of decomposition in the estimation of death time

When gender becomes indistinguishable from the outside, it is considered to have
entered the fourth stage [9]. Depending on the characteristics of the environment
in which the corpse is buried, the muscles and joints are separated within a year or
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two [9, 12]. Although it is not certain, skeletalization is completed in 3-5 years on
average, depending on conditions such as soil drainage [9, 12].

Along with the PMI estimation methods made by looking at the postmortem
changes in the first hours after death, the stages of decay with the onset of decay and
entemological examinations can also be used to determine the time of death in later
periods [9, 21].

The use of entomological evidence in the determination of PMI has been known
for along time [9]. Bergeret was the first person to use data on entomofauna in funer-
als by conducting forensic medical examinations on corpses [21]. After Bergeret,
many more comprehensive studies were conducted using the results [21].

There are studies to determine the time elapsed after death and the place where
death occurred by examining the changes made by insects on the corpse and the
development level of insects [21].

4. Role of biochemistry in the estimation of death time

Studies continue on the use of biochemical analyses in PMI determination [22].
The biochemical parameters studied are hypoxantin, Ca + 2, ammonia in vitreous
fluid; K + in the vitreous and cerebrospinal fluid; serum nonprotein nitrogen (NPN);
cerebrospinal fluid amino acids; and blood pH [23]. In addition to the convenience
of taking blood samples, it is also possible to compare them with pre-mortem values
[23]. Another tissue that can be easily sampled and examined postmortem is vitreous
fluid [23]. However, since the pre-mortem values are not known, there is no possibil-
ity of comparison [23].

Macromolecules and enzymes circulating in tissues with blood circulation, such
as glucose, insulin, and alkaline phosphatase, may show quantitative differences
between the right and left chambers of the heart as there is no postmortem circulation
[23]. For this reason, it is necessary to know the exact place where the blood sample
was taken. Taking blood directly from the heart is never recommended, instead, it is
generally recommended to use venous samples [23].

Kominato et al. investigated the conversion of a complement factor (C3) to its
constituent fragments in the blood for the determination of PMI by immune electro-
phoresis and suggested that there was a statistically significant correlation between
C3 degradation and PMI, and thus, it was reported that PMI could be predicted by
looking at the C3 fragmentation rate [24]. Endo et al. measured monoamine metabo-
lites in the cerebrospinal fluid and observed that the concentration of 3-4 dihydroxy-
phenylacetic acid increased with time after death and reported that it could be used in
the determination of PMI [25].

In the study conducted by Dogan et al., it was found that the use of Fe, K, Na,

Ca, and Cu elements in rat tissues could be reliable in determining PMI; significant
changes were reported in more than one tissue at 4°C and 18 + 2°C in line with the
passing time after death, which needs to be supported by other studies and on other
tissues as autopsy tissues [26].

We have recently seen the usage of DNA and RNA degradation in PMI estima-
tion as innovative approaches [27, 28] However, all these studies were evaluated as
preliminary that reflects the early phases of the subject where we predominantly
see the usage of animal models, containing a lot of uncertainties and depending on
various extrinsic and intrinsic factors as environmental conditions, causes of death,
and so on [27-31].
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5. Estimating the death time during the postmortem examinations

5.1 Why do we try to estimate the death time?

The methods mentioned in the above-mentioned literature generally remain as
methods that are not used much in practice at the experimental level [1-3, 22-31].
However, the question of the exact time of death remains on the documents pertain-
ing to the autopsy request made by the prosecution offices.

For every answer to be stated in the autopsy report for this question, it should be
emphasized there is no specific scientific method that can give a definite result on
this subject. Subjective and empirical estimates can be made about the time of death
in the form of intervals, and the estimates obtained in the form of time intervals they
receive from us will need to be supported by forensic investigations [1-3, 22-31].

5.2 How do we try to estimate the death time?
5.2.1 Things to be recorded before the postmortem examination

The most important point we should pay attention to in estimating the time of
death is that the progression of the postmortem changes that we will use toward
decomposition and from decomposition to skeletonization accelerates with higher
temperatures, slows down with cold, and stops with freezing [12, 14, 16]. At this
point, whether there are personal underlying factors (such as infectious diseases,
sepsis, etc.) that may accelerate the progress toward decomposition in the corpse, the
air temperatures, and the ambient temperatures where the corpse is located should
also be taken into account and recorded [9, 10].

5.2.2 Things to be recorded during the postmortem examination

Postmortem changes should be recorded in particular detail in order to be able
to estimate the time of death during the external examination of the cause of death
before the autopsy [9, 12, 14]. The items to be recorded can be listed as follows:

1. The temperature of the corpse (rectal temperature) [9].

2.1t should be carefully examined and recorded whether rigor mortis, which start
to become visible primarily in small joints such as the jaw joint after primary
muscle relaxation after death, spread to all muscle groups in the whole body and
whether the dead stiffness is resolved. It should be taken into account that dead
stiffness may not be observed in joints where the dead stiffness is dissolved by
force, and this should not be confused with the onset of decay [9, 12-14].

3.Itis important to record whether livor mortis occur or not, and if they do,
whether they are fixed or not so that we can estimate the time of death [12-14].

4.1f there are signs of decay, at what level they are, whether they are in the form of
early signs of decay in the form of greenish discoloration in the abdominal region
and the epidermal separations, whether the abdomen is swollen, or whether
there is abdominal burst [9, 10, 12, 14].
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5.1f skeletal remains are brought, whether there are tissue remains on the
bones [9, 12].

5.2.3 How do we estimate the time of death after the postmortem examination?
5.2.3.11f the corpse is still warm?

In cases where the cooling of the dead is not felt yet, and if possible determined
that the dead cooling of the corpse has not progressed by rectal measurements, it is
important whether livor mortis and rigor mortis have occurred [9, 12, 14].

A still warm corpse without dead stiffness and livor mortis is usually encountered
in hospital deaths where the moment of death is known; however, in this case, it
would be a more appropriate behavior to check the time of death from the medical
records.

If we encounter such a corpse at the crime scene where it is found dead, then it can
be said that what we have done is a subjective and empirical estimation and that the
death occurred within a maximum of 3 hours backward from the time of the post-
mortem examination [9, 12-14].

Similarly, in a warm corpse, dead stiffness is not yet observable in large joints, and
in cases where livor mortis have just begun to be observed, it can be noted that death
can be estimated to have occurred at least 3 hours and at most 6 hours before the time
of the postmortem examination, and this given time frame is based on subjective
estimations [12-14].

5.2.3.2 If the rigor mortis can be seen throughout the body?

In a corpse where the rigor mortis is visible throughout the body;, it is important
whether the livor mortis are fixed or not [12-14]. When some pressure is applied to
the postmortem lividity, if there is a fading in the area where the pressure is applied
or a change of place of the postmortem lividity is observed by changing the position
of the corpse, it can be said that the death took place at least 6 hours before the time
of the postmortem examination, and the livor mortis become fixed in 24-36 hours in
cold environments according to the ambient temperature [9, 12-14].

It should be noted that if there is a corpse with dead stiffness and fixed livor
mortis, it can be estimated that the death occurred at least 12 hours before the post-
mortem examination, and this estimation is not certain [9, 12-14].

5.2.3.3 If there are signs of decomposition?

In a corpse where the solidity of the dead has been dissolved, signs of decay
become important. The signs of decay are usually noticed by the greenish discolor-
ation of the lower abdomen and the dissolution of the rigor mortis [9, 10, 14].

Considering that the onset of decomposition in average conditions (at tempera-
tures between 15 and 20 degrees) is 36-48 hours, in a corpse encountered in cold
winter conditions and in which the signs of decay are new, death is roughly within a
period of at least 48 hours before the postmortem examination [12, 14, 16]. It should
be noted that in summer conditions, it can be said that a maximum of 48 hours have
passed from when the postmortem examination was performed, and in hot climates
and if the corpse has an underlying disease such as sepsis, the signs of decay may
begin within 6-12 hours after death [9, 12, 14, 16].
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In average conditions, within the first week of death, epidermal separations,
together with the swelling of the abdomen and the marbling phenomenon are
observed [9, 10, 14]. Although it is noted that swelling in the abdomen can be seen
within 24 hours in very hot conditions, it would not be wrong to say that the death
occurred within a period of at most 1 week backward from the time of the post-
mortem examination in a case where the abdomen is swollen and tense and there
are widespread epidermal separations throughout the body [9, 12, 14, 16]. If such a
corpse is evaluated at ambient temperatures below 15 degrees, it can be said that at
least 1 week has passed since its death [9, 12, 14, 16].

At this point, the expressions “minimum” and “maximum” that we will use while
specifying the time period also vary according to the air temperatures and ambient
temperatures [9, 12, 14, 16]. For example, it can be said that the death of a corpse with
widespread epidermal separations, which we see in 15-20 degrees and hotter condi-
tions; dead stiffness resolved, and extremely tense and swollen abdominal region has
occurred within a maximum of 1 week. It can be said that at least 1 week has passed
from the time of the death.

It should be noted that when we encounter a corpse with widespread signs of
decomposition in the abdomen, at most 1 month has passed since death at tempera-
tures of 15-20 degrees and above, and at least 1 month ago at temperatures below 15
degrees; our estimation is an average estimate [9, 12, 14, 16].

5.2.3.4 Estimation by found bones

In this regard, it may be preferable to perform laboratory tests, if possible, rather
than external examination [9]. If we are still asked to make an estimation, an estima-
tion can be made based on the condition of the bone remains. Considering that the
skeletonization is completed in 3-5 years on average, the presence of tissue remains
suggests that death may have occurred in a time period of at most 3 years, and the
completion of the skeletonization without any tissue residues on the bone tissues
suggests that at least 3 years have passed since death [9, 12].

5.2.3.5 Estimation by insect activity

The presence of insect eggs in areas such as the nasal and oral cavities does not
constitute a very important parameter in determining the time of death, because
these eggs can also be seen especially on immobile and debilitated individuals [9, 21].

Time of death can be determined according to the developmental level of insects
[9, 21]. This can be achieved by entomological examination of the samples taken
during postmortem examination.
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Chapter 7

Histopathological Changes
in Liver in Autopsies

Shivani Gandhi, Reetika Menia, Ishani Gupta
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Abstract

Histopathological examination is one of the important ancillary investigations to be
done in medicolegal autopsies, particularly in sudden and natural deaths. Some of the
liver diseases are silent that can contribute to fatal events in the later stages. Liver is
one of the common viscera received in the pathology laboratory for histopathological
examination. The findings in the liver vary from nonspecific to specific, which may or
may not contribute to the cause of death. The important prerequisite for the histo-
pathological examination is preservation. A well-preserved specimen gives detailed
morphological details when compared to the poorly preserved specimen.

Keywords: liver, histopathology, post-mortem, examination, hepatic

1. Introduction

The liver is vulnerable to a number of injuries, which may be metabolic, microbial,
toxic, or traumatic. Although liver is known for its vast regenerative capacity, many
serious injuries cause permanent damage, which is beyond its regenerative ability.
Most hepatic injuries can be diagnosed on histopathology using liver biopsy but many
fatal conditions remain undiagnosed and are studied at autopsy. Hepatic injuries may
be acute or chronic. The disease condition lasting more than six months is labeled as
chronic [1]. Thus, liver autopsy serves as an eminent tool in helping pathologists reach
a definitive diagnosis and forensic experts to specify the cause of death and to plan
medical intervention [2]. Gross and microscopic examination of the autopsy specimen
of liver gives clues about the underlying diseased conditions. Abnormal liver biopsies
on histopathology often reveal—liver cirrhosis, infarcts, fatty change, glycogen storage
disease, tuberculosis, acute poisoning, hemosiderosis, hyperemia, amyloidosis, abscess,
syphilis, actinomycosis, hydatid cyst, and malignancy [3]. Alcohol abuse is one of the
major causes of pathological liver diseases such as fatty liver, alcoholic cirrhosis, and
hepatitis. These disease conditions may all be seen concomitantly in one patient [4].

Abnormal findings in liver autopsy can be fatty change, hepar lobatum, glycogen
storage disease, acute phosphorus poisoning, hemosiderosis, syphilis, actinomycosis,
infarcts, cloudy swelling, tuberculosis, acute passive hyperemia, chronic passive
hyperemia, amyloidosis, abscess, hydatid cyst, malignancy, cirrhosis, and acute
yellow atrophy [3].
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Autopsy is usually performed in cases of road trauma accidents, railway accidents,
burns, drowning, poisoning, tuberculosis, etc. A careful autopsy examination both
gross and microscopic is required to study in depth the disease etiology and the site of
origin to differentiate between primary and secondary liver diseases and to reach a
definitive diagnosis. After conducting the gross study, the sections taken for micros-
copy are stained with hematoxylin and eosin (H&E), evaluated and then, appropriate
special stains are applied, as the need may arise.

The morphological findings of the liver or part of a liver received after the post-
mortem in the Department of Pathology are discussed in detail as under:

2. Hepatic cirrhosis

Hepatic cirrhosis is diagnosed on histopathology. The histopathological findings
include the loss of normal architecture with loss of normal central-portal relationships
[5]. The specimen examined must be large with several intact portal and central areas.
Grossly and microscopically, it is characterized by the formation of nodules, as
depicted in Figures 1-3.

There are three main forms of hepatic cirrhosis according to the pathomor-
phological classification which classifies cirrhosis based on the diameter of the con-
nective tissue nodes:

a. Micronodular form of hepatic cirrhosis (MNHC), where the diameter of connective
tissue nodes is less than 3 millimeters (nodule size in the range of 1-3 mm);

b. Coarse nodular form of hepatic cirrhosis (CNHC) where the diameter of
nodules is more than 3 mm; and

Figure 1.

Mixed nodular cirrhosis of liver at autopsy. Cut section of the liver shows nodular appearance, size of each nodule
varying from 1 mm to 10 mm. The normal architecture of the liver parenchyma has been distorted by these
nodular formations.
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Figure 2.
Micropictograph of a section of a liver depicting the cirrhosis characterized by loss of architecture and presence of
regenerating nodules separated by bands of fibrosis (hematoxylin and eosin (HSPE), 40 x).

Figure 3.
The reticulin stain for veticular fibers depicting the connective tissue septa surrounding the regenerating nodules and
the general increase in connective tissue fibers (fibrosis) (hematoxylin and eosin (H&E), 40%).

c. Mixed hepatic cirrhosis (MHC), which involves both small and large nodules in
the liver parenchyma [3].

Morphological changes taking into consideration the severity of destructive and
dystrophic changes in structure are used to classify the stage of liver failure. As per
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this concept, all deaths by hepatic cirrhosis can be divided into three groups, each of
which corresponded to a certain stage of liver failure as follows:

i. Compensated stage of liver failure (CSLF) with initial morphological changes,
where changes are seen only in the hepatoportal sections of the hepatic acini.

ii. Decompensated stage of liver failure (DSLF) or a stage of pronounced
changes, when destructive and dystrophic changes are detected throughout
both the hepatoportal sections and hepatic tubules of the hepatic acini.

iii. The end-stage of liver failure (ESLF), when during histological examination
changes are seen in all three sections of the hepatic acini: hepatoportal,
tubular, and the central vein area.

3. Hepatitis

It can be acute or chronic. In acute hepatitis, there may be focal/multifocal necrosis
that does not follow a zonal pattern but involves random, individual clusters of
hepatocytes. Acute hepatitis also includes ballooning degeneration of hepatocytes,
lobular and sinusoidal inflammation, Kupffer cell hyperplasia, increased apoptotic
bodies, and cholestasis. If this process lasts longer than six months, it is deemed
chronic and often presents progressive fibrosis [6].

3.1 Chronic hepatitis

It is defined as a liver disease with persistent necro-inflammatory activity lasting
more than six months. The most common causes of chronic hepatitis are viral, auto-
immune, and drug-induced.

3.1.1 Gross findings

Liver may appear grossly normal in the early stages of chronic hepatitis. In later
stages, the hepatic parenchyma is firm because of increased fibrosis. Cirrhosis due to
viral hepatitis is generally macronodular.

3.1.2 Microscopic findings

In chronic hepatitis, there is focal necrosis of hepatocytes at the limiting plate
between the portal tract connective tissue and the beginning of hepatic parenchyma
with an associated lymphocytic infiltrate—called piecemeal necrosis or interface hep-
atitis, necrosis and fibrosis are seen in later stages.

In most cases of chronic hepatitis, there is portal inflammation characterized by
the presence of a prominent inflammatory infiltrate consisting of lymphocytes with a
variable number of plasma cells involving the portal tracts. Scattered macrophages,
neutrophils, and eosinophils are typically a minor component of the infiltrate. Lym-
phoid follicles and germinal centers may be seen. Bile duct reaction may be seen at the
periphery of the portal tract. Interface hepatitis, also known as piecemeal necrosis or
periportal necrosis, is an important feature of chronic hepatitis. The lymphocytes and
plasma cells of the inflammatory periportal infiltrate are closely associated with
degenerating hepatocytes at the limiting plate. Hepatocytes, in areas of piecemeal
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necrosis, often undergo ballooning degeneration and appear pale and swollen with
clumping of cytoplasm. Apoptotic bodies may also be seen in areas of active interface
hepatitis. The periportal parenchyma is gradually destroyed and replaced by fibrosis.
Hepatocyte necrosis in chronic hepatitis is variable in severity but usually spotty.
Apoptotic hepatocytes (acidophil bodies) are scattered throughout the lobule. Mono-
nuclear inflammatory cells cluster around injured hepatocytes and may obscure focal
hepatocyte necrosis. Kupffer cells in these areas of spotty hepatocyte necrosis may
contain phagocytosed cellular debris. Ballooning degeneration may be seen in the
exacerbation of chronic viral hepatitis and may be associated with zone 3 cholestasis.
Regeneration of hepatocytes is recognizable by the formation of liver cell plates that
are two cells thick and by the formation of regenerating rosettes.

3.1.3 Fibrosis

Progressive fibrosis at the limiting plate as the result of continued necro-inflammatory
activity leads to stellate enlargement of the portal tract. Portal-portal fibrous septa are the
result of the linkage of adjacent fibrotic portal tracts. Portal central fibrous bridging can
also develop generally from superimposed episodes of severe lobular necro-inflammatory
activity involving zone 3. The end result of bridging fibrosis is cirrhosis, which is usually
macronodular or mixed micro- and macronodular. Other hepatocyte changes seen in
chronic hepatitis include steatosis, iron deposition, and oncocyte change. The scoring
system based on the inflammation and lobular activity is used for grading chronic hepa-
titis, whereas staging depends upon the fibrosis as depicted in Table 1.

Grade

A. Portal inflammation and interface hepatitis

0 Absent or minimal

1 Portal inflammation only

2 Mild or localized interface hepatitis

3 Moderate or more extensive interface hepatitis
4 Severe and widespread interface hepatitis

B. Lobular activity

0 None
1 Inflammatory cells but no hepatocellular damage
2 Focal necrosis or apoptosis
3 Severe hepatocellular damage
4 Damage includes bridging confluent necrosis
Stage
0 No fibrosis
1 Fibrosis confined to portal tracts
2 Periportal or portal-portal septa but intact vascular relationships
3 Fibrosis with distorted structure but no obvious cirrhosis
4 Probable or definite cirrhosis
Table 1.

A simple scoring system for chronic hepatitis.
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4. Chronic venous congestion

The hepatic manifestations due to circulatory compromise lead to venous
congestion. Chronic venous congestion and centrilobular necrosis are commonly
seen at autopsy because there is an element of preterminal circulatory failure with
virtually every death [7]. Right-sided cardiac decompensation leads to passive con-
gestion of the liver. The liver is slightly enlarged, tense, and cyanotic with round
edges. The liver takes on a variegated mottled appearance, known traditionally as
the ‘Nutmeg’ Liver. Microscopically, there is congestion of centrilobular sinusoids
(Figure 4) [8]. Left-sided cardiac failure or shock may lead to hepatic
hypoperfusion and hypoxia. The hepatocytes in the central region of the lobule
undergo ischemic necrosis and centrilobular necrosis is visible microscopically as a
slight depression of necrotic lobular centers. By microscopy, there is a sharp demar-
cation of viable hepatocytes in the periportal region versus necrotic hepatocytes in the
centrilobular region of the parenchyma. Congestion alone, no matter how severe or
prolonged, seems to do little if any damage to the liver. Centrilobular necrosis or
ischemic hepatitis appears to result from hepatic hypoperfusion and mimics viral
hepatitis [7].

5. Granulomatous lesions of liver

Granulomatous lesions of liver are seen in 2-10% liver biopsies [9]. These are seen
in various systemic conditions or may be noticed as incidental findings in an otherwise
normal liver biopsy. The structural liver damage is rarely caused by the granulomas
themselves, but their detection can be the first indication of an underlying systemic
disease.

Figure 4.

Light micrograph of a section through the liver with chronic venous congestion depicting red blood cells (RBCs) are
phagocytosed by macrophages, which are called siderophages (depicted with arrows in A) and central vein and
sinusoids are distended with RBCs along with the presence of fatty change (depicted with star in B).
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5.1 Causes of hepatic granuloma
Granulomatous lesions of liver are associated with various disorders (Table 2). In

the West, most common causes are sarcoidosis, drug-induced, tuberculosis, neoplastic
disease, and primary biliary cholangitis [10].

5.2 Histopathology

Granulomas are well-circumscribed lesions that are formed as a result of an
inflammatory reaction. They have a central core of macrophages, with a surrounding

Causes of granulomatous lesions in liver

Autoimmune diseases Sarcoidosis
Primary biliary cirrhosis

Infections Bacterial Tuberculosis
Brucellosis
Secondary syphilis
Listeriosis
Mycobacterium avium complex
Lepromatous leprosy
Cat scratch fever
Leishmaniasis

Viral Cytomegalovirus
Hepatitis A, B, and C
Epstein-Barr virus

Fungal Histoplasmosis
Cryptococcus
Candidiasis
Nocardiosis
Coccidioidomycosis

Parasitic Schistosomiasis
Toxoplasmosis

Vasculitides Polyarteritis nodosa
Churg-Strauss syndrome
Granulomatosis with polyangiitis

Drugs Nitrofurantoin
Allopurinol
Phenytoin
Malignancy Hodgkin’s lymphoma and non-Hodgkin’s lymphoma

Renal cell carcinoma
Hepatic metastases

Inherited Chronic granulomatous diseases
Ingestion of foreign body Mineral oil, talc, or starch
Metal toxicity Copper toxicity
Berylliosis
Chronic gastrointestinal disease Crohn’s disease
Idiopathic
Table 2.

Causes of granulomatous lesions in liver.
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Figure 5.
Photomicrograph of liver biopsy from a patient at autopsy showing epithelioid cell (A) and giant cell granulomas
(B) (hematoxylin and eosin (HEPE), 40 x).

Histological variants of hepatic granulomas

S.no. Variant Histological feature Causes

1. Noncaseating ~ They do not have necrosis Sarcoidosis

2. Caseating They have central core of caseous Tuberculosis
necrosis Granulomatosis with polyangitis

3. Fibrin-ring The epithelioid cells surround a Hodgkin’s lymphoma, Leishmaniasis, Q
vacuole within an encircling fibrin fever, giant cell arteritis, allopurinol
ring

4. Lipogranulomas These granulomas contain a central ~ Ingestion of mineral oil, hepatic
lipid vacuole steatosis

Table 3.

The different histological variants of hepatic granulomas.

rim that consists of lymphocytes, plasma cells, giant cells, and fibroblasts, as depicted
in Figure 5. There are four main histological types of hepatic granulomas, which are
described in Table 3.
The granulomas are mostly located in the hepatic parenchyma but in certain
conditions like primary biliary cholangitis, they are located in the portal tracts.
Special stains like acid-fast and fungal staining can be used for visualization of the
concerned microorganisms in the liver biopsy, which can aid in reaching the diagnosis.

6. Liver abscess

Liver abscess is a pus-filled cavity in the liver which can develop due to any injury to
the liver or any intra-abdominal infection which is disseminated through the portal
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circulation [11]. They can be categorized into pyogenic or amoebic, although a few of
them can also be caused by parasites and fungi. Entamoeba histolytica is the main
offending agent observed in amoebic liver abscess. Pyogenic abscess is most commonly
caused by Escherichia coli (E.coli), Klebsiella, Streptococcus, Staphylococcus, and anaerobes.

Around 40-50 million people are annually infected with amoebic abscesses and the
majority of infections occur in developing countries [12, 13]. The prevalence of infec-
tion in endemic areas is higher than 10% and in certain areas, it is reported to be as
high as 55%. Amoebic liver abscesses are the most common extraintestinal manifesta-
tion of Entamoeba histolytica infection. The incidence of Pyogenic liver abscess in the
USA is 2.3 per 1,00,000 [14]. Streptococcus milleri is the most common pathogen
followed by Klebsiella pneumoniae found in Pyogenic liver abscess.

The abscess is formed mostly due to leakage from the bowel in the abdomen,
which travels through the portal vein to the liver. Biliary tract infection, which has
direct contact with liver, can also cause abscess.

The classification of liver abscesses can be done by various methods: One of the
methods is by its location in the liver. Liver abscess is seen more commonly in the
right lobe of the liver because of its blood supply as compared to the left liver lobe or
caudate lobe. Another method is the cause of liver abscess. If it is infectious, then most
of them can be classified into bacterial (amoebic) and parasitic (hydatiform cyst).

6.1 Pathogenesis

Pyogenic abscess is defined as a collection of pus which consists of many inflam-
matory cells, mainly neutrophils and tissue debris [15]. Necrosis is also associated with
the infection. In amoebic liver abscess, hepatocyte cell death occurs either by apoptosis
or by necrosis [16]. The inflammatory cells are absent due to the lysis of neutrophils by
the protozoan, thus forming the nonpurulent ‘anchovy paste’ abscess [17]. Expansion
of the abscess with cell death continues until the treatment of the patient starts.

7. Steatohepatitis

Nonalcoholic fatty liver disease (NAFLD) is one of the most common liver diseases
in developed countries. It is defined as the accumulation of fat within liver cells in
individuals who do not have a history of alcohol ingestion [18]. Nonalcoholic fatty
liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH) are diagnosed on the
basis of histological findings of either fat alone, fat along with inflammation, fat with
ballooning degeneration, or fat along with fibrosis and cirrhosis [19]. The prevalence
and clinical outcome of these vary according to the histological category [20].

Nonalcoholic fatty liver disease (NAFLD) is commonly noted in obese individuals.
Around 74-90% of liver biopsies of such individuals show fatty change [21]. Ludwig
et al. coined the term NASH [22]. It is less aggressive as compared to alcoholic
hepatitis but can progress through necro-inflammatory change and early fibrosis to
cirrhosis [23].

8. Fatty liver

One of the common findings seen in the liver both in the autopsy and clinical
settings is fatty liver or steatosis. It is frequently associated with alcohol abuse and also
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seen in nonalcoholic fatty liver disease (NAFLD), resulting in end-stage hepatic fail-
ure. Abnormal retention of fat vacuoles or triglycerides in hepatocytes leads to fatty
change, which in turn constitutes liver disease. Nonalcoholic fatty liver disease
(NAFLD) is characterized by excessive fat accumulation in hepatic parenchyma

(= 5%) in the absence of excessive alcohol intake (< 20 g/day). As per the

World Health Organization (WHO), mortality related to alcohol consumption is
3.8% globally and the prevalence of nonalcoholic steatohepatitis in India ranges

from 5 to 28% [24]. It is one of the frequent findings at autopsy, seen in all age
groups [25]. The main etiological factors that constitute chronic liver disease
worldwide are chronic alcohol abuse followed by virus-induced hepatitis and NAFLD
[26]. The prevalence of fatty liver among the population depends upon the technique
being used for the diagnosis, which can range from imaging to biopsy, each having
different accuracy levels in different settings. It is considered a marker of other
disorders that can be one of the causes of death. The twelfth leading cause of death in
the USA is attributed to chronic liver diseases and cirrhosis, with NAFLD being
rapidly increasing in the USA as well as in other developed worlds within this
subcategory [27].

Steatosis is one of the most common findings seen microscopically and it can be
microvesicular or macrovesicular, the latter being more common. Macrovesicular
steatosis is characterized by the presence of a single fat vacuole in the hepatocyte
that displaces the nucleus toward the edge, whereas in microvesicular steatosis, there
are multiple small vacuoles in the cytoplasm with a centrally placed nucleus. The
histological findings in fatty liver include the presence of steatosis that can range
from mild to more severe forms along with lobular and/or portal inflammation,
hepatocyte ballooning, and fibrosis that may vary in distribution, as shown in
Figures 6 and 7.
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Figure 6.
Gross photograph of the liver tissue illustrates the yellowish color of the liver pavenchyma. The yellow color

indicates high fat content in this tissue.
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Figure 7.

Micropictograph of fatty change in hepatocytes with lipid vacuoles. In many cells, the nucleus is displaced to the
periphery of the cell and the entive cytoplasm is taken up by the giant lipid vacuole (shown with arrow).
(hematoxylin and eosin (HESE), 40x).

9. Structural abnormalities

Many chronic liver diseases may remain silent and may undergo undiagnosed
during their lifetime. These diseases may be found as incidental findings during
routine body checkup or investigations for other diseases or at autopsy. Liver
abnormalities can be structural, congenital, or vascular or abnormalities of the
bile duct [28].

The major congenital abnormalities of liver are listed in Table 4.

(A) Structural abnormalities of liver

S.no Abnormality

Features

a. Agenesis/absence of liver Autopsy finding in stillbirths

b. Agenesis of lobe of liver

c. Hypoplasia of right lobe Is a rare condition, can be seen associated with suprahepatic or
retrohepatic gallbladder

d. Situs inversus totalis or abdominalis  Characterized by abnormal position of the liver in left
hypochondrium

e. Riedel lobe Accessory hepatic lobe seen as a tongue-like projection from the
right lobe

f. Ectopic hepatic tissue Found in suspensory ligaments of the liver, lung, wall of the

gallbladder, splenic capsule, greater omentum, etc.

(B) Vascular anomalies that can involve portal vein or hepatic artery are:

a.

Preduodenal portal vein

Can result in duodenal obstruction, causing gastric outlet
obstruction in adults

b.

Aberrant hepatic arteries

Can be present in association with biliary atresia
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(B) Vascular anomalies that can involve portal vein or hepatic artery are:

S.No Abnormality

Features

C.

Presence of obstructing valves
within splenic vein or portal vein

Is a rare cause of portal hypertension in children

d. Duplication of portal vein

e. Atresia/hypoplasia of portal vein It may involve the entire length or part of a vessel

f. Congenital absence of portal vein Is a rare entity in children, with a few cases also having been
reported in adults

g. Portal cavernoma Also known as cavernous transformation of portal vein
characterized by the replacement of vein by trabeculated
venous lake that are spongy and extend to gastroduodenal
ligament

h. Congenital shunts Can be portohepatic, portocaval, or between left portal vein

and internal mammary veins

(C) Anomalies involving bile duct are listed

S.No Abnormality

Features

a.

Agenesis of the common bile duct

Is a rave entity

b. Agenesis of the common hepatic Obstructive jaundice is a common presenting complaint
duct
c. Anomalous insertion of the right  Is also a rave entity
hepatic duct
d. Anomalous (‘accessory’) bile ducts
e. Duplication of the bile ducts One duct may empty into the pylorus or both may drain into
the duodenum
f. Ciliated hepatic foregut cyst Is a rare entity, more common in men, involving the medial
segment of the left hepatic lobe.
Table 4.

The major congenital abnormalities of liver.

10. Nodules

Nodules in the liver can be found as an incidental finding at autopsy. These
nodules may vary in size and may occur singly or as multiple lesions. The nodular
lesions in liver may be benign or malignant. The differential diagnosis of benign
nodules includes hepatic hemangioma, hepatocellular adenoma, regenerative nodules,
hepatic cyst, focal nodular hyperplasia, liver abscess, compensatory hyperplasia, focal
fatty change, whereas the malignant lesions include hepatocellular carcinoma, dys-
plastic nodules, cholangiocarcinoma, liver metastasis, and rarely lymphoma.

11. Alcoholic liver disease and nonalcoholic fatty liver disease

Alcohol-associated liver disease (ALD) and nonalcoholic fatty liver disease
(NAFLD) are significant global health issues. These two conditions share similar
pathological characteristics, encompassing a spectrum from simple hepatic steatosis to
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steatohepatitis, liver cirrhosis, and hepatocellular carcinoma [29]. Alcohol-associated
liver disease (ALD) alone accounts for 5.1% of all worldwide disease and injury
burdens, often resulting in earlier mortality and disability compared to other chronic
liver injuries [30]. Nonalcoholic fatty liver disease (NAFLD) is diagnosed clinically
and is characterized by the presence of 5% or more hepatic steatosis, as determined by
liver imaging or biopsy, in the absence of secondary causes of hepatic fat accumula-
tion (such as alcohol, hepatitis C virus (HCV), Wilson’s disease, medications, etc.). It
is a metabolic disorder influenced by hormonal, nutritional, and genetic factors [31].
Gross features of ALD:

* Early stage: enlarged, soft, greasy, yellow liver

* Late stage: shrunken, mottled, red-brown liver with bile staining

* End-stage: cirrhosis

Histopathological findings:

e Steatosis (accumulation of fat)

* Zone 3 injury pattern

* Ballooning degeneration

* Lobular inflammatory infiltrates, particularly rich in neutrophils

* Mallory hyaline

* Perivenular fibrosis

* Pericellular fibrosis

* Bile ductular reaction [32]

The fatty degeneration of liver cells occurs to a greater degree in NAFLD than in
ALD. In contrast, inflammatory cell infiltration is more pronounced in ALD than in

NAFLD. Furthermore, venous or perivenular fibrosis, phlebosclerosis, and (less com-
monly) lymphocytic phlebitis are more common in ALD than in NAFLD [29].

12. Leukemic infiltrates

Hematopoietic tumors of the liver are infrequently encountered by practicing
pathologists due to the rarity of primary hepatic lesions and the fact that many cases
of leukemia and lymphoma involving the liver are not biopsied [33]. While hepatic
involvement in acute leukemia is typically mild and asymptomatic during diagnosis, a
post-mortem study revealed liver infiltration in over 95% of acute lymphoblastic
leukemia (ALL) cases and up to 75% of acute myeloid leukemia (AML) cases. Massive
infiltration of leukemic cells in the liver can manifest as fulminant hepatic failure [34].
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In almost all cases, myeloid tumors of the liver indicate hepatic involvement by
myeloid leukemias, although rare instances of hepatic myeloid sarcomas have been
reported. In the chronic phase, approximately 50% of chronic myeloid leukemia (CML)
patients show mild to moderate hepatomegaly at presentation, without liver function
abnormalities. However, during blastic crisis, sinusoidal infiltration of immature cells
may lead to liver enlargement and elevated serum alkaline phosphatase (ALP) levels.

Primary hepatic lymphoma is a rare form of liver malignancy. The most common
subtype is diffuse large B-cell lymphoma, a type of non-Hodgkin’s lymphoma that fre-
quently occurs outside of lymph nodes. Hepatic involvement with lymphoma cells and
hepatomegaly is more common in non-Hodgkin’s lymphoma (NHL) compared to
Hodgkin’s lymphoma (HL), with 16-43% of NHL cases showing liver involvement.
Extrahepatic obstruction is also more prevalent in NHL compared to HL. Liver infiltration
by malignant cells has been reported in 14% of HL patients. Hepatomegaly is found in 9%
of patients with stage I-II disease and in 45% of patients with stage III-I disease [34].

Another rare subtype is hepatosplenic T-cell lymphoma, which primarily affects
young adult males.

Patterns of hepatic involvement in important leukemic infiltrates include:

* Acute myeloid leukemia-Sinusoids, portal tracts, and even individual
hepatocytes. If the infiltrate forms a distinct mass that disrupts the hepatic
architecture, it is termed a myeloid sarcoma.

* Acute lymphoblastic leukemia-Portal tracts.

* Chronic myelogenous leukemia-Distension of hepatic sinusoids by neoplastic
cells, although variable-sized infiltrates in the portal tracts can also be present.

* Hepatosplenic T-cell lymphoma is characterized by sinusoidal infiltration by
uniform medium-sized lymphocytes [33].

13. Metastasis

The liver is a common site for cancer metastasis, accounting for approximately
25% of all cases. Metastatic carcinomas are more frequently encountered than primary
liver tumors. The presence of hepatic metastases increases the morbidity and mortal-
ity of patients with primary tumors in other sites, including the colon, breast, pan-
creas, lung, kidney, and stomach. The dual blood supply of the liver makes it
susceptible to metastasis from gastrointestinal cancers and allows for interventional
therapies. However, metastases are relatively uncommon in cirrhotic livers [35].

They typically appear as discrete and well-demarcated lesions, both grossly and
histologically, separate from the surrounding liver tissue often with a hyperemic rim
and can be single or multiple. In some cases, they may display infiltrative growth,
resembling intrahepatic cholangiocarcinoma or hepatocellular carcinoma (HCC). Dif-
fuse infiltrative patterns can also resemble primary liver tumors [32].

14. Carcinoma

Hepatocellular carcinoma (HCC) is the primary tumor that originates in the liver
and accounts for over 90% of all primary liver tumors. It is currently the fifth most
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common cancer worldwide. Among men, HCC is the second leading cause of cancer-
related deaths following lung cancer. The major risk factors for hepatocellular carci-
noma include viral hepatitis (hepatitis B and hepatitis C), alcoholic liver disease, and
nonalcoholic fatty liver disease (NAFLD) or steatohepatitis [36].

Gross pathology:

* Nodules that are soft, yellow-green, or reddish in color
* Variable sizes, ranging from small to large
* Different types, including solitary, multinodular, and diffuse

Histopathology:
Three classic patterns: trabecular, acinar, and solid

* Trabecular pattern: thick cords lined by flat endothelial cells, lacking Kupffer
cells

* Acinar pattern: central degeneration of solid trabeculae, leading to
pseudoglandular spaces containing colloid-like material or bile; may also involve
dilated canaliculi

* Solid pattern: resulting from compression artifacts or scarring; the least common
of the three patterns

The cytological features of HCC depend on the level of hepatocyte differentiation,
ranging from well differentiated to poorly differentiated.

15. Conclusion

The liver is a common site for various diseases, of which many are symptomatic,
whereas others may remain silent or asymptomatic and a few are found only at
autopsy. Having a vast reserve, many liver diseases remain silent most of the time.
Thus, the histopathological study of liver specimens at post-mortem examination is an
important learning modality for both pathologists and clinicians to study silent liver
diseases, to further improve the clinical and diagnostic approach toward diseases of
the liver.
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Abstract

Microscopic signs are not specific only to drowning, but to any other type of
suffocation, the background of which is mechanical obstruction. What about cases
where there are no soft tissues when he has a skeletal body? This pilot research aims
to examine for the first time the attendance of diatoms in teeth and bones, with
regard to the peripheral vascularization of bones and teeth, in the Bosnia River. The
thirty rats were divided into groups: Group A (n = 6; autopsy—1 hour after death;
cause of death-hanging); Group B (n = 6; autopsy—72 hours after death; cause
of death-hanging); Group C (n = 6; autopsy—immediately after drowning; cause
of death-drowning); Group D (n = 6; autopsy—24 hours after drowning; cause of
death-drowning) and Group E (n = 6; autopsy—72 hours after drowning; cause
of death-drowning). In Group D and Group E, diatoms were found in one rat per
group. By optimizing the “Diatom Test” in experimental settings, it could potentially
become a routine method in the future. This is just the initial research that leads us
toward optimizing testing and taking samples in cases of uncleared etiology, when
there are no preserved soft tissue structures for autopsy.

Keywords: post-mortem, suspicious death, drowning, forensic sciences, forensic
pathology
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1. Introduction

The primary function of the Agency, under prescribed jurisdiction and scope, is
conducted through forensic investigations and examinations in dedicated laboratories
staffed with personnel trained in specialized disciplines and equipped with advanced
technology, following prescribed standards for each field. According to the type of
examination, the Agency has established the following laboratories:

* Laboratory for examining computer systems

* Laboratory for graphological/graphoscopic examinations
* Laboratory for examining photo and video materials

* Laboratory for examining voice and audio recordings

* Laboratory for chemical-physical examinations

* Laboratory for chemical-toxicological examinations

* Laboratory for biological examinations and DNA analysis

* Laboratory for dactyloscopy examinations

Forensic medicine in Bosnia and Herzegovina has been utilizing conventional
and available laboratories for DNA and toxicological sample analysis. In the case of
unexplained deaths that are sudden, abrupt, or violent, it is within the competence
of the prosecutor’s office to issue orders for autopsy and expert examination by
an expert either singly or through designated institutes. Considering that diatom
analyses are not usually used during the autopsy of drowning victims and are
instead reliant on macroscopic assessments by forensic pathologists and micro-
scopic observations, these two methods are mostly insufficient to be established as
a definitive. Diatom test method, primarily, requires the development of technical
and human resources and a profound knowledge of the classification of silicate
algae (diatoms). Pathophysiological processes that occur during drowning have
been known for a long time [1]. A fluid medium with sediment and microscopic
organisms come through the initial parts of the respiratory and digestive tract
and passes through the windpipe into the lungs and then through the alveoli into
the circulation. The fluid with all its contents is transported to the organs by large
blood flow and settles in their capillaries [2]. Diatoms as unicellular organisms
remain present longer in the tissue material. Diatoms are present in freshwater
habitat types. These unicellular algae can be easily isolated from organs by acid
digestive extractions [3]. From then, until today, there are many conflicting
opinions regarding these algae [4]. However, it is also a fact that there is no specific
method for diagnosis that would help with the cause of death and the diagnosis of
drowning. All types of asphyxia that arose in the background due to mechanical
obstruction have nonspecific microscopic findings. Macroscopic signs of drowning
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on autopsy can be described as pulmonary edema and the presence of a deposit of
small microscopic particles that reach the deepest parts of the respiratory system
through the bronchial tree. What about situations where there are no soft tissues
when he has a skeletal body?

Then, we have a bone and a tooth to identify the DNA and to determine the
diatoms from them. Meanwhile, some researchers believe that the diatoms that can
be found in other tissues got there from the lungs and that they could not have come
through the digestive system [5]. Despite this, the diatom detection test is one of the
most commonly used tests to diagnose drowning. Diatoms are a large group of algae
that are present in stagnant waters as phytoplankton’s. There are more than 100,000
extant species, either floating freely, plankton forms, or attached to the substrate.
Diatoms are a unicellular group of organisms that are formed in almost all water bod-
ies. They occur in the water as plankton or on the bottom where they may be attached
to plants or rocks or sand particles. Diatoms are being used excessively as forensic
tools for the confirmation of death due to drowning or homicide. The valve-faced
diatom frustules are ornamented with pores, spines, hyline areas, and other morpho-
logical features. Diatoms are divided into two orders: (1) the central (now called the
areola) which tends to appear radially symmetrical and (2) the pennales which have
valve striae arranged about a line that tend to appear on both sides symetrically [6].

1.1 Forensic importance

Diatoms find varied applications in all the fields of science and technology as well
as in the field of forensic science. Diatomology is the study of diatoms, and forensic
diatomology is the application of diatomology in forensic science. Forensic diamo-
tology has a crucial role in resolving unclear cases of drowning. It is crucial both to
solve the source of fatal outcome and to find the place where the drowning occurred.
Whether the body was brought, moved, or drowned in the same water and found.
Finding diatoms in tissues can play a key role in determining drowning. The species
found must correlate and match the species analyzed in the water. The diatom extrac-
tion method was improved by acid digestion of the tissue. Way back in 1949, research-
ers discovered the presence of diatoms in the marrow of bones. When drowning,
water is inhaled, and in this way, it reaches the deeper parts of the respiratory system,
leading to the expansion of the lung alveoli. These algae pass the barrier between the
alveolar walls and small blood vessels and then reach the pulmonary venous blood
stream. This pulmonary venous blood, full of diatoms, reaches the left atrium, and
then the left heart chamber, where it spreads throughout the circulation, leading to
embolization of small blood vessels in numerous organs and tissues such as bone mar-
row. This supports the fact that fatal drowning was a factor contributing to death and
was antemortem. The main purpose of the diatom test is to differentiate death caused
by drowning, from submerging an already dead body in water to conceal the actual
causes of death. Diatoms are specific indicators in forensics that help medical person-
nel establish the actual cause of death, especially in cases where personnel are unsure
of the cause of death. These algae can be found in numerous organs and tissues, such
as lungs, stomach, bone marrow, and other large organs [6].

The morphological characteristics of diatoms remain well preserved even after
chemical digestion, which enables forensic scientists to recognize and classify them into
groups. Certain types of diatoms are a specific finding in certain types of stagnant water,
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which enables forensic experts to establish the place of death because suspects cannot
easily hide them or remove them from the body. Although a large number of species and
subspecies of diatoms are found in different aquatic diversities, this is not encountered
in most cases of drowning. Given the high sensitivity to changes in the environment

and living conditions, the number of diatoms can vary between different types of water
media [7]. If, due to mosquito bites, diatom species from tissue and water match, this
will be strong evidence and indicator that the person drowned in that particular place.
Limiting factors should be taken into account when analyzing the results of diatom tests,
and these test results should be analyzed together with other evidence and indicators in
order to determine the cause of death as accurately as possible [8].

1.2 Diatom test

Test with the use of diatoms is a forensic technique used to determine whether
a person has died by drowning [9]. In the diatom test, samples of water and tissue
from the lungs and other organs of the deceased are collected and examined under a
microscope to determine if diatoms are present.

However, it is important to keep in mind that the lack of diatoms in the tissue
samples does not necessarily rule out drowning [9, 10]. Overall, the diatom test is just
one tool in a forensic investigation and must be used in combination with other find-
ings and data to make a conclusive resolution of the cause of death.

One of the special significances of the diatom test is its possibility to provide
strong evidence of drowning when diatoms are found in the lungs but not in the sur-
rounding water.

Despite its usefulness, the diatom test has been criticized for its limitations. For
example, the test requires the collection of tissue samples, which may be difficult or
impossible in certain circumstances, such as when the body has been severely decom-
posed or lost at sea. Additionally, diatoms can be present in water sources that are not
related to drowning, leading to potential false positives [11].

In conclusion, the diatom test is a valuable forensic tool in deciding about the
cause of fatal outcomes in cases of drowning, but it should be used in combination
with other data and findings to make a definitive determination about the cause of
fatal outcomes.

1.2.1 The positive side of the diatom test

An advantage of the test with diatoms is that it can provide strong evidence that
a person has drowned by identifying the presence of diatoms in the lung tissue of
the deceased. Diatoms are specific to water and have unique shapes and sizes, which
means that they can be used to identify the source of water in which a person may
have drowned [12].

In cases where diatoms are found in the lung tissue but not in the sample of the
water medium where the body was found, there is strong evidence that the person
was alive at the time of submersion and inhaled water into their lungs. This can help
forensic investigators to determine the cause of death and provide important evidence
for legal proceedings.

The diatom test has also been used successfully in cases where other evidence is
lacking, such as when a body has been in water for an extended period or when there
are no witnesses to drowning [12].
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Overall, the positive side of the diatom test is that it provides a useful and scientifi-
cally valid method for determining if a person has drowned and can provide impor-
tant evidence in forensic investigations.

1.2.2 The negative side of the diatom test

The negative side of the diatom test is that there are certain limitations and the
possibility of error that may affect the accuracy of the results of this test.

One of the main limitations of the diatom test is that it can only provide evi-
dence of drowning if diatoms are present in the lung tissue. If the victim does not
inhale water into their lungs, the test will not provide any evidence of drowning.
Additionally, the absence of diatoms in the tissue does not necessarily rule out drown-
ing, as diatoms may not always be present or may not be preserved in the tissue due to
various factors such as the length of time the body was submerged or the temperature
of the water [13].

Another limitation of the diatom test is that it relies on the collection of tissue
samples from the body of the deceased, which may not always be possible due to vari-
ous factors such as the condition of the body or the location where it was found.

The diatom test can also be affected by potential sources of error, such as contami-
nation of the tissue samples or the water samples used for comparison. Diatoms may
also be present in bodies of water that are not related to drowning, leading to potential
false positives [14, 15].

2. Methods

An experimental randomized study was conducted using the Principles for Care
of Experimental Animals at the Faculty of Medicine, Veterinary Medicine and Natural
Sciences of the University of Sarajevo. After the approval of the Ethics Committee
of the Faculty of Medicine of the University of Sarajevo, Bosnia and Herzegovina
(number: 02-3-4-AK-6589/23), a total number of 30 adult Albino rats were included
in the study (body weight: 250-300 g). The drowning model developed according to
knowledge and practice was used. All conditions for the care and feeding of animals
ad libitum were met.

Using an experimental model of drowning, we tried for the first time in our
country to investigate the presence of diatoms in teeth and bones, immediately after
drowning and after 24 and 72 hours.

2.1 Experimental design

Thirty rats were divided into groups: Group A (n = 6; autopsy: 1 hour after death;
cause of death: hanging); Group B (n = 6; autopsy: 72 hours after death; cause of
death: hanging); Group C (n = 6; autopsy: immediately after drowning; cause of
death: drowning); Group D (n = 6; autopsy: 24 hours after drowning; cause of death:
drowning), and Group E (n = 6; autopsy: 72 hours after drowning; cause of death:
drowning) (Figure1).

In groups A and B, the cause of death was hanging; then, they were drowned in
a container containing river water and taken out 1 h and 72 h after immersion. A
complete examination (macroscopic, microscopic, and diatom test) was performed
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Figure 1.

Postmortem procedure for diatom isolation from tooth and bone samples (a: Rat after drowning; B: Tooth sample;
C: Lat. os femur (bone); D: Suspension diatoms; E: Microscopy of diatom suspension; F: Determination of
diatoms).

on each animal. Guidelines for diatom analysis were used throughout all phases of the
protocol, and they have been tested from the Bosna river. Teeth and bone femur were
examined samples.

2.2 Collection of phytobenthos: Study site

The “experimental crime scene” took place at the confluence of the Zeljeznica river
with the Bosna river from the coastal part (coordinates: 43°50'28”N and 18°17'10"E
at an altitude of 490 meters). During water sampling for physicochemical analysis
and benthic algae, it was observed that the sky was completely cloudy and there was
a light breeze. No precipitation was recorded. The water color at the time of sampling
was green. Basic physicochemical parameters of the water were measured using a
portable multimeter. The conductivity was 337.8 pS/cm, and water turbidity was 2.42
NTU. The pH was 7.35.

In the coastal area where the sampling was conducted, the dominant vegetation
consisted of floodplain forests of the Alnetea glutinosae class, where alder (Alnus
glutinosa) and willow (Salix alba) were dominant species (Figure 2).

After collection, the living algal material was transported to the Laboratory of the
Biology Department of the University of Sarajevo. Phytobenthos samples were fixed
with 4% formalin. For the laboratory approach, the method according to Hustedt [16]
was used. Potassium permanganate (KMnO4), sulfuric acid (H2SO4), and oxalic acid
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Figure 2.
Location of water and algae phytobenthos sampling.

(C2H204) were used for digestion. After the procedure, the cleaned diatom valves
were embedded in Canadian balsam. Microscopy was performed under a magnifica-
tion of 1000x (Best Scope 2020). The identification of diatoms is supported by the
following references (17, 18). The methodology of the study was focused on the sam-
pling and determination of benthic algae and monitoring the physicochemical factors
of the water. Light microscope observation was conducted using the Best Scope 2020
microscope.

2.2.1 Determination of physicochemical water factors

Physicochemical factors of the water were measured immediately before the
collection of benthic algae samples. Using a portable Orion Star A329 multimeter,
the electrical conductivity and pH value were measured, while water turbidity was
measured using a portable turbidimeter AQ3010.

3. Results

A total of 12 taxa were identified. Algae from the phyla Chlorophyta [2] and
Heterokontophyta (10 taxa) dominated. The species diversity was composed of the
following taxa: Nitzschia recta, Mougeotia sp., Meridion circulare, Pediastrum sp.,
Cymbella sp., Encyonema sp., Fragilaria vaucheriae, Synedra ul., Navicula sp., Surirella
sp., Achnanthidium minutissimum, and Gomphonema minutum.

Representatives of the zoobenthos were also observed in the sample: Gammarus cf.
bosniacus and larvae of aquatic insects (genus Baetis) (Figures 3-6).
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Figure 3.
Species diversity.

In Group D and Group E, diatoms were found in one rat per group, but in groups
A, B, and C, no diatoms were found. The diatom test is positive when considering the
tooth analysis (Figures 7-9).

Within all investigated groups, no diatoms were found. The diatom test is negative
when considering the bone analysis.
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Figure 4.
Valve view of Navicula cryptocephala (SEM microphotographs).

i

Figure 5.
Valve view of Cymbella cymbiformis (SEM microphotographs).

3.1 Comparative analysis of benthic algae in the sample and isolated parts of rats
(teeth and bones)

The water sample used for experimental purposes (rat drowning in laboratory
conditions) was analyzed under a light microscope (temporary and permanent
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Figure 6.
Valve view of Pinnularia borealis (SEM microphotograph,).

Group 1RAT 2 RAT 3 RAT 4 RAT 5 RAT 6 RAT TOTAL
(Teeth)
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Figure?7.

Results of the diatom analysis from the tooth (positive diatom test for groups D and E). NA: Diatoms are not

analyzed. -: Diatoms are not found in samples; +: Diatoms are found in samples.

slides), and the presence of several algal species was confirmed, with diatoms being
among the most dominant. Within the experimental group of rats in the tooth
(groups D and E), diatoms were confirmed, including Denticula kiitzingii, Cocconeis

placentula, and Gomphonema minutum.
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Figure 8.
Diatoms detected in the tooth (positive diatom test for groups D and E) (species detected: Denticula kiitzingii,
Cocconeis placentula, and Gomphonema minutum).

A negative diatom test was observed within the experimental group in the bone.
Diatoms were not found in any of the rats. It is important to note that the number of
diatoms found in the teeth within the experimental groups D and E was extremely
scarce, and the reason for this should be attributed to the quality and type of the
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Group 1 RAT 2 RAT 3 RAT 4 RAT 5 RAT 6 RAT TOTAL
(Bone)

A NA NA NA NA NA NA NA

B NA NA NA NA NA NA NA
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Figure 9.
Results of the diatom analysis from the bones (negative diatom test for all analyzed groups). NA: Diatoms are not
analyzed. -: Diatom is not found in samples.

collected water sample. The water sample for experimental purposes was collected
during the summer season and was free of mud, fine sand, detritus, and stone
pebbles. Unfortunately, the quantity of algae in the phytoplankton was not signifi-
cant, which is evident in the investigated samples (Figure 10).

4. Discussion

Whether drowning is the cause of death or the place where the body was found
is just the final stage of a person’s disappearance is still becoming a very interest-
ing and completely unanswered question in forensic medicine practice. However,
dead bodies in water sometimes do not have predictable marks of drowning, which
makes the diagnosis of drowning tremendously controversial. Since diatoms are
photoautotrophic organisms, they can enter the human body through the respiratory
tract during drowning and spread through the bloodstream to all organs in the body
[8-14]. Meanwhile, the presence of diatoms in the tissues can be considered a vital
reaction that indirectly proves that the deceased went through the drowning process
[15]. The ability of diatoms to adapt and reproduce results in large differences in the
distribution of diatoms in different biodiversities. Thanks to this knowledge, the
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Comparative overview of the presence of cyanobacteria and algae in the investigated
samples

Bone

Tooth I

Diversity of cyanobacteria and alge in sample site -

H% EmN

Figure 10.
Comparative representation of the presence of algae in the investigated samples.

potential determination of the place of drowning would have great forensic-medical
significance. At the moment, the most common method of morphological examina-
tion is based on digestion with strong acids [16].

There are also certain limitations, which as examining a larger sample, in different
parts of the year, and applying this methodology to the bodies that were pulled out of
the water at the site of the investigation and examining the appearance of diatoms in
the teeth. Despite all the applied methods in forensic death investigation, the use of
diatoms can provide valuable support, and it is essential to consider the limitations of
this method.

In river ecosystems, it is best to compare the composition of benthic algae, while
in lake ecosystems, both phytoplankton and benthic algae composition can be
considered.

In addition to soft tissues, for rapid screening, teeth or bones can be used. If the body
has been in the water for a short time, diatoms may not reach the bones, only soft tissues
and possibly teeth. Water and benthic algae sampling should follow the guidelines of the
Water Framework Directive (BAS EN 15708:2011). Tissue sampling for analysis should
also be optimized to minimize possible sample contamination [17-19].

Water and benthic algae, as well as phytoplankton, must be sampled by a
well-trained person. The same applies to tissue sampling, preferably in laboratory
conditions, using sterile equipment and adhering to safety measures for the sampler

(biohazard).
5. Conclusion

The mentioned method has proven to be highly successful in assessing the location
and time of drowning on a global scale, but it has not yet been widely adopted in local
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contexts. By optimizing the “diatom test” method in experimental settings, it could
potentially become a routine method in the future. This is just the initial research
that leads us toward optimizing tests in cases of unresolved etiology, when there are
no preserved soft tissue structures for autopsy, and teeth and bones become available
materials for diagnosing the cause of death with standardized nonspecific findings
when there are no organs for micro- and macroanalysis.
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Chapter 9

Determination of Injuries on the
Bone: A Nigerian Study

Lilian Ebele Chris-Ozoko and Efe Jennifer Jaiyeoba-Ojigho

Abstract

Background: Determining injuries in relation to death have been highly imperative
to forensic anthropologist since they provide clues on the norms, cultures and pattern
of death of an individual. Aim: The study aimed at determining injuries among
skeletal elements in the Anatomy Musuem of Delta State University, Abraka, Nigeria.
Methodology: The study was crosssectional and a total of 150 bones which included
the skulls, calvarium and pelvis were examined for the presence of ante, peri and
postmortem injuries. Other injuries such as blunt force, sharp force and ballistic
injuries were also studied. Chisquare test was used to evaluate an association between
the bones and the time of injuries. Statistical assessment was done using SPSS 21
Software Version. Significance was accepted at p < 0.05. Result: The study showed
that postmortem injuries was the most predominant (98%) among the bones. This
was followed by perimortem and antemortem injuries (11.3, 10%). The percentages
of blunt force, ballistic and sharp force were 98, 1.3 and 0.7% respectively. Further
findings showed that there was no association between the bones and the nature of
injuries that were observed (p = 0.837; 0.713). Conclusion: The study had shown that
there are so many hidden facts from skeletal remains which can be of vital importance
to forensic science.

Keywords: antermortem, perimortem, postmortem, injuries, Delta State, Nigeria

1. Introduction

Investigating bones for injuries have become a vital tool in forensic studies [1].
They can establish an individual’s identity when compared with past medical records
or ascertain the circumstances of death [1]. These injuries can be classified into ante-,
peri- and postmortem depending on the time of occurrence [2-4]. Injuries are termed
antemortem when they occur before death and are evidenced with partial or complete
healing, visible at the fracture edges of bones as compared to peri-mortem injuries that
show no signs of healing [1, 3, 5, 6]. Peri-mortem injuries occur at the time of death
and they are distinguished in bones by the presence of fractures that interpret the cause
death [1]. According to Elena [1], they are expressed by plastic deformation seen at
the site of injury. Peri-mortem injuries also present a soft preponderant texture and
regular outline as compared to postmortem injuries that are characterized with a rough
preponderant texture and outline [1, 7-9]. It has been documented that postmortem
bones have fracture patterns that are squared with sharp edges that are likely to cause
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enormous disintegration on dry bones [1, 7-9]. Post damages on bones classically reveal
right-angled fractured margins, while those of peri-damages show obtuse or acute frac-
ture angles [1, 7-9]. This have also been confirmed from computed tomographic scans
[10]. It has also been acknowledged that injuries can also be blunt force, sharp force,
ballistic and thermal [4]. This depends on the instruments that cause death at different
time frame [1]. The blunt force injuries have been described as the most frequent type
of injuries and they are associated with blunt objects or surfaces [1]. It must be frazzled
that forensic assessment of dead bodies for injuries have now become a regular task

for forensic pathologists, medical examiners and forensic anthropologists in various
countries. Currently, examination of injuries includes the evaluation of ante-, peri-,

or postmortem injuries, identification of injury patterns as well as possible association
with certain objects. They have been limiting information on assessing injuries from
remains of corpses in Nigeria, hence this study investigated them on dry bones in the
Anatomy Museum of Delta State University, Abraka, Delta State Nigeria.

2. Materials and methods

The study was crosssectional and a total of 150 bones which included the skulls,
calvarium and pelvis were investigated for the presence of ante-, peri- and postmor-
tem injuries. They were also examined for other injuries such as the blunt force, sharp
force and ballistic injuries. Data were represented in frequencies and percentages while
a Chisquare test showed an association between bones and the time of injuries. Ethical
approval for this work was obtained from the Department of Human Anatomy, Faculty
of Basic Medical Sciences, Delta State University, Abraka, Delta State.

3. Results and discussions

Table 1 showed that 78.7, 11 and 10% of the bones had post-, peri- and antemortem
injuries. Findings also showed that blunt force (98%), ballistic injuries (13%) and
sharp force damages were observed among the investigated bones (Table 2). Table 3
presented 45.3% calvariums, 10% pelvis, 44.7% skulls while Table 4 illustrated the
injuries that were present among these bones. It can be depicted from Table 4 that 8.8,
20, 9%; 10.3, 13.3, 11.9%; 80, 66.7, 79.1% of the calvarium, pelvis and skull bones had
ante-, peri- and postmortem injuries. Other injuries that were observed were blunt
force, ballistic and sharp force (Table 5). These injuries were specific to the bones
that were studied. According to Table 5, ballistic injuries was explicit on the skull and
calvaria bones (98.5, 1.5%) while sharp force was specific to the calvarium (1.5%).

Time of injury Frequency (%)

Antemortem 15 (10.0)

Perimortem 17 (11.3)

Postmortem 118 (78.7)

Total 150 (100.0)
Table 1.

Distribution of time of injury.
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Nature of injury Frequency (%)

Sharp force 1(0.7)

Blunt force 147 (98.0)

Ballistic force 2(1.3)

Total 150 (100.0)
Table 2.

Distribution of nature of injury.

Skeletal elements Frequency (%)

Calvarium 68 (45.3)

Pelvis 15 (10.0)

Skull 67 (44.7)

Total 150 (100.0)
Table 3.

Distribution of examined skeletal elements.

Skeletal elements Frequency (%)
Calvarium Antermorterm 6 8.8
Perimorterm 7 10.3
Postmorterm 55 80.9
Total 68 100.0
Pelvis Antermorterm 3 20.0
Perimorterm 2 13.3
Postmorterm 10 66.7
Total 15 100.0
Skull Antermorterm 6 9.0
Perimorterm 8 119
Postmorterm 53 791
Total 67 100.0
Total 200 (100.0)
Table 4.

Distribution of examined skeletal elements based on time of injury.

Blunt force injury was noted on the calvarium (97%), pelvis and skull (100%) each
respectively. Further findings showed that there was no association between injuries
and the skeletal elements invested (p = 0.837; 0.713) (Tables 6 and 7).

The study had shown that all bones that were studied had more postmortem dam-
ages. Features that were observed for this injury were desiccation and fragility. This
could be as a result of exposure of these bones to the environment. Several authors
are of the opinion that changes that occur to corpses after death are due to complex
results from physicochemical and environmental processes [1, 4]. They are affected by
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Skeletal elements Frequency (%)
Calvarium Ballistic force 1 15
Blunt force 66 971
Sharp force 1 15
Total 68 100.0
Pelvis Blunt force 15 100.0
Total 1 15
Skull Ballistic force 66 98.5
Blunt force 67 100.0
Total 1 15
Total 200 (100.0)
Tables.
Distribution of examined skeletal elements based on nature of injuries.
Skeletal Nature of injury Chi- Df P-value
elements Ballistic force Blunt force Sharp force square
Calvarium 1(0.7) 66 (44.0) 1(0.7) 1442 4 0.837
Pelvis — 15 (10.0) —
Skull 1(0.7) 66 (42.0) —
Total 2(1.3) 147 (98.0) 1(0.7)
Table 6.
Chi-square test of association between time of injury and natuve of injury.
Skeletal Time of injury Chi- Df P-value
elements Antemortem Perimortem Postmortem square
Calvarium 6 (4.0) 7(4.7) 55 (36.7)
Pelvis 3(2.0) 2(1.3) 10 (6.7) 2125 4 0.713
Skull 6 (4.0) 8(5.3) 53 (35.3)
Total 15 (10.0) 17 (11.3) 118 (78.7)
Table7.

Chi-square test of association between injury time and examined skeletal elements.

factors surrounded by the cadaver and the environment that they are kept [1, 4]. These
factors influence the onset, increases the pace of post-mortem changes or impede it.
The bones we observed having blunt force had an impact region, cranial and facial
fractures. These evidences were highlighted by Casali et al. in her study on blunt force
trauma carried out in Milan Italy [11]. According to these scholars, of the 307 victims
studied, 40 and 30% had cranial and facial fractures [11]. Blunt force injury which was
predominant from our study could be as a result of suicides, accidents, falls, described
as factors associated with it [1]. This injury has been defined as one caused by a low-
velocity contact resulting from a blunt surface or item [1]. According to Galloway [4],
they occur as a consequence of accidents, sticks, and falls, with a diversity of broken
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patterns reliant on both internal and extrinsic circumstances. Features of antemortem
injuries observed from this study were the presence of a poros, rounded and broken
edges. This was consistent with the findings of Byers, who stated that the first signal
of antemortem damage was the porosity around the fracture areas, indicative of

bone activity, reabsorption, and fracture healing [12]. According to some scholars,
the minor rounding or remodeling of the shattered edges, was the second trait of an
antemortem harm, signifying that the damage occurred at least 7 days prior to death
[2, 12-14]. Ballistic and sharp force injuries were also identified among the bones. The
existence of an entry wound was seen in most of the ballistic bones from our study.
This is the most prominent feature of a ballistic injury [15, 16]. The ballistic bones
from this investigation also had a circumferential and radially branching fracture. A
number of authors have associated ballistic injuries to the occurrence of projectiles,
fractures connected with high impacts, wrecked materials found in either bone or the
environment. In most instances, the presence of an entrance wound that is lesser than
an exit wound also characterizes a ballistic injury [15, 16]. Sharp force injuries from
our study were evidence with sharp lines around and within the bones suggestive of
incised wounds. Our findings were not different from those of Thompson and Inglis
who were of the opinion that this injury was marked by incisions that are gotten from
tools pointed or those with marks in form of slashes [17].

4, Conclusion

It has been established that several injuries discovered on bones can be of immense
value to forensic anthropologist in investigating crimes, nature of death of an indi-
vidual as well as tell a people way of life because of the instruments associated with
the death of an individual (Figures1and 2).

Figure 1.
A skull illustrating blunt force injury.
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Figure 2.
A calvarium illustrating sharp force injury.
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Chapter 10

Coronary Atherosclerosis:

A Neglected Cause of Sudden
Cardiac Death in the Young

Gaetano Thiene, Stefania Rizzo and Cristina Basso

Abstract

Sudden cardiac death (SCD) in the adult-elderly population is mostly arrhythmic
due to acute thrombotic coronary artery occlusion or chronic ischemic heart disease.
In the young atherosclerotic coronary artery disease (CAD) is thought to play a
negligible role. We reviewed our pathology experience (1980-2016) in 690 consecutive
SCDs in the young (<40 years old, sudden infant death excluded). We found that
CAD was the major cause of SCD (18%). It was observed in 125 subjects (mean age
32.3 £ 5.3 years, female 14), with a peak in 31-40 years old age interval. Site, extent,
and histologic type of CAD were peculiar: single plaque of the proximal left anterior
descending coronary artery, consisting of fibrocellular proliferation, with rare lipid
core. The culprit atherosclerotic segment showed critical stenosis in 66% of cases
and thrombotic occlusion in 34%, the latter as the consequence of plaque rupture in
47% and plaque erosion in 53%, which occurred even upon noncritical stenosis. An
overt histologically acute myocardial infarction was never seen. When SCD took place
during Holter monitory, transient myocardial ischemia was recorded, followed by
ventricular fibrillation at the time of reperfusion. Atherosclerotic CAD was found to
be the major cause of SCD also in the young, precipitated by acute coronary throm-
bosis in only a third of cases, more frequently upon endothelial erosion. Functional
plaque instability with vasospasm, superimposed to a critical coronary plaque with
ECG transient myocardial ischemia, was observed to precipitate SCD.

Keywords: atherosclerosis, coronary artery disease, epidemiology, prevention,
sudden death in the young

1. Introduction

Sudden cardiac death (SCD) is a fatal event, also occurring in the young. It may
be due to structural heart disease or may occur in normal hearts in the setting of
Channelopathies (“mors sine materia”) [1, 2]. While atherosclerotic coronary artery
disease (CAD) is the most frequent cause of SCD in the adult-elderly [3-8], in the
young it is considered a rare morbid entity, a belief that does not correspond to herein
reported pathological experience.

131 IntechOpen



Unlocking the Mysteries of Death — New Perspectives for Post-mortem Examination

2. Material and methods

In 1980 we implemented a prospective postmortem research project on sudden
death in the young (age interval 2-40 years), studying all cases occurring in the
Veneto Region, Italy. Most of the autopsies were carried out in peripheral hospitals.

Up to0 2016, we studied 690 consecutive SCDs. The formalin-fixed heart specimens
were forwarded to the Cardiovascular Pathology Unit of the University of Padua for
examination, according to a thorough protocol [1, 9]. Molecular autopsy in appar-
ently normal hearts was introduced in 2000 [10], and toxicology was performed when
indicated [11]. After inspecting coronary ostia and excluding coronary artery anomalies,
sections by the scalpel of the subepicardial coronary arteries were performed every
1-2 mm, and samples were formalin-fixed and paraffin-embedded for histology and
immunohistochemistry.

3. Results

Sudden cardiac death was ascribed to atherosclerotic CAD in 125 out of 690 (18%)
SCDs (mean age 32.3 + 5.3, female 14). A single atherosclerotic plaque was found
located in the proximal-middle tract of the left anterior descending coronary artery
(LDA) in the great majority (95%).

Figure 1 reports the various causes of SCD. Atherosclerotic CAD ranks first (18%),
followed by “normal heart” (17%), myocarditis (12%), arrhythmogenic cardiomyopa-
thy (10%), hypertrophic cardiomyopathy (9%) and mitral valve prolapse (8%).

Mechanical, other

CAD, other 1% Aortic Stenosis
2% postop CHD pEg 1%

Aortic rupture
3%

Unexplained
17%

Figure 1.

Causes of sudden cardiac death in 690 young subjects, Veneto region, Italy (1980—2016). Atherosclerotic coronary artery
disease (CAD) vanks first (18%). ARVC = Arrhythmogenic right ventricular cardiomyopathy; ath = atherosclerotic;
CAD = coronary artery disease; cong = congenital; DCM = dilated cardiomyopathy; HCM = hypertrophic
cardiomyopathy; MVP = mitral valve prolapse; postop CHD = postoperative congenital heart disease.
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Figure 2 reports the various causes of SCD in 75 athletes, all male: arrhythmogenic
cardiomyopathy ranks first (27%), atherosclerotic CAD second (24%), and coronary
artery anomalies third (17%).

The culprit plaque in SCD by atherosclerotic CAD was either eccentric or con-
centric. In subjects aged less than 30 years, the plaques rarely disclosed a necrotic
core (“atheroma”) and were mostly fibrous, with evidence of recent intimal prolif-
eration on the lumen side (Figure 3). Critical stenosis (>75%), without evidence of
fresh mural or occlusive thrombosis, was observed in 76 cases (61%). In two of the
latter cases, SCD occurred during Holter monitoring, with evidence of transient
ST-segment elevation, turning into ventricular fibrillation during reperfusion
(Figure 3) [12].

Thrombotic coronary artery occlusion was observed in 49 cases (39%). Plaque
with fibrous cap rupture (Figure 4) accounted for thrombosis in 23 cases (47%, all
>30 years old) and plaque erosion in 26 (53%) (Figure5). The latter occurred upon
noncritical plaque in 3 (Figure 6). Inflammatory infiltrates with endothelial disrup-
tion [13] accounted for erosion in three cases (Figure 7). Atherosclerotic plaques
never exhibited calcification.

As far as the myocardium, histological evidence of an acute myocardial infarction
was never observed, whereas fibrotic myocardial scars, in keeping with previous
infarcts [1], were seen in 27% of SCD by atherosclerotic CAD.

DC (Dilated Cardiomyopathy) AD (Aortic Dissection) _PE (Pulmonary Embaolism)
1% 1%

MVP (Mitral Valve Prolapse)

3% !
Myocarditis

4%
HC (Hypertrophic
Cardiomyopathy)

5%
AC (Arrhythmogenic

Cardiomyopathy)
27%

Figure 2.

Su%iden cardiac death in 75 athletes. Veneto region, Italy, 1980-2016. Athevosclerotic coronary artery disease ranks
second (24%). AC = Arrhythmogenic cardiomyopathy; AD = aortic dissection; CAD, ATH = coronary artery
disease, atherosclerosis; CCA = coronary arvtery anomalies; CS = conduction system abnormalities; DC = dilated
cardiomyopathy; HC = hypertrophic cardiomyopathy; MVP = mitral valve prolapse; NH = Normal heart;

PE = pulmonary embolism.
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Figure 3.

Vagsospmm as a cause of SCD in a young. (a) ECG with transient ischemia turning into ventricular fibrillation;
(b) selective covonary artery angiography: single eccentric obstructive plaque is located in the middle tract of the
anterior descending coronary artery; (c) the corresponding histology of the plaque: Fibro cellular type without
athevoma, with a recent intimal proliferation (Azan Mallory stain). From [12], modified.

Figure 4.
Example of thrombotic occlusion by fibrous cap rupture. (a) Gross view; (b) corresponding histology. Note the
disruption of the thin fibvous cap upon a large atheroma, including needles of cholesterol. Azan Mallory stain.
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Figure 5.

Endothelial erosion, complicated by thrombotic occlusion of the lumen, in an eccentric athevosclerotic plaque of
the anterior descending coronary artery, with critical stenosis. (a) Azan Mallory; (b) hematoxylin—eosin. Note
the subendothelial inflammatory infiltrate covering the plaque, free from atheroma.

Figure 6.
Erosion occlusive thrombus upon a noncritical atherosclerotic plaque, free from atheroma. (a) Hematoxylin—
eosin. (b) CD 38 immunostain.
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Figure7.
Occlusive coronary thrombus by erosion. (a) Inflammatory disruption of the endothelial lining at the plant base
of the thrombus; (b) intact endothelial lining of the opposite side. CD 38 immunostaining.

4. Discussion

Our prospective investigation on SD in the young revealed that in the Veneto
Region of Italy CAD is the major cause of SCD also in the young (2-40 years old).

CAD is a nightmare, confirming that atherosclerosis is an acquired “malignant”
disease with the risk of premature SCD in the young [14]. The results of our investiga-
tion resemble an “Italian” paradox because the high rate of CAD in SCD of the young
occurred in Italy, a country with a Mediterranean healthy diet.

Previous studies on the hearts of young people, who died of noncardiovascular
disease, revealed that coronary atherosclerosis may appear under the age of 20 [15].

The atherosclerotic plaques of young subjects under 30 years old did not exhibit
the classical characteristic of necrotic core and fibrous cap [9, 15]. They appeared
fibrous, with recent intimal smooth muscle cell proliferation. Whether this is another
type of arteriosclerosis or an early stage of plaque with atheroma remains elusive.

We had indeed the serendipity to study two cases who died suddenly during Holter
monitoring after transient ST segment elevation [12]. A single coronary obstructive
plaque was located at the proximal anterior descending coronary artery (called the
coronary artery of sudden death by German pathologists). The plaque appeared
either concentric or eccentric, without atheroma and fibrous cap. The ECG recorded
anterior ST-segment elevation in keeping with transmural myocardial ischemia,
which returned to normal in a few minutes, followed by the onset of ventricular
fibrillation. Most likely, the malignant life-threatening electrical instability occurred
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Figure 8.
A solitary plaque at the anterior descending coronary artery. (a) Panoramic view: Note the fibrocellular plaque.
Azan Mallory stain; (b) close-up of the recent intimal smooth muscle cell proliferation. Hematoxylin—eosin stain.

during reperfusion at the time of spontaneous reopening of the coronary lumen.
Unfortunately, the patients were alone, so resuscitation maneuvers could not be per-
formed. At the microscope, the atherosclerotic plaques showed a recent intimal pro-
liferation of smooth muscle cells (Figures 3 and 8). The tunica media appeared well
preserved with normal thickness all around the coronary segment. Immunostaining
demonstrated that intimal cell proliferation consisted of both synthetic and contrac-
tile smooth muscle cells, which most probably contributed to vasospasm [16]. There
was no evidence of plaque rupture with platelets or fibrin adhesion. Thus cell prolif-
eration was not consistent with plaque healing.

The origin of these subendocardial smooth muscle cells (Figure 8) is intriguing
[17-20]. Endothelial-to-mesenchymal transition has been postulated [21].

Our findings suggest that plaque instability in the young is caused not only by
plaque rupture or endothelial erosion with thrombosis but also by vasospasm of
the culprit segment by intimal smooth muscle cell proliferation with contractile
phenotype.

Coronary thrombosis in SCD of the young was mostly precipitated by endothelial
erosion, with evidence of inflammatory disruption of the endothelium [13]. The
cause of the latter is obscure. Moreover, thrombosis by erosion may occur even upon
a noncritical plaque. It makes it impossible to detect by the stress test, which in Italy is
mandatory for sports eligibility.

In conclusion, even in the young, atherosclerotic CAD is the main cause of SCD.
Plaque instability may be either structural by thrombosis, mostly due to inflamma-
tory erosion, or functional due to contractile intimal smooth muscle cell proliferation
upon the plaque, accounting for transient coronary occlusion and acute myocardial
ischemia, turning into ventricular fibrillation.

5. Limitation of the study
Data on risk factors, like smoking, cholesterol, hypertension, and familiarity, were
unavailable since, in this young population, SCD occurred as a first manifestation of

the disease in the absence of files from previous health visits.
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Chapter11

Forensic Science: Revealing
the Clues

Vaishali Abrol

Abstract

Forensic science is the discipline concerned with the systematic examination and
interpretation of evidence obtained from crime scenes, employing a range of scientific
methodologies. The field of forensic science comprises a range of specialised sub-
disciplines within the field of criminal investigation plays a distinct role in the complex
process of piecing together evidence, contributing to the creation of a cohesive nar-
rative. In the field of forensic medicine, the significance of forensic science is further
accentuated. The field of forensic science is of greatest importance in the context of
postmortem examinations, as these examinations are carried out with the primary
objective of determining the cause and manner of death in deceased individuals.
Autopsies, which are fundamental to the field of forensic medicine, are performed
in order to determine the physiological and pathological characteristics of a deceased
individual. Forensic pathologists, in conjunction with forensic scientists, engage
in thorough examinations utilising a variety of equipment, including microscopes,
advanced imaging techniques, digital histopathological techniques, leveraging their
substantial medical expertise. The collaboration between multiple disciplines ensures
a holistic comprehension of the deceased individual’s state, revealing key observations
regarding the factors that contributed to their death. The chapter will be describing the
significance of “Forensic Science” in the field of forensic medicine and its future scope.

Keywords: forensic science, forensic medicine, postmortem examination, pathology,
advanced imaging technologies

1. Introduction

As a multifaceted subject that exists at the intersection of science and criminal
justice, forensic science plays an important part in the process of investigating crimes
and bringing victims the justice they deserve. Forensic science is the application of
scientific principles and methods to the investigation of crime and the administration
of justice [1]. Forensic science comprises a broad spectrum of disciplines and use sci-
entific methodologies and procedures to analyse and interpret evidence in the context
of criminal investigations and judicial proceedings. The basic objective of forensic sci-
ence is to collect, examine, and evaluate tangible evidence in order to establish factual
information or offer expert testimony within the context of legal processes. Forensic
science encompasses a diverse array of scientific disciplines and plays a crucial role in
the resolution of criminal cases, examination of evidence recovered from autopsies,
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the identification of potential perpetrators, and the maintenance of a fair and just
legal system. The history of forensic science reflects the continuous development of
techniques and methods for solving crimes, identifying victims, and ensuring justice.
It has transformed from rudimentary practices into a highly specialised and multidis-
ciplinary field that plays an indispensable role in modern criminal investigations and
the legal system. During the Middle Ages in Europe, methods of trial by ordeal, such
as dunking or firewalking, were used to determine guilt or innocence. The concept

of “forensic medicine” began to emerge with the work of early medical practitioners,
who conducted post-mortem examinations to establish causes of death [2]. The field
of forensic science is of greatest importance in the context of postmortem examina-
tions, as these examinations are carried out with the primary objective of determining
the cause and manner of death in deceased individuals. Postmortem examinations,
commonly referred to as autopsies, play a pivotal role in resolving inquiries pertaining
to suspicious deaths, accidents, mysterious death, and various forensic investigations
by providing a wide range of tools and techniques that can be used to assist forensic
pathologists in their work [2]. Forensic pathologists are physicians with specialised
training in the investigation of death, and they perform postmortem examinations
on deceased people in order to ascertain the cause of death as well as the manner in
which they passed away [1]. In recent years, there have been significant improve-
ments and novel ideas in postmortem examination as a result of constant pursuit of
advancement and the incorporation of cutting-edge technologies and approaches.
Forensic Medicine is an application of medical knowledge for the purpose of law both
civil and criminal cases [3]. The inception of forensic medicine can be historically
situated in ancient civilizations. One instance of arsenic poisoning-induced homi-
cide was recorded by the Roman statesman Cicero as early as 44 B.C. Postmortem
examinations were a customary practice in ancient China, serving the purpose of
ascertaining the cause of death and dispensing justice. Prominent individuals such

as Sir Bernard Spilsbury and Rudolf Virchow (The father of modern pathology)
played an essential role in the development of forensic medicine and pathology [4].
Forensic medicine can be divided into a number of sub branches. Forensic pathology
deals with morbid anatomy, pathology of injury and different aspects of death with
their medicolegal significance. Forensic odontology where the ability of dentistry is
undertaken when the question of identification and interpretation of bite marks arise
[5]. Forensic dentists analyse dental records and the condition of teeth to establish the
identity of the deceased when other means of identification are not possible. Dental
examinations can also provide information about bite marks and dental injuries that
may be linked to the cause of death. A number of factors are found in the teeth that
are utilised for identification purposes. Forensic anthropology, studied of bodily
shape and skeletal formation in legal sense and also for the identification purposes
[5]. In cases where bodies are badly decomposed or skeletal remains are all that’s left,
forensic anthropologists use their expertise to identify the deceased, determine age,
sex, ancestry, and potential trauma or disease-related factors.

2. Relationship between forensic science and forensic medicine

Forensic science and forensic medicine are two closely related fields that share a
common objective to provide expert analysis and evidence that assists in legal investi-
gations and the administration of justice. Forensic scientists and forensic pathologists
often collaborate on cases. For example, when a deceased person is found at a crime
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scene, forensic scientists may collect physical evidence, such as hair, fibres, or bio-
logical samples. This evidence can then be handed over to forensic pathologists who,
during an autopsy, examine the body for injuries, signs of poison, or other medical
conditions. This collaboration can help establish a more comprehensive understand-
ing of the circumstances surrounding a death or a crime.

3. Role of forensic science in post-mortem examinations

Forensic science plays an important part in post-mortem investigations which are
conducted on deceased individuals to determine the cause and manner of death by
providing a variety of modern tools, techniques, and expertise essential to systemati-
cally gather, analyse, and examine various types of evidence [6]. Often, a prevalent
inquiry arises: “What is the importance of investigating the death of an individual
who is beyond assistance?” [3]. Although the deceased cannot directly profit from
such a study, its importance exists in its potential to help the living and future gen-
erations [7]. It is crucial to establish the cause of death in forensic aspect that highly
values the sanctity of life. During circumstances of unexpected fatal accidents, the
forensic pathologist assumes a crucial position in determining the cause of death. The
cooperation among forensic scientists, forensic pathologists, and medical examiners
is essential in conducting these examinations, ensuring thorough examination of each
case and helps in revealing the facts.

3.1 Cause of death determination

In forensic postmortem examinations, the determination of the cause of death is a
critical aspect. Forensic pathologists, who are medical doctors specialised in examin-
ing deceased individuals, thoroughly investigate the body to identify the underlying
condition or circumstances that led to the person’s death [1]. The cause of death can
fall into several broad categories, and it’s essential to establish it accurately for legal
and investigative purposes. Following below are common causes of death identified

during forensic postmortem examinations:

1. Natural causes: These are deaths that result from diseases or medical conditions.
Common natural causes include:

a.Cardiovascular diseases (e.g., heart attacks, strokes)
b.Respiratory diseases (e.g., pneumonia)

c.Infectious diseases (e.g., sepsis)

d.Neurological conditions (e.g., epilepsy, brain tumours)
e. Metabolic disorders (e.g., diabetes)

2. Trauma and injuries: Deaths due to external physical forces or injuries are catego-
rised as traumatic deaths [6]. Examples include:

a.Blunt force trauma (e.g., from falls or assaults)
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b.Sharp force trauma (e.g., stabbings, gunshot wounds)
c. Asphyxia (e.g., strangulation or suffocation)

d.Burns or electrocution

e. Motor vehicle accidents

3. Toxicological causes: These involve deaths resulting from exposure to toxic sub-
stances, drugs, or chemicals:

a.Poisonings (e.g., overdose of drugs, exposure to toxic chemicals)
b.Drug-related deaths (e.g., opioids, stimulants)
c. Alcohol intoxication

4. Asphyxiation: Deaths related to a lack of oxygen can be due to various circum-
stances:

a.Drowning
b.Strangulation
c.Inhalation of noxious gases
d.Choking on foreign objects
5. Environmental causes: These include deaths related to environmental factors:
a.Hypothermia or hyperthermia
b.Lightning strikes
c. Exposure to extreme weather conditions

6. Infectious diseases: In some cases, infectious diseases can lead to death, especially
if they are not properly diagnosed and treated.

3.2 Manner of death

Forensic science helps establish the manner of death, which falls into five
main categories: natural, accidental, suicide, homicide, or undetermined [8]. The
examination involves the analysis of medical and physical evidence, as well as the
consideration of circumstantial factors to determine the most likely manner of

death.

a.Natural: A death is classified as “natural” when it results from a disease or medi-
cal condition, typically of a non-violent or non-traumatic nature [6, 7].
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b. Accidental: Accidental deaths occur when a person dies as a result of an unin-
tentional or unexpected event [8]. Examples of accidental deaths include motor
vehicle accidents, falls, drug overdoses, electrocutions, and accidental drownings.
These deaths are typically not the result of deliberate actions.

c. Suicide: Self-inflicted injuries or poisoning may be identified as the cause of death.

d.Homicide: When the postmortem examination suggests that the death was a result
of someone else’s actions, it is classified as a homicide.

e. Undetermined cause: In some cases, despite thorough examination, it may not be
possible to establish a definitive cause of death. These cases may be classified as
“undetermined” or “unascertained.”

3.3 Toxicology

Toxicological analysis plays a vital role in postmortem examinations, helping
forensic experts determine whether toxic substances or drugs contributed to a per-
son’s death [9]. Toxicological findings help establish whether substances contributed
to or caused the death. It involves the testing of biological samples, such as blood and
urine, to detect the presence of drugs, alcohol, poisons, or toxins.

a.Identification of toxic substances: Toxicological analysis helps identify the presence
of toxic substances in the deceased’s body, such as drugs, alcohol, prescription
medications, poisons, or chemicals [9]. This is crucial for understanding whether
the individual was exposed to substances that could have played a role in their
death.

b.Determining the cause of death: In cases where toxic substances are identified,
toxicological analysis helps establish whether these substances were the primary
cause of death or contributed to it. For example, an overdose of a drug or alcohol
poisoning may be identified as the primary cause of death.

c. Quantifying drug levels: Toxicological testing quantifies the concentration of
substances in the body, providing information about the amount of a drug or
toxin present. In cases involving accidents or fatalities, toxicological analysis can
determine whether the deceased was under the influence of drugs or alcohol at
the time of the incident.

d.Identifying illicit substances: Illicit drugs, such as opioids, cocaine, or metham-
phetamines, can be detected through toxicological analysis. These findings can
be relevant in drug-related deaths or cases of substance abuse.

3.4 Injury analysis
In forensic postmortem examination, the analysis of injuries is a fundamental
aspect of determining the cause of death and understanding the circumstances sur-

rounding a fatality. Within the realm of law, a wound refers to a damage that disrupts
the integrity of the skin [10]. Forensic pathologists and experts employ these methods
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to identify, document, and interpret injuries, providing a comprehensive picture of
what transpired prior to death [2]. The information gleaned from injury analysis not
only contributes to the pursuit of justice in homicide cases but also aids in accident
investigations, suicide determinations, and the prevention of future harm, particu-
larly in cases of child abuse.

Injury analysis begins with the identification and thorough documentation of
all injuries present on the deceased’s body. These can range from contusions, lacera-
tions, abrasions, and gunshot wounds to fractures, stab wounds, burns, and more
[3]. Forensic pathologists meticulously examine these injuries, noting their location,
size, shape, depth, and associated characteristics to determine the type of trauma that
occurred [10]. For example, the distinct patterns of bruising and fractures can help
differentiate between blunt force trauma, sharp force trauma, and gunshot injuries.

It can also enable experts to estimate the force and direction of an injury, which
can be vital in homicide investigations. For instance, the direction of a gunshot
wound’s trajectory can provide information about the position and proximity of the
shooter, helping to corroborate or refute witness testimonies. The examination of
injuries also includes assessing their age and healing status. This can help determine
whether injuries were recent or occurred some time before death, shedding light on
potential patterns of abuse, neglect, or repeated trauma.

3.5 Histopathology

Histopathological examination involves the microscopic analysis of tissue
samples collected from various organs and body parts of the deceased individual
including the heart, lungs, liver, kidneys, brain, and others [11]. The selection of
specific tissues for examination depends on the circumstances and findings of the
macroscopic autopsy. This examination provides detailed information about the con-
dition of the tissues and organs, helps uncover underlying diseases or injuries where
cause of death is unknown, and contributes to the overall determination of the cause
and manner of death [12].

3.6 Entomology

Forensic entomology is a specialised branch of forensic science that leverages the
study of insects to provide essential information in criminal investigations and legal
matters [5]. Insects are the first responders to a corpse, and their colonisation patterns
can provide crucial information about when death occurred. By identifying the types
of insects present, their life stages, and environmental conditions, entomologists can
make reasonably accurate estimates of the post-mortem intervals which is the time
that has elapsed since a person’s death, the manner of death, aiding in the pursuit
of justice [13]. Forensic entomology can be utilised to determine whether the death
occurred at the scene of the body’s discovery or whether the body was transported
after death. Specific insect species are drawn to different environments and microcli-
mates, and their existence can provide clues about the location of death.

4. Advancements in forensic medicine

The capacities and accuracy of post-mortem examinations have been greatly
improved by advancements in forensic medicine, revolutionising the area of forensic
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science and its uses in criminal investigations and legal proceedings. Among the
noteworthy developments are given below.

4.1 Minimally invasive autopsy techniques

The area of post-mortem investigations has undergone a revolution with the
advent of minimally invasive autopsy techniques, such as “Virtopsy” meaning
virtual autopsies that make use of magnetic resonance imaging (MRI) and computed
tomography (CT) scans [14]. In order to conduct thorough investigations without the
necessity for traditional invasive autopsies, forensic pathologists can now visualise
interior organs, tissues, and pathological alterations in three dimensions thanks to
non-invasive imaging technologies [14]. This development improves the acceptance
and accessibility of post-mortem exams by reducing the invasiveness and time needed
for operations while also making it easier to preserve the body for cultural or religious
reasons.

4.2 Automated histological analysis

Digitalization and automation have revolutionised post-mortem examinations by
enabling quick and accurate evaluation of tissue samples and histopathological altera-
tions. Daisuke Komura and Shumpei Ishikawa reviewed about the machine learning
methods in histopathological imaging technologies to analyse disease processes, cellular
structures, and tissue shape quickly and efficiently [15]. This helps to identify abnormal
findings more quickly and streamlines the diagnosis process. Forensic pathologists can
precisely analyse and categorise histology data by utilising sophisticated image analysis
algorithms and machine learning approaches [15]. This helps with the exact identifica-
tion and characterisation of various pathological diseases and cellular abnormalities.

4.3 Advanced imaging technologies

The visualisation and analysis of post-mortem specimens have been completely
transformed by the incorporation of advanced imaging technologies, including multi-
spectral imaging, three-dimensional (3D) imaging, and sophisticated microscopy tech-
niques. In a study conducted by Shereen Ahmad et.al mentioned about the Postmortem
multislice computed tomography (PMCT) technique for autopsies which is a Modern
imaging technology and a non-invasive technique which provide forensic pathology
experts to improved clarity and accuracy by visualising microscopic tissue structures,
lesions, cellular abnormalities, and wound path visualisation in high-resolution and
detail [16]. These cutting-edge imaging technologies enable forensic pathologists to
perform exhaustive and comprehensive analyses, making it easier to precisely identify
and document important forensic evidence and pathological findings. PMCT can be
used as a post-mortem alternative or as an autopsy complement to capture multidi-
mensional data and produce accurate anatomical reconstructions (Figure 1) [16].

4.4 Forensic molecular pathology

Molecular abnormalities, disease markers, and genetic mutations can now be
identified through post-mortem examinations thanks to the development of foren-
sic molecular pathology techniques such as genetic profiling and next-generation
sequencing (NGS) [17]. Shahad A Alzahrani et al. reviewed to highlight the genetic
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a

Figure 1.

Gugnshot injuries of the head. A PMCT-3D-volume rendering image showing a comminuted fracture (F) opposite
the exit in the occipital bone. b MDCT-3D-volume rendering image showing the entry wound of firearm injury
(1) in the right temple and multiple fracture (F) of the skull bone in the right sphenoid wing, right temporal,
right frontal, and right occipital bone [15].

causes of sudden death with the help of postmortem genetic testing (molecular
autopsy) technique [18]. It helps forensic experts to identify genetic predispositions
and familial disease risks by incorporating molecular pathology analyses into post-
mortem investigations. This allows for the discovery of critical information regarding
the genetic basis of pathological conditions and hereditary diseases. In the context of
forensic medicine, the use of NGS technology facilitates thorough genomic analysis
and the identification of particular genetic variants and mutations, which helps with
the accurate diagnosis and classification of genetic and hereditary disorders. Dewar
etal. undertook an investigation to determine the genetic disorders in autopsy cases by
utilising postmortem genetic testing to investigate cases of sudden unexplained death
(SUD) [19].

4.5 Integrated data analysis and forensic databases

Forensic databases and integrated data analysis platforms have made it easier to
gather, manage, and analyse post-mortem data. This has made it possible to retrieve,
compare, and interpret data for forensic investigations and research projects more
quickly and efficiently. A comprehensive and interdisciplinary approach to post-
mortem examinations and forensic analyses is fostered by these cutting-edge data
management systems, which give forensic professionals the ability to compile and
integrate a wide range of post-mortem data, including pathological findings, toxi-
cological results, genetic profiles, and case histories. Forensic experts can carry out
thorough and methodical assessments of forensic evidence by utilising advanced data
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analysis tools and forensic databases. This makes it easier to accurately interpret and
integrate multidimensional data sets for forensic investigations and expert testimony
in court cases.

4.6 Forensic virtual reality and simulation

The training and teaching of forensic pathologists, medical examiners, and
investigators has been completely transformed by the advent of forensic virtual
reality (VR) and simulation technologies [20]. Forensic virtual reality and simula-
tion platforms, through the simulation of diverse post-mortem scenarios, crime
scene reconstructions, and forensic analyses, provide forensic professionals with an
immersive and dynamic learning environment that fosters the development of their
investigative techniques, critical thinking skills, and practical skills in a controlled
and simulated forensic setting [20]. In Switzerland, juries were involved in a realistic
scenario where radiologists and forensic professionals utilised Virtual Reality headsets
to produce postmortem imaging, imitating trauma mechanisms and crime scenes for
presentation in the court [21]. The virtually reconstructed crime scene based on 3D
virtual autopsy as shown in Figure 2.

4.7 Routine photography and its significance in post-mortem examination

In order to support the advances in post-mortem examinations, routine injury
photography is a crucial component of forensic medicine. It allows for the thorough
documentation, analysis, and interpretation of traumatic injuries, wound pat-
terns, and physical trauma. By employing sophisticated photography techniques to

Figure 2.
3D virtual reality reconstruction of crime scene using postmortem imaging. Picture courtesy Christoph Fischer [21].
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document injuries in a methodical manner, forensic experts can obtain comprehen-
sive visual records of external trauma, anatomical alterations, and wound attributes.
This allows for the accurate and dependable evaluation of injury patterns and their
association with the cause and mode of death. When regular injury photography is
connected to the above mentioned developments in forensic medicine, the following
outcomes are seen:

a. Comprehensive documentation and visualisation: Traumatic injuries and ana-
tomical changes can be comprehensively documented and visualised through
the use of routine photography of injuries in conjunction with cutting-edge
imaging technologies and digital visualisation tools. Through the integration
of sophisticated photography techniques with multispectral imaging, three-
dimensional (3D) imaging, and high-resolution microscopy, forensic experts
can effectively capture precise and detailed visual depictions of injuries,
improving the lucidity and accuracy of injury reports and streamlining the
thorough examination and interpretation of traumatic findings in the context
of post-mortem examinations.

b.Enhanced injury analysis and pattern rvecognition: The analysis and recognition
of injury patterns and trauma features are improved by the combination of
automated histology analysis, forensic virtual reality technologies, and routine
photography. Forensic experts can perform in-depth analyses of injury pat-
terns, wound morphology, and tissue characteristics by combining meticulous
photographic records with automated image analysis algorithms and virtual
reality simulations. This makes it easier to precisely identify and classify
traumatic injuries and their forensic significance in the context of post-mortem
investigations.

c. Integrative data management and injury profiling: The methodical correlation and
interpretation of photographic evidence with genetic and molecular findings is
made possible by routine photography of injuries combined with forensic databases
and molecular pathology analyses. Forensic experts can perform multidimensional
data integration and comprehensive injury profiling by integrating photographic
documentation into comprehensive forensic databases and integrated data analysis
platforms. This promotes an integrated approach to injury assessment and interpre-
tation in the context of post-mortem examinations and forensic analyses.

4.8 Microbial forensics

In order to determine the origins, pathways of transmission, and potential roles
of microorganisms—including bacteria, viruses, and fungi—in criminal investiga-
tions and bioterrorism incidents, forensic scientists have developed a specialised
field known as “microbial forensics” [22]. Robinson et al. reviewed about the
potential applications of microbiomics in forensic science which includes geoloca-
tion, personal identification, biological sex determination [23], cause and manner
of death, postmortem interval investigations majorly by thanatomicrobiome
[24] and trace evidence analysis by studying the presence of bacterial growth on
objects and surfaces [25] as shown in Figure 3 [26]. The following results can
be shown by combining microbiological forensics with improvements in post-
mortem examinations.
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Figure 3.
Possible sources to be identified with the help of microbial forensics.

a. Identification and profiling of pathogens and disease-causing microovganisms:

Identification and profiling of pathogens and disease-causing microorganisms
linked to infectious diseases and biological threats is made possible by the integra-
tion of microbial forensics into post-mortem investigations and damage reporting
[27]. Using sophisticated molecular pathology methods and microbial genomic
analyses, forensic experts can pinpoint and describe particular microorganisms,
making it easier to pinpoint infectious agents, their routes of transmission, and their
possible roles in the onset and course of pathological conditions and disease states.

b.Interpretation and examination of biological evidence: Microbial forensics can
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be integrated with extensive data management systems and injury analysis
platforms to facilitate the interpretation and analysis of microbial and biologi-
cal evidence in the context of post-mortem examinations and injury. Forensic
experts can perform multifaceted analyses of biological evidence by combining
microbial data with extensive injury profiles and forensic databases. This allows
for the integration and correlation of microbial signatures with trauma charac-
teristics, pathological findings, and injury patterns, improving the comprehen-
sive interpretation and forensic significance of microbial evidence in the context
of criminal investigations and post-mortem analyses.

c. Epidemiological investigations and outbreak analysis: The conduct of epidemiological

investigations and outbreak analyses of naturally occurring infectious diseases is
facilitated by the integration of microbial forensics [28]. Investigators will also use
the actual geographical location of the crime and evidence obtained from other
forensic disciplines (e.g. PMI estimations) to reconstruct the crime and identify
the persons involved [24]. This allows for the thorough assessment and documen-
tation of microbial transmission patterns and disease dissemination pathways.
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Forensic experts can examine and visualise the dynamics of disease outbreaks,
the spread of infectious agents, and the connections between microbial transmis-
sion and traumatic injuries by integrating microbial data with advanced imaging
modalities and injury documentation [29]. This allows for a thorough understand-
ing of the forensic and epidemiological implications of microbial evidence in the
context of post-mortem exams and injury investigations (Figure 4).

5. Conclusion

The utilisation of forensic science is essential to the smooth functioning of the
criminal justice system. By conducting thorough analyses of evidence collected from
diverse locations, such as crime scenes, forensic scientists aim to generate unbiased
conclusions that aid in the investigation and legal proceedings associated with
criminals, or to clear individuals who have been unfairly accused. Forensic science
is especially important in the context of post-mortem examinations, also known as
autopsies. Deceased individuals undergo these autopsies with the primary objective
of ascertaining the cause and manner of demise. By providing the instruments and
knowledge required to collect, analyse, and interpret various forms of evidence,
forensic science aids medical examiners and forensic pathologists in their investiga-
tions. Integration of multiple forensic science disciplines is essential for a thorough
and accurate examination of the case involving a deceased person.
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