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Abstract
The objective of this study was to determine if a novel scoring-based model for histological quantification of decomposed human
livers could improve the precision of post-mortem interval (PMI) estimation for bodies from an indoor setting. The hepatic
decomposition score (HDS) system created consists of five liver scores (HDS markers): cell nuclei and cell structure of hepa-
tocytes, bile ducts, portal triad, and architecture. A total of 236 forensic autopsy cases were divided into a training dataset (n =
158) and a validation dataset (n = 78). All cases were also scored using the total body score (TBS) method. We specified a
stochastic relationship between the log-transformed accumulated degree-days (log10ADD) and the taphonomic findings, using a
multivariate regression model to compute the likelihood function. Three models were applied, based on (i) five HDSmarkers, (ii)
three partial body scores (head, trunk, limbs), or (iii) a combination of the two. The predicted log10ADD was compared with the
true log10ADD for each case. The fitted models performed equally well in the training dataset and the validation dataset. The
model comprising both scoring methods had somewhat better precision than either method separately. Our results indicated that
the HDS system was statistically robust. Combining the HDS markers with the partial body scores resulted in a better represen-
tation of the decomposition process and might improve PMI estimation of decomposed human remains.
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Introduction

Estimation of the post-mortem interval (PMI) is one of the
most complicated tasks in forensic practice. A more reliable
PMI estimate would be of great value in forensic investiga-
tions, where it could for instance help to elucidate the course
of events, as well as to evaluate suspects’ alibis based on their
whereabouts during the timespan of a suspected crime.
Consequently, there is a constant desire to identify good pre-
dictors of the PMI that would yield a more accurate estimate
or at least assign a narrower time interval. In decomposed

human remains, the PMI is especially difficult to estimate with
certainty due to the complexity of the decomposition process.
The indoor decomposition of human remains has not been
studied to the same extent as that in various outdoor environ-
ments [1]. The majority of decomposed human remains are
found in an indoor setting [1, 2], highlighting the importance
to further investigate this specific environment.

The most decisive factor affecting the rate of decomposi-
tion is the ambient temperature; a higher temperature speeds
up the onset of post-mortem tissue changes and bacterial
growth as well as enzymatic function [3, 4]. An increase in
the decomposition rate can be seen when the body is covered
with clothes, which may slow the natural cooling of the body,
and if a longer time elapses between death and artificial
cooling, i.e. transfer to a morgue facility [3, 5]. Other extrinsic
factors of importance include ventilation and humidity; dry
areas with a constant air flow cause rapid dehydration of a
dead body, reducing bacterial growth and inducing mummi-
fication, as opposed to humid climates, which accelerate de-
composition [3, 5].

Intrinsic factors affecting the decomposition process in-
clude obesity, the presence of open wounds, ante-mortem
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intoxication, infectious disease, and fever. Subcutaneous and
abdominal fat acts as insulation, slowing the course of natural
cooling [3–5]. Open wounds offer an entry point for bacteria
and fungi, whereas ante-mortem infections imply an already
increased bacterial load [5, 6]. Conversely, exposure to anti-
biotics or a large blood loss shortly before death may slow
bacterial growth and hence the rate of decomposition [5]. As
for ante-mortem intoxication, an overdose of, for example,
paracetamol would cause the onset of liver necrosis and deg-
radation before death [7]. Ante-mortem treatment of a disease
may also alter the decomposition rate [2].

In an indoor setting, a dead body may be more protected
from external factors than in an outdoor environment, as the
body is not exposed to rain, wind, large fluctuations in tem-
perature, or solar radiation. Animal scavenging and insect ac-
cess are often limited in an indoor setting. It is therefore pos-
sible that other factors, such as body size, clothing, body po-
sition at death, pre-existing disease, and pathological changes,
may have a larger impact on how the decomposition pro-
gresses. Quantification of decomposition based on visual
changes to the body’s exterior, for example, the total body
score (TBS) method [8], only captures a part of the decompo-
sition process. The decomposition of the internal organs
would be of interest to evaluate in order to get a better repre-
sentation of the complete decomposition process that has tak-
en place under specific circumstances (e.g. in an indoor
setting).

The largest burden of bacteria is that in the ileocecal area.
After death, these bacteria spread to the liver and spleen, and
then to the heart and brain, creating a possible domino effect in
the order that different organs and tissues decompose [9]. The
liver is an organ with a well-defined histology and is well-
protected from, for example, infestation by maggots thanks to
its location in the abdomen. Furthermore, the liver has the
highest quantity of post-mortem bacterial taxa of all internal
organs, probably due to its central role in all metabolic pro-
cesses, as well as its placement in close proximity to the gas-
trointestinal tract. It is also easily accessible for pancreatic
enzymes and gallbladder fluids, potentially resulting in rapid
autolysis [9]. Only a few previous studies of human livers
have been carried out evaluating post-mortem histological
changes and their potential association with the PMI
[10–12]. However, these studies have focused on the first
few days after death. To date, there are several well-
established methods for PMI estimation of the early PMI pe-
riod [13]. More extended PMIs have not been investigated to
the same degree, and more reliable methods are still needed.

The overall objective of this study was to determine if a
novel scoring-based model for histological quantification of
decomposed human livers could improve the precision of PMI
estimation. The first aim was to define and quantify PMI-
dependent decomposition changes in the human liver. The
second was to construct a scoring-based model and test its

reliability and validity. The third aimwas to further investigate
use of this liver scoring-based system in combination with the
total body score (TBS) method, applied to bodies found in an
indoor setting.

Materials and methods

Selection of cases

In this study, a total of 236 forensic autopsy cases at the
Department of Forensic Medicine in Uppsala, Sweden, were
scored for external decomposition changes in accordance with
the TBS system [8]. Liver histology slides from each case
were also evaluated. The inclusion criteria were as follows:
body found indoors (e.g. in an apartment or house), the de-
ceased being of adult age (> 18 years), and the time of death
being known. Furthermore, bodies that had been burned, sub-
merged (i.e. in a bathtub), or suffered severe injuries from
trauma or carnivore scavenging were not included due to pos-
sible altered decomposition rate and/or patterns [6, 14–16].
Cases with prominent liver pathology were not included.
Pathological changes, such as severe steatosis and/or cirrhosis,
greatly altered the liver architecture giving these cases a dif-
ferent appearance [17]. Staging of fibrosis/cirrhosis was done
according to the Metavir score. Pathological liver samples of
score F1 to F3 were accepted, but not F4 (i.e. cirrhosis with
bridging fibrosis and nodular regeneration). Steatosis grades I
and II were accepted but not III (i.e. severe, with more than
66% fat deposition in hepatocytes). The female to male ratio
was 1:4 and the median age at death was 64.5 years (range 21
to 96 years). Body mass index (BMI) was from 11.2 to 53.1
kg/m2 (median: 23 kg/m2).

The original dataset (dataset 1) was collected during 2010
to 2015 and consisted of 82 cases, all of which were used in
the construction of the scoring-based hepatic decomposition
system (and also re-scored with the finalised model). A new
dataset (dataset 2) was collected during 2016 to 2018 and
consisted of 154 cases. They were scored using the finalised
version of the liver scoring model that had been constructed.
Due to a dominance of summer cases in dataset 1 (n = 82), the
new cases in dataset 2 were selected with a dominance of
winter cases, in order to achieve a more even seasonal distri-
bution in the complete dataset (see Fig. S1 in supplement).

The total body score method

The external post-mortem changes were assessed using the
TBS method described by Megyesi et al. [8], who incorporat-
ed a scoring feature to enable a quantitative measure of de-
composition. The original descriptions of each stage were ap-
plied in our study. In our model setup, non-decomposed or
“fresh” remains corresponded to TBS of 0 [18], i.e. the scale
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started at 0 (zero), not 1 (one) as in Megyesi’s original study
[8]. Three partial body scores—the head and neck (PBSH),
limbs (PBSL), and the trunk (PBST)—were calculated. In
Megyesi’s original study, the partial body scores were added
up, resulting in a total body score (TBS). In this work, we
slightly modified the TBS model and used a body chart pro-
tocol encompassing both front and back views of the body
(Fig. 1).We divided the body into 32 anatomical regions, each
scored independently at the autopsy. The three partial body
scores were calculated from the local scores of these 32 ana-
tomical regions (i.e. PBSH 4 regions, PBSL 24 regions, and
PBST 4 regions). When the decomposition was unevenly dis-
tributed, an average was calculated, i.e. we considered the
possible differences between, for example, the ventral and
dorsal parts of the body. For example, PBST was calculated
in the following way: 4 (upper torso) + 4 (abdomen) + 2
(upper back) + 2 (lower back) = 12/4 = 3. The individual
partial body scores (PBSH, PBSL, and PBST) were later used
in the statistical model.

Presence of insect activity and external desiccation

In addition to the partial body scores, we noted insect activity,
e.g. presence of nymphs, larvae, maggots, and/or flies, on the
body chart protocol. The insect activity within a specific ana-
tomical region was not quantified. Desiccation was also noted
as presence of parchment- or leather-like desiccation of the
skin within one or more anatomical regions. Local desiccation

of fingers and/or toes did not result in labelling the case as
desiccated.

The post-mortem interval

The known time of death was estimated based on witness
statements of when the deceased was last seen alive, or was
last known to be alive according to circumstantial evidence
stated in the police report (e.g. date of the most recent news-
paper left in the mailbox, prescriptions, telephone calls, expi-
ration dates on milk in the refrigerator). The time elapsed
between last seen or known to be alive and discovery of the
dead body was used as the PMI in our study, yielding a pos-
sible overestimation. Short PMIs would be prone to larger
relative errors than long PMIs.

The ambient indoor temperature and accumulated
degree-days

The indoor temperature is normally well-regulated in Sweden
and in the range of + 18 °C to 23 °C, with a typical tempera-
ture of between + 21 °C and 22 °C [19]. After discovery, the
dead bodies were stored in a morgue facility at a temperature
of + 5 °C ± 1 °C until the time of autopsy. The majority of
cases underwent autopsy after 2 to 6 days storage (median = 4
days). In our model setup, morgue time represents the time
interval between discovery of the dead body and the autopsy.
This includes the transport time of the dead body to the
morgue. In accordance with the conventions of the metric
system, accumulated degree-days (ADD) is the unit for the
accumulated temperature (AT). For the sake of simplicity, we
use the term ADD instead of AT in this study. The ADD is the
number of degrees above zero multiplied by the number of
days passed since death (i.e. PMI + morgue time, see Eq. 1).
Usually, the ADD would be calculated as an average of min-
imum and maximum temperatures during a day. However, in
our setup, we only had one temperature indication, on the date
of discovery of the dead body.

ADD ¼ PMI*T site þMI*Tmorgue ð1Þ

MI is the morgue time, Tsite is the temperature when and
where the body was found, and Tmorgue is the morgue temper-
ature. Further, we used the log10ADD in the statistical analy-
ses, in accordance with Megyesi et al. [8].

Liver tissue processing

Several organs (e.g. heart, lung, liver, kidney, and pancreas)
were routinely sampled during the forensic autopsies, placed
in 10% formalin solution for fixation, and processed after 24-
to 48-h fixation. Tissue preparation and later histologicalFig. 1 Body chart used for assigning scores during autopsy
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staining were performed by professionals at our department.
The staining agents applied were haematoxylin and eosin
(HE), for a distinct visual separation of cell nuclei and cyto-
plasm, and Picro-Mallory trichrome (PM), to show collagen
in strong contrast with other structures. Liver tissue was not
sampled specifically for this study. Instead, we retrospectively
examined the liver slides available.

Development of the hepatic scoring method

A schematic presentation of the method development is seen
in Fig. 2. The aim of the initial light microscope examination
of the 82 liver samples (dataset 1) was to identify histological
changes in the tissue and cell structures that could be associ-
ated with the PMI, as well as to investigate the possibility of
providing a tool for describing the degree of decomposition.
At this initial examination, the different histological changes
observed were documented (e.g. the degradation of hepato-
cytes, stroma, and portal areas). Presence of bacterial colonies
and/or signs of gas formation (i.e. empty spaces within the
liver tissue) were also noted. A suggested timeline of the ob-
served decomposition changes was created and used as a
foundation for the hepatic decomposition score (HDS).
Histological changes appearing to be independent of the
PMI were discarded during this process.

To construct a method feasible for a structured and
systematic evaluation, as well as quantification of the
extent of decomposition in the liver, a scoring-based
system was created. This system encompassed the tissue
structures and cell components, graded based on how
much their microscopic appearance deviated from that

observed in a fresh, unaffected sample (e.g. a liver bi-
opsy), with special attention paid to definition and/or
quantity.

The liver samples were then re-examined to facilitate the
definition of observable stages of decomposition for each
identified structure, ranging from optically maintained to
non-identifiable. Each stage described was then translated into
a score, where a low score indicated a low degree of decom-
position, and a high score indicated a high degree of
decomposition.

Several pilot scorings of the 82 specimens (dataset 1) were
conducted with the objective of optimising the method.
Difficulties in the interpretation of the written definitions
and any possible inconsistencies concerning the identified
structures or the scoring were noted, leading to additions or
modifications of the system. The finalised version was later
adopted for final scoring (all 82 liver samples were re-scored
and these HDS results were used in the statistical analysis). To
calibrate the scoring method, the authors had regular discus-
sions about each case during the development process, to
identify any contradictions in the scores given. These discus-
sions indicated a need for a catalogue of photographs illustrat-
ing each score in the HDS system, as an aid in the scoring
procedure.

Statistical analysis

Microsoft Excel 2016 was used for general database handling.
The statistical analysis was performed in R (https://www.r-
project.org/).

Fig. 2 Method development
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Testing the reliability of the HDS system

The inter-observer reliability was investigated at three sepa-
rate occasions. The first inter-observer test was carried out
during the method development (pilot scoring). Three ob-
servers (ASC, SN, HS) individually examined and graded
31 of the 82 liver samples (dataset 1). The second inter-
observer test (final scoring) was carried out on an independent
sample (40 cases randomly selected from the dataset 2, n =
154), not previously examined, blinded for the two observers
(ASC, HS). To further examine the reliability of the HDS, a
third inter-observer test was carried out with three independent
observers with competence to evaluate histological slides but
without prior knowledge of the HDS system, using an inde-
pendent sample of 40 cases (randomly selected from the
dataset 2, n = 154). The independent observers had a cata-
logue of photographs for each score (31 of the 82 cases used
to create the HDS system) as help during the scoring, in addi-
tion to the HDS descriptions. They were also given the oppor-
tunity to test score the photographed cases and compare their
results with those of one of the authors (ASC) before they
scored the new samples. They did not have any discussions
between themselves or with the authors concerning scoring
cases. They scored each case individually, without knowledge
of the scores given by the other observers.

Data analysis used intra-class correlation (ICC) and stan-
dard errors of measurement (SEM). The ICC is usually used
as a measure of association when studying the reliability of
observers and reveals similarities between test methods that
measure a continuous variable (interval or ratio scale) [20].
SEM is considered preferable to other measures of observer
variability since it is not sensitive to data range, which ICC is
[21]. Calculations of ICC and SEM were carried out as pre-
sented by Popović and Thomas [21].

Training data and validation data

Of the 236 cases, 2/3 were selected as training data for the
statistical model and the remaining 1/3 as validation data. The
original 82 cases (dataset 1) used in the development of the
HDS system were included in the training data. Another 76
cases from dataset 2 were randomly selected based on month
of discovery of the body (seasonal distribution). The two
datasets, training (n = 158) and validation (n = 78), were made
equal in regard to seasonal distribution (Fig. S1, supplement).
The validation dataset encompassed dataset 2 cases only.

Transformation of the HDS

Megyesi et al. [8] and Moffatt et al. [18] carried out power
transformation of data in order to achieve a normal distribu-
tion and a linear relationship between the decomposition score

(i.e. TBS) and the ADD. In our study, we applied the Box-Cox
transformation to improve the fit of the model [18].

Multivariate regression model

We established a stochastic model for our variables of interest.
The model was then used to compute a likelihood function in
cases where forensic evidence, i.e. our taphonomic data (HDS
markers and/or partial body scores), was observed, but the
PMI was unknown. The maximum likelihood (ML) method
was used for training the model. This method is a way to
determine the value of one or more parameters in a model that
maximises the likelihood function, i.e. to find the values of
these parameters that best explain the observed data.

We used the same statistical model as in our previous study
[22]. To recapitulate, we applied the multivariate normal re-
gression model:

y j θ∼Normal3 aθþ b;Σð Þ ð2Þ

where θ is the log-transformed accumulated degree-days
log10ADD and y is the vector of the partial body score and/
or the HDS markers. By using this model, we could capture
possible residual covariance (i.e. how the partial body scores
or HDSmarkers differed from the expected values). A training
dataset with known PMIs and partial body scores was then
used to obtain estimates for the model’s parameters, based on
the following equation:

π yjθð Þ∝Normal θ; ba
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−1
ba
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We could, for a new observed y, compute the likelihood.
In the current work, we used three models, consisting of (i)

five HDSmarkers, (ii) three partial body scores, and (iii) HDS
markers in combination with partial body scores (a total of
eight scores). The multivariate regression model allowed
PMI estimation even when partial body scores were missing
[22]. We therefore tested masking one or more of the HDS
markers and/or partial body scores, to investigate the perfor-
mance of the statistical model. Further, we compared the pre-
dicted log10ADD with the true log10ADD of each case and
applied the fitted model to the validation dataset, to determine
if the model worked on an independent material.

Results

In this section, we will begin by presenting the decomposition
changes observed in the human liver in an indoor setting, and
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the hepatic decomposition score (HDS) system constructed.
Next, we will proceed to the statistical analysis of the HDS
system. Then, we will demonstrate the reliability and how we
tested the model for validity in an independent dataset. We
will also show data on outliers and the overall performance of
the fitted model.

The decomposition process in the liver

The general changes observed throughout the trajectory of
decomposition in the liver are summarised in Table 1. The
majority of cases with a PMI of less than 1 day are without
visible changes (i.e. not detectable under a light microscope).
A few cases with a PMI of 1 to 4 days also lacked visible
changes. On the other hand, one case with a PMI of 3 days
displayed an advanced state of decomposition, usually seen in
cases with a PMI of 20 or more days. The end stage in this
study was when only collagen remained and the tissue could
no longer be identified as liver. This stage was usually reached
at around 35 days after death. However, some cases with a
PMI of 43 to 217 days (n = 12) had a slightly less decomposed
tissue, still identifiable as liver. The common factor for these
cases was widespread external desiccation.

The general architecture of the liver changed progressively
with increasing PMI (Table 1). The hexagonal pattern,
representing hepatic lobules, was seen to gradually disappear,
and the alignment of hepatocytes in cords was lost. The mor-
phology of sinusoids (small blood vessels running between
the hepatocytes) disintegrated progressively and was not

visible after a PMI of > 5 days. Within the sinusoids, it was
possible to find intact red blood cells in case of short PMIs (≤
2–3 days). Early signs of cell debris in the sinusoids mainly
consisted of red blood cells. Later, cell debris from the
disintegrating hepatocytes was evident between the detached
hepatocytes and the structure of sinusoids was no longer dis-
tinguishable. Lack of cell material was seen for longer PMIs
and was often prominent after a PMI of 20 days.

The cell nuclei of the hepatocytes have a particular progres-
sion of decomposition, going from distinct to indistinct and
becoming darker in colour, finally becoming shadow nuclei.
These shadow nuclei were not always visible in HE-stained
samples. However, PM stain, which yields improved contrast,
enabled visualisation of shadow nuclei. As the decomposition
proceeded, the shadow nuclei were reduced in number. The
stages of the cell nuclei are illustrated in Fig. 3.

The cytoplasm of hepatocytes displayed an apparent het-
erogeneity throughout the dataset, as granules and vacuoles
were present in the majority of specimens, regardless of the
PMI. The cytoplasm could appear well-stained with a dense
appearance. In some cases, it was the opposite, with a poorly
stained, clear cytoplasm (e.g. lacking glycogen). The appear-
ance of cytoplasm was not scored in the final HDS system.
Instead, the focus was on the cell structure of the hepatocytes,
the degree of disintegration, and the increasing presence of
cell debris (Fig. 3). The hepatocytes detached from the hepatic
cords and became scattered, surrounded by cell debris. This
detachment started early, at 1 to 5 days after death (Table 2),
and was extensive between 10 and 20 days after death

Table 1 The general changes observed on the trajectory of decomposition in human livers (PMI up to 217 days) in an indoor setting. The results are
based on examinations of conventional histological staining (HE, PM) and a magnification of × 100, × 200, and/or × 400

PMI
(days)

Hepatocytes Portal areas Architecture

0–5 No visible changes, or darkened, dense cell nuclei.
Sinusoids with intact red blood cells or signs of cell

debris in the sinusoids.

Distinct or faded nuclei of bile duct epithelial
cells.

Portal triad distinct or mild scattering of collagen
visible.

Typical hexagonal shape of
lobules.

Hepatocytes start to detach from
each other.

6–10 Darkened, dense cell nuclei or shadow nuclei.
Visible cell debris between the hepatocytes.

Faded nuclei of the bile duct epithelial cells or
only cell residues left.

The portal triad (artery, vein, and bile duct) still
identifiable, with scattering of collagen.

Hexagonal shape of lobules may
still be visible.

The detachment of hepatocyte from
the hepatic cords is evident.

11–20 Shadow nuclei or only a few nuclei still visible.
Increasing amount of cell debris and some loss of cell

material.

Mainly cell residues, still identifiable as bile ducts,
blood vessels visible in the portal triad,
fragmentation and scattering of collagen.

Lobules and sinusoids not visible.
Detached hepatocytes scattered in a

surrounding of cell debris.

21–30 A few shadow nuclei or nuclei not identifiable (i.e.
total loss of cell nuclei).

Some remnants of hepatocytes and cell debris remain,
evident loss of cell material.

Bile ducts only as cell residues or not identifiable,
some blood vessels still visible, fragmentation
and scattering of collagen more evident.

Distorted hepatic pattern with
scattered remnants of
hepatocytes.

≥ 31 Cell nuclei not visible, complete disintegration of the
hepatocytes with apparent loss of cell material,
some cell debris may remain, in some cases only
collagen left.

Bile ducts and blood vessels not possible to
identify. Fragmentation and scattering of
collagen or portal triad not possible to identify.

The hepatic pattern is extensively
distorted or completely lost (i.e.
tissue not identifiable as liver).
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(Table 2). Thereafter, loss of cell material and tissue liquefac-
tion were visible (Fig. 3e), in most cases after PMIs of 20 days
(Table 2).

Prominent peripheral portal areas containing large blood
vessels and bile ducts lined with columnar epithelium embed-
ded in collagen were often well-preserved, decomposing at a
slow rate comparedwith other liver structures. However, since
they were not always present in the samples, they were
discarded from the HDS system. Instead, the focus was on
the portal triad (i.e. small blood vessels and bile ducts lined
by cuboidal epithelium). In PM stain, the dark blue collagen
progressively turned lighter as it slowly disintegrated (Fig. 4).
The three components of the portal triad (i.e. artery, vein, and
bile duct) were distinct during the first days after death, but
started to disintegrate slowly. The blood vessels, as well as the
bile ducts, were lost. The artery was more often resistant and
could remain for a longer time period than the bile ducts.
However, after a PMI of ≥ 20 days, it was difficult to distin-
guish blood vessels or bile ducts. Later, after a PMI of 30 days,
they were no longer possible to identify with certainty. Cell
debris could still be visible in the portal area, but was not
easily identifiable as remnants from cell constituents of the
blood vessels or bile ducts (Table 2). The cuboidal epithelium

of bile ducts exhibited an optical disintegration with fading of
the dark nuclei, and further formation of cell residues (Fig. 4).
In advanced stages of decomposition, bile ducts were no lon-
ger distinguishable.

One specific feature that was discussed was the presence of
bacterial formation of gas, but this feature was excluded from
the HDS system as it was recognised as being independent of
the PMI. Approximately 30% of all forensic autopsy cases
displayed optical signs of gas formation of various sizes.

The hepatic decomposition score system

The scoring system constructed consisted of five partial liver
scores (HDS markers): cell nuclei and cell structure of the
hepatocytes, bile ducts, portal triad, and architecture. The
HDS markers could be used to calculate a total HDS (in anal-
ogy to TBS). For each individual marker, five or six stages of
decay progression were defined (see Table 2). A score of 0
would imply no visible decomposition, a score of 1 would
imply the lowest degree of decomposition, and a score of 4
or 5 (depending on the HDS marker) would imply the highest
degree of decomposition. Each HDS marker was scored indi-
vidually due to the different substructures decomposing at

Fig. 3 Decomposition of hepatocytes. PM (Picro-Mallory trichrome) ×
400. a Distinct cell nuclei (score 0) and maintained cell structure (score
0). The sinusoids are also distinct, with intact red blood cells and
alignment of hepatocytes. b Early signs of decomposition with darker
and denser cell nuclei (score 1) and some cell debris in the sinusoids
(cell structure score 1). The hepatocytes are starting to detach from the
hepatic cords. c Moderate disintegration of the hepatocytes with visible
cell debris (cell structure score 2). The nuclei are seen as bluish shadows
in the majority of the hepatocytes (black arrows) (cell nuclei score 2). The
hepatocytes are beginning to appear more scattered and surrounded by

cell debris and distorted collagen threads (light blue in colour). d
Extensive disintegration of the hepatocytes, with cell debris and loss of
cell material (cell structure score 3). The hepatic pattern is difficult to
distinguish. A few bluish cell nuclei are visible in some remnants of
hepatocytes (cell nuclei score 3). e Complete disintegration with some
collagen remains (light blue) and cell debris (cell structure score 4). Cell
nuclei not identifiable with certainty (cell nuclei score 4). f Not
identifiable as liver tissue. Scattered and fragmented collagen (almost
colourless or slightly light blue) and some brownish deposits or
possible cell debris (cell structure score 5)

259Int J Legal Med (2021) 135:253–267



different paces. Differences in the degree of decomposition of
a specific substructure within a specimen were treated as sep-
arate scores, with an average being calculated. During scoring,
the entire liver specimen was examined initially. However, in
samples with gas formation or fatty changes partly affecting
the liver structure, at least five fields of view with assessable
areas were needed to score the sample with certainty. The
stages and description of HDS system are presented in
Table 2.

Testing the reliability of the HDS system

All the cases in dataset 2 (n = 154) were assessed blindly (i.e.
without knowledge of PMI or TBS) by one observer (ASC).
Of these cases, a sample of 40 was randomly selected for a
secondary blinded assessment by another observer (HS), as
well as an independent assessment by three observers without
prior knowledge of the HDS system. During the pilot scoring,
three of the authors (ASC, HS, SN) separately scored 31 of the
82 original cases (dataset 1) with a good (> 0.60) to excellent
(> 0.75) ICC inter-observer agreement (Table 3). However,
these liver slides had been assessed several times during the
development of the HDS system. The HDS systemwas slight-
ly modified after calibration discussions, during which specif-
ic cases were reviewed. When the cases were scored again,
there may have been some bias. The new cases (dataset 2)

were scored on only one occasion and results were not further
discussed between the observers. The authors (ASC, HS)
scored the sample of new cases in dataset 2 with excellent
ICC inter-observer agreement, somewhat higher internally
than with the independent observers (Table 3). A low SEM
signifies a high level of score accuracy. In this study, the
lowest SEMwas reached in the final scoring as comparedwith
both the pilot scoring and the independent observer scoring
(Table 3).

Transformation of HDS

In order to obtain the optimal fit for the model, different ex-
ponents for Box-Cox transformation were tested for the five
HDS markers (cell nuclei and cell structure of the hepatocyte,
bile ducts, portal triad, and architecture) in the training data.
Values of exponents, from 0 to 3, were tested in steps of 0.1.
For each score, the model with the best p value (i.e. when the
model best explained the observed data) was selected (Fig. 5).
Log10ADD was plotted against the untransformed and the
Box-Cox transformed HDS markers, as illustrated in Fig. 6.

Fitting and validation of the models

The maximum likelihood method was used in training the
models. After that, the fitted models were applied in order to

Table 2 The hepatic decomposition score (HDS) system (final version). The HDS system is based on examinations of conventional histological
staining (HE, PM) and a magnification of × 100, × 200, and/or × 400

Score Hepatocytes Portal areas Architecture

Cell nuclei Cell structure Bile ducts Portal triad Micro and lobular

0 Distinct Maintained > 75% distinct nuclei (possible
detachment from bile duct wall)

Distinct Distinct lobules
Distinct alignment of hepatocytes
Distinct sinusoids

1 Darker, dense Mild disintegration
Signs of cell debris

> 25% distinct nuclei Mild disintegration
Indistinct borders
Signs of collagen dispersion

Distinguishable lobules
Mild loss of alignment of

hepatocytes Distinguishable
sinusoids

2 Shadows Moderate
disintegration

Visible cell debris

Faded nuclei (solitary nuclei may
be distinct)

Moderate disintegration
Triad still distinguishable
Collagen dispersion

Solitary distinguishable lobules
may exist

Moderate loss of hexagonal shape
and alignment of hepatocytes

Possible distinguishable sinusoids

3 Shadows
sparsely
located

Extensive
disintegration

Visible cell debris and
loss of cell material

Cell residues (solitary nuclei may
be distinguishable)

Extensive disintegration
Blood vessels or bile ducts

may still be distinguishable
Collagen dispersion and signs

of fragmentation

Blurred hepatic pattern
Severe loss of alignment of

hepatocytes and hexagonal
shape

Not identifiable sinusoids

4 Not
identifiable

Complete
disintegration

Only some cell debris
and collagen remain

Not identifiable as bile ducts Complete disintegration
Only collagen remains
Collagen dispersion and

fragmentation

Extensive blurred hepatic pattern
Complete loss of alignment of

hepatocytes
Not identifiable sinusoids

5 Not identifiable
Only collagen remains

Not identifiable as portal triad Not identifiable
No hepatic pattern remains
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calculate the value of log10ADD with the highest like-
lihood (i.e. at what ADD the scores would most likely
be observed) in the training dataset. The true value of
log10ADD was plotted against the estimated value (Fig.
7a). After this, the fitted model was applied to the val-
idation data (Fig. 7b).

We tested how many of the predicted values of log10ADD
(i.e. the value with the highest likelihood) were within the
95% confidence interval specified by the actual or true
log10ADD for each individual case and the standard deviation
(sigma) from the model. The highest sigma of 0.454 was seen
for the model with the HDSmarkers. The sigma for the model

Fig. 4 Decomposition of the portal area. a illustrates bile duct score 0 and
portal triad score 0. More than 75% of the epithelial cell nuclei in the bile
ducts are distinct. Stroma cells and leukocytes are possible to
differentiate. All three components (artery, vein, and bile duct) of the
portal triad are distinct. PM (Picro-Mallory trichrome) × 200. b
illustrates bile duct score 1, with between 25 and 75% of the epithelial
cell nuclei distinct. Some faded nuclei and cells without nuclei are also
seen. HE (haematoxylin and eosin) × 100. c illustrates bile duct score 2.
The epithelial cell nuclei are indistinct and/or faded. Cells without nuclei
are also seen. HE × 200. d illustrates portal triad score 1; mild
disintegration and early signs of collagen dispersion. All three
components of the portal triad are still identifiable. In the PM stain, the

collagen loses the dark blue colour and becomes lighter as the
decomposition progresses. PM × 100. e illustrates portal triad score 2;
moderate disintegration with collagen dispersion and signs of
fragmentation. Bile duct score 3, with only cell residues remaining. PM
× 100. f illustrates portal triad 3; extensive disintegration. Bile ducts or
blood vessels may still be distinguishable. PM × 100. g illustrates portal
triad score 4; complete disintegration, only collagen left, bile ducts and
blood vessel not possible to identify with certainty. PM × 100. h
illustrates portal triad score 5 (as well as cell structure score 5 and
architecture score 5). Tissue no longer possible to identify as liver. Only
remnants of collagen and brownish deposits visible

Table 3 Intra-class correlation
(ICC) and standard error of
measurement (SEM)

Cell nuclei

ICC (SEM)

Cell structure

ICC (SEM)

Bile ducts

ICC (SEM)

Portal triad

ICC (SEM)

Architecture

ICC (SEM)

Pilot scoring 0.67 (0.73) 0.89 (0.45) 0.84 (0.53) 0.76 (0.53) 0.91/0.88* (0.31/0.34*)

Final scoring 0.87 (0.50) 0.91 (0.46) 0.94 (0.37) 0.94 (0.37) 0.94 (0.39)

Independent 0.62 (0.82) 0.79 (0.52) 0.85 (0.51) 0.85 (0.51) 0.78 (0.63)

*In the pilot scoring, the architecture was subdivided into “micro” and “macro”, while in the finalised version
these two had beenmerged into a single HDSmarker. After the final scoring, the decision wasmade to change the
scale and start from 0 (zero) instead of 1 (one)
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based on only partial body scores was 0.358. A slight im-
provement was seen in the model when combining HDS
markers and partial body scores, yielding a sigma of 0.328.
In the training dataset and the validation dataset, the numbers
of cases found within the confidence intervals of the three
models were rather similar. The model with HDS markers
had 95% of cases within the interval (representing two SD)
for both the training dataset and the validation dataset. The
model with partial body scored 96%, and the combined model
scored 96% for training data and 97% for validation data.

The following coefficients were estimated in the linear re-
gression model (presented in Table 4). Note that the Box-Cox
transformedHDSmarkers had higher values on average, and a
steeper slope, than the untransformed partial body scores.

Covariance

We investigated the covariance in the multivariate regression
model applied to the datasets. Table 5 shows the correlation
matrix, i.e. the covariance matrix divided by the variance of
each HDS marker or partial body score. This gives an indica-
tion of the variance relative to the absolute value of the HDS
marker or partial body score, or how dependent the different
HDS markers and partial body scores are of each other. The
HDS markers appeared to have slightly higher variance than
the partial body scores. However, it could also be noted that
the HDS markers appeared to have a low covariance with the
partial body scores. Within the set of HDSmarkers and the set
of partial body scores, respectively, the covariance was rela-
tively high.

Performance when one or more scores were missing

We tested if the model’s performance and precision were af-
fected if one or more HDSmarkers or partial body scores were
missing. In order to determine this, test cases were predicted,
with HDSmarkers or partial body scores replaced by N/A. As
seen in Table S1 (supplement), different combinations of
missing HDS markers and/or partial body scores were tested.
Excluding a single HDS marker had little impact on the mod-
el. Excluding all HDS markers had approximately the same
effect on the model as only excluding the partial body score of
limbs (PBSL). If both PBSL and all HDS markers were miss-
ing (the body only has the head and trunk available for scor-
ing), this had a greater impact on sigma and the model lost
some of its precision. Excluding PBSL resulted in a sigma of
0.35, and excluding five HDS markers plus PBSL yielded a
sigma of 0.40. When all HDS markers and partial body scores
were included in the model, the sigma was 0.22 (see further
details in supplement, Table S1).

Filtering data and outliers

Having just a few outliers may have a large impact on the
estimated sigma (SD) and consequently on the precision of
the model. When we applied the 82 original cases, used to
develop the HDS system, as training data for the statistical
model, the model based on only HDS markers performed
better than the model based only on partial body score (results
not shown). To test the impact of outliers on model precision,
we identified the cases where the predicted ADD was furthest
from the actual true ADD in the models based on partial body
scores and HDSmarkers, respectively. The distance was mea-
sured as Cook’s distance (Table S2, supplement). Creating a
model where these cases were excluded resulted in signifi-
cantly narrower intervals and smaller sigma.

In the training data, only a few cases had a large Cook’s
distance in the regression model for true ADD and predicted
ADD using HDS markers or partial body scores (Table S2,
supplement). One case had a PMI of 86 days and a BMI of 15
kg/m2, with the body presenting external desiccation. Cook’s
distance for HDS and partial body scores was 0.19 and < 0.01,
respectively. For the other cases in the training dataset with
PMIs of > 70 days, Cook’s distance for partial body scores
ranged from 0.08 to 0.11, but little or no effect was seen on
Cook’s distance for HDS markers in the same cases. The case
characteristics were external desiccation and a relatively low
BMI (i.e. 11 to 15 kg/m2). In the validation dataset, it was also
seen that cases with longer PMIs (> 27 days) stood out with
greater Cook’s distances, regarding both HDS and partial
body scores. External desiccation or low BMI was not as
evident in those cases as in the training dataset. However,
one extreme case with Cook’s distance of 0.17 for HDS, but

Fig. 5 Testing different exponents and their p values. Values of the
exponents, from 0 to 3, were tested in steps of 0.1. For each score, the
model with the best p value was selected
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Fig. 6 Linear regression. Log10ADD plotted against the untransformed (black) and the Box-Cox transformed HDS markers (grey). The optimal
exponent for cell nuclei was 2.1; for cell structure, 2.4; for bile ducts, 2.7; for portal triad, 2.0; and for architecture, 1.9

Fig. 7 a Training data. b
Validation data. The points
indicate individual cases analysed
with the model based on the five
HDS markers only, the three
partial body scores only, or all
eight scores in combination. The Y
axis indicates the value of
Log10ADD that results in the
highest likelihood for the observed
HDS markers and partial body
scores. The solid line indicates
“perfect agreement”. The dashed
lines are two standard deviations
(according to the model), and we
would expect that 95% of the
samples would have a most likely
ADD within this interval
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< 0.01 for partial body score, had a PMI of only 3 days, but a
liver tissue in advanced decomposition.

When comparing the BMI in the outliers and the non-out-
liers, there was no evident association between low BMI and
being an outlier (results not shown). Still, cases with extreme-
ly low BMI may be a potential source of outliers.

Presence of desiccation

We also investigated if the presence of desiccation affected
model precision. Of the 236 cases, approximately 34%
displayed desiccation to some extent. Evaluating only desic-
cated cases seemed to improve model precision (i.e. smaller
sigma) in comparison with cases without desiccation
(representing cases with moist decomposition), but there were
several extreme outliers, especially concerning partial body
scores in cases without desiccation. There was a low number
of cases with extensive soft tissue loss as the result of insect
infestations. The significance of the comparison of model per-
formance in the presence or absence of desiccation is ques-
tionable. The dataset of desiccated cases had a significantly
higher proportion of extended ADD. This probably reflects
the fact that the data contained no information on whether a
case with low ADD had progressed under conditions that
would favour desiccation or moist decomposition. In addition,
when applying the Box-Cox transformation of the HDS
markers, the optimal exponent was found to differ between
cases with or without desiccation (results not shown).

Discussion

The novel HDS system is indicated to be a statistically robust
way of quantifying the degree of decomposition, as well as a
useful aid in future PMI estimation. While our model has
limitations, including a potentially large uncertainty in some
cases (i.e. a low precision), the HDS system represents an
important step towards a practical model for PMI estimation
in forensic casework. As suggested by Madea et al. [23], even
PMI methods with low precision can be useful in forensic
casework. The novel scoring-based method also offers a struc-
tural and systemic evaluation of the decomposition process,
the effects of different intrinsic and extrinsic factors, and their
possible correlation with PMI.

The decomposition of the human liver

Previous research on the sequential decomposition of the hu-
man liver is scarce and focused only on structural changes
occurring in the first days after death [10–12], making our
HDS method unique in this context. It is therefore difficult
to compare our results with other publications. Kushwaha
et al. [10] presented a scoring system where decomposition
changes were graded on a scale 0 to 4, based on the appear-
ance of portal areas, hepatocytes, and the liver architecture,
observed at PMIs of 7–34 h. Structural changes, such as de-
clining optical quality of the portal triad and disturbance of the
lobular architecture, were similar to findings in our study.
Verma et al. [12] focused on the architecture of hepatic lobules
and the alignment of hepatocytes at PMIs up to 46 h. There,
the hepatic lobules were described as disorganised and hepa-
tocytes were completely separated from each other. These
changes seemed to start evolving 13 to 14 h after death.
Similar changes were also observed in our autopsy cases,
but were generally noticeable slightly later. The majority of
the cases with a PMI of less than 1 day in our study did not
display any histological changes when examined under a light
microscope. Usually, histological changes were observed after
a PMI of 1 day and were manifest after a PMI of 5 days. The
study by Karadžić et al. [11] of the human liver’s ultrastruc-
ture using electron microscopy indicated that autolytic chang-
es were visible already at 6 h after death. This indicates that
the autolysis starts very early after death. We could not, with
our methods, observe these very early signs of autolysis (e.g.

Table 4 Coefficients and slopes in the linear regression model. HDS markers: cell nuclei (Nucl), cell structure (Struct), bile ducts (Bile), portal triad
(Portal), and architecture (Arch). Partial body scores: head (PBSH), trunk (PBST), and limbs (PBSL)

Nucl Struct Bile Portal Arch PBSH PBST PBSL

a = slope 8.02 14.22 20.92 8.82 6.59 3.37 2.42 2.49

b = intercept − 11.52 − 20.46 − 31.15 − 13.15 − 7.31 − 4.96 − 3.28 − 3.72

Table 5 The correlation matrix from the multivariate regression model.
HDS markers: cell nuclei (Nucl), cell structure (Struct), bile ducts (Bile),
portal triad (Portal), and architecture (Arch). Partial body scores: head
(PBSH), trunk (PBST), and limbs (PBSL)

Nucl Struct Bile Portal Arch PBSH PBST PBSL

Nucl 1 0.67 0.59 0.6 0.6 0.22 0.24 0.37

Struct 0.67 1 0.49 0.6 0.86 0.22 0.14 0.31

Bile 0.59 0.49 1 0.81 0.49 0.43 0.38 0.49

Portal 0.6 0.6 0.81 1 0.58 0.45 0.37 0.47

Arch 0.6 0.86 0.49 0.58 1 0.24 0.16 0.33

PBSH 0.22 0.22 0.43 0.45 0.24 1 0.62 0.64

PBST 0.24 0.14 0.38 0.37 0.16 0.62 1 0.53

PBSL 0.37 0.31 0.49 0.47 0.33 0.64 0.53 1
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define specific and PMI-dependent changes in the liver tissue
possible to quantify). We saw presence of bacteria scattered in
many of the liver tissue sampled, but only a few cases with
multiple large colonies of bacteria within the liver tissue or in
blood vessels. We also saw indirect signs of bacterial activity,
i.e. rounded voids of various sizes interpreted as gas forma-
tion. Both bacteria and gas formation can be observed in both
liver tissue samples without any other histological changes
(and with a PMI of less than 1 day) and those with extensive
decomposition changes. We may assume that the liver’s po-
sition in the abdominal cavity, in close proximity to the gall-
bladder and the pancreas (autolytic enzymes) as well as the
intestinal tract (large bacterial load), would promote a relative
rapid rate of decomposition in the liver, making liver tissue
samples unusable in longer PMIs. However, the end stage
(only collagen remains) is not reached until approximately
35 days after death. Several cases with extended PMIs (43 to
217 days) had not reached the end stage.

It was evident that a rise in ambient temperature was
followed by an increased rate of liver autolysis [10–12].
Autolysis has a delayed onset and a slow progression rate in
a cold environment. However, longer storage time at a morgue
(i.e. 8 days or more) could result in severe autolytic alterations
[24]. In our dataset, the median morgue time was 4 days and
very few cases were stored for longer than 8 days.
Presumably, the cold environment in the morgue has a mod-
ifying effect on the decomposition process, but we cannot
determine to what extent this occurred in this present study.
When calculating ADD, we took into account the time that the
dead body spent in the morgue, as well as the morgue temper-
ature.We do not know at what temperature the decomposition
progress ceases [8]. Vass et al. [25] stated that decomposition
occurred down to 0 °C and Micozzi [26] stated that no de-
composition took place at temperatures lower than 4 °C.
Questions have been raised about the accuracy of ADD
models [27]. However, applying an ADD model gave us the
opportunity to take temperature variation into account, as well
as incorporating the time after death.

Performance, reliability, and validity of the HDS
system

In spite of the continuous nature of decomposition, a scoring-
based method gives a good opportunity to describe and quan-
tify the degree of decomposition in a concrete case. This also
enables comparison between cases. There is a certain inherent
degree of subjectivity in the scoring. Still, a structural way of
assessing the decomposition in human remains would be of
value, in both forensic research and forensic practice.

When investigating the reliability of scoring liver slides
using the HDS system, the results indicated a high reproduc-
ibility and consistent scoring. However, an inter-observer var-
iability, in a single case, can lead to greater differences with

regard to the real PMI. The results also indicated that training
and calibration meetings could increase the reliability and ac-
curacy. Generally, cell nuclei had less agreement between
different observers than architecture and cell structure.

The Box-Cox transformation of TBS was used in Megyesi
et al. [8] with the exponent 2 and in Moffatt et al. [18] with an
exponent 1.6. We have previously tested the TBS model in an
indoor setting and found that transformation was not neces-
sary for TBS in our dataset [1]. However, it was not known if
transformation of the HDS markers would be needed to im-
prove the model fit (i.e. achieve a normally distributed re-
sponse). Test results indicated that the optimal exponent in
our training dataset was 1.9 to 2.7, depending on which
HDS marker was investigated.

The fitted model was applied on the independent validation
dataset with similar results as in the training dataset, indicating
high accuracy. The model based on partial body scores had a
somewhat higher precision than the model based on HDS
markers. However, the model based on HDS markers com-
bined with partial body scores performed slightly better than
the model based on only partial body scores or that based only
on HDS markers, suggesting that improved precision was
achieved when combining the two methods. The likelihood
curve gave a reasonable indication of the degree of uncertainty
built into the model. Further, when testing the performance of
the model if one or more of the HDS markers and/or partial
body scores was missing or unreliable, the results indicated
that the partial body score of limbs (PBSL) had the greatest
impact on the model precision. If PBSL is not available, the
HDS markers may still contribute to improving the precision
of the model.

Outliers and possible ways to improve the model

One way to improve the precision of the model might be the
exclusion of extreme outliers. This could result in narrower
intervals and smaller sigma values (SD), i.e. better predictions.
However, this would require objective criteria for identifica-
tion of these outliers or when it would be justified to exclude
them. Specified exclusion criteria have to be practical and
possible to apply in new cases. Decomposition is a complicat-
ed process, in which many different factors play a role.
Identifying these factors and to what extent they affect indoor
decomposition would be of great importance. In our dataset,
the post-mortemBMI displayed large variation between cases.
An extremely low post-mortem BMI might result in a poten-
tial outlier in the model. Still, we did not find an evident
association between low BMI and being an outlier.

The rate of decomposition may be affected by desiccation.
Our previous study of indoor decomposition found that the
rate was slower; the PMI may therefore be underestimated in
cases with desiccation [1]. When dividing the 236 cases into
two groups—with or without presence of desiccation—the
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precision of the model seemed to improve regarding the des-
iccated cases. However, the results were somewhat ambigu-
ous. There were several extreme outliers, as well as an appar-
ent difference in ADD between the two groups. If many cases
(outliers) are removed in order to get an improved precision,
the models may no longer reflect reality.

Strengths of the novel model

The TBS method was suggested to have a moderate to low
precision in an indoor setting [1]. An alternative to only using
the sum of the partial body scores, i.e. the TBS, was sought,
and a multivariate regression model was set up based on the
three separate, but correlated, partial body scores of the head,
trunk, and limbs. The precision of this new model was sug-
gested to be improved [22]. Further, the results indicated that
the HDS markers were relatively independent of the partial
body scores (as shown in Table 5), giving a better modelling
of the decomposition process, with the potential of improving
PMI estimates. Uneven decomposition in a specific case can
create difficulties in how to score and calculate the TBS to
optimally represent the degree of decomposition. Further, the
TBS or partial body scores only reflect the external decompo-
sition changes. Combination with HDS markers enables an
improved representation of the decomposition that has taken
part within the body. The fitted model of both scoring
methods can be used even if one or more scores/markers are
missing, for example, if one partial body score is considered
unreliable due to injuries or extensive pathological lesions in
the skin, etc.

Conclusions

The histological changes observed throughout the trajectory
of decomposition in human livers were demonstrated to be
important in the quest to improve methods for estimating the
PMI. As yet, relatively little weight had been placed on re-
search regarding the indoor environment, especially in rela-
tion to extended PMIs. Our approach, combining HDS
markers with partial body scores, allows a comparison of the
degree of decomposition between bodies. It also provides new
information concerning different factors affecting the rate and
pattern of decomposition, such as the effect of temperature,
clothing/coverings, intoxication, and bacterial load.
Furthermore, the precision in prediction of ADD will increase
if uncertainties in the input data are limited. Refining the mod-
el further may be possible by adjusting for factors affecting the
rate of decomposition.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00414-020-02467-x.

Acknowledgements Open access funding provided by Uppsala
University. We thank Fredrik Tamsen, Daniel Wallroth, and Björn Käll
for carrying out the independent observer test scoring of the liver slides.

CRediT authorship contribution statement Ann-Sofie Ceciliason: con-
ceptualisation, data curation, writing—original draft, writing—review,
and editing. M. Gunnar Andersson: formal analysis, methodology, vali-
dation, writing—review, and editing. Sofia Nyberg: conceptualisation,
data curation, writing—review and editing. Håkan Sandler: writing—
review and editing.

Compliance with ethical standards

All procedures performed in studies involving human participants were in
accordance with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. All data were processed anonymously.
Autopsy results including histology may be used anonymously for scien-
tific purpose. For this type of study, formal consent is not required.

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ceciliason AS, Andersson MG, Lindström A, Sandler H (2018)
Quantifying human decomposition in an indoor setting and impli-
cations for postmortem interval estimation. Forensic Sci Int 283:
180–189. https://doi.org/10.1016/j.forsciint.2017.12.026

2. Hayman J, Oxenham M (2016) Peri-mortem disease treatment: a
little known cause of error in the estimation of the time sine death in
decomposing human remains. Aust J Forensic Sci 48:171–185.
https://doi.org/10.1080/00450618.2015.1042048

3. Campobasso CP, Di Vella G, Introna F (2001) Factors affecting
decomposition and Diptera colonization. Forensic Sci Int 120:18–
27

4. Zhou C, Byard RW (2011) Factors and processes causing acceler-
ated decomposition in human cadavers – an overview. J Forensic
Legal Med 18:6–9. https://doi.org/10.1016/j.jflm.2010.10.003

5. Tsokos M (2004) Postmortem changes and artefacts occurring dur-
ing the early postmortem interval. In: Forensic pathology reviews,
3rd edn. Humana Press Inc, Totowa, pp 183–238

6. Pinheiro J (2006) Decay process of a cadaver. In: Schmitt A, Cunha
E, Pinheiro J (eds) Forensic anthropology and medicine: comple-
mentary sciences from recovery to cause of death. Humana Press
Inc, Totowa, NJ, pp 85–116

7. Hinson JA, Roberts DW, James LP (2010) Mechanisms of
acetaminophen-induced liver necrosis. In: Uetrecht J (ed) Adverse
drug reactions, vol 196. Springer, Berlin, pp 369–405

266 Int J Legal Med (2021) 135:253–267

https://doi.org/10.1007/s00414-020-02467-x
https://doi.org/
https://doi.org/10.1016/j.forsciint.2017.12.026
https://doi.org/10.1080/00450618.2015.1042048
https://doi.org/10.1016/j.jflm.2010.10.003


8. MegyesiMS, Nawrocki SP, Haskell NH (2005) Using accumulated
degree-days to estimate the postmortem interval from decomposed
human remains. J Forensic Sci 50:618–626

9. Javan GT, Finley SJ, Tuomisto S, Hall A, Benbow ME, Mills D
(2019) An interdisciplinary review of the thanatomicrobiome in
human decomposition. Forensic Sci Med Pathol 15:75–83. https://
doi.org/10.1007/s12024-018-0061-0

10. Kushwaha V, Yadav M, Srivastava AK, Agarwal A (2009) Time
passed since death from degenerative changes in liver. J Indian
Acad Forensic Med 31:320–325

11. Karadžić R, Ilić G, Antović A, Banović LK (2010) Autolytic ultra-
structural changes in rat and human hepatocytes. Rom J Leg Med
18:246–252. https://doi.org/10.4323/rjlm.2010.247

12. Verma S, Goyal M, Kurrey P, Paikra L (2015) Estimation of time
since death from histological changes in hepatic cords and hepatic
lobules of human liver. Int J Curr Res Life Sci 4:363–366

13. Madea B (2016) Methods for determining time of death. Forensic
Sci Med Pathol 12:451–485. https://doi.org/10.1007/s12024-016-
9776-y

14. Mann RW, Bass WM, Meadows L (1990) Time since death and
decomposition of the human body: variables and observations in
case and experimental field studies. J Forensic Sci 35(1):103–111

15. Heaton V, Lagden A, Moffatt C, Simmons T (2010) Predicting the
postmortem submersion interval for human remains recovered from
UK waterways. Forensic Sci 55(2):302–307

16. Gruentahl A, Moffatt C, Simmons T (2012) Differential decompo-
sition patterns in charred versus un-charred remains. J Forensic Sci
57(1):12–18

17. Lefkowitch JH (2015) Scheuer’s liver biopsy interpretation, 9th re-
vised edition. Elsevier Health Sciences, London

18. Moffatt C, Simmons T, Lynch-Aird J (2016) An improved equation
for TBS and ADD: establishing a reliable postmortem interval
framework for casework and experimental studies. J Forensic Sci
61:201–207. https://doi.org/10.1111/1556-4029.12931

19. Folkhälsomyndighetens allmänna råd om temperatur inomhus
(FoHMFS 2014:17). [The Public Health Agency of Sweden’s gen-
eral advice on indoor temperature]

20. Bédard M, Martin NJ, Krueger P, Brazil K (2000) Assessing repro-
ducibility of data obtained with instruments based on continuous
measurements. Exp Aging Res 26(4):353–365

21. Popović ZB, Thomas JD (2017) Assessing observer variability: a
user’s guide. Cardiovasc Dagn Ther 7(3):317–324. https://doi.org/
10.21037/cdt.2017.03.12

22. Andersson MG, Ceciliason AS, Sandler H, Mostad P (2019)
Application of the Bayesian framework for forensic interpretation
to casework involving postmortem interval estimates of
decomposed human remains. Forensic Sci Int 301:402–414.
https://doi.org/10.1016/j.forsciint.2019.05.050

23. Madea B, Ortmann J, Doberentz E (2019) Estimation of the time
since death – even methods with a low precision may be helpful in
forensic casework. Forensic Sci Int 302:109879. https://doi.org/10.
1016/j.forsciint.2019.109879

24. Cocariu EA, Mageriu V, Staniceanu F, Bastian A, Socoliuc C,
Zurac S (2016) Correlation between the autolytic changes and post-
mortem interval in refrigerated cadavers. Rom J Intern Med 54:
105–122. https://doi.org/10.1515/rjim-2016-0012

25. Vass AA, Bass WM, Wolt JD, Foss JE, Ammons JT (1992) Time
since death determinations of human cadavers using soil solution. J
Forensic Sci 37(5):1236–1253

26. Micozzi MS (1986) Experimental study of postmortem change un-
der field conditions: effects of freezing, thawing, and mechanical
injury. J Forensic Sci 31(3):950–961

27. Forbes MNS, Finaughty DA, Miles KL, Gibbon VE (2019)
Inaccuracy of accumulated degree day models for estimating ter-
restrial post-mortem intervals in Cape Town, South Africa.
Forensic Sci Int 296:67–73. https://doi.org/10.1016/j.forsciint.
2019.01.008

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

267Int J Legal Med (2021) 135:253–267

https://doi.org/10.1007/s12024-018-0061-0
https://doi.org/10.1007/s12024-018-0061-0
https://doi.org/10.4323/rjlm.2010.247
https://doi.org/10.1007/s12024-016-9776-y
https://doi.org/10.1007/s12024-016-9776-y
https://doi.org/10.1111/155612931
https://doi.org/10.21037/cdt.2017.03.12
https://doi.org/10.21037/cdt.2017.03.12
https://doi.org/10.1016/j.forsciint.2019.05.050
https://doi.org/10.1016/j.forsciint.2019.109879
https://doi.org/10.1016/j.forsciint.2019.109879
https://doi.org/10.1515/rjim-2016-0012
https://doi.org/10.1016/j.forsciint.2019.01.008
https://doi.org/10.1016/j.forsciint.2019.01.008

	Histological quantification of decomposed human livers: a potential aid for estimation of the post-mortem interval?
	Abstract
	Introduction
	Materials and methods
	Selection of cases
	The total body score method
	Presence of insect activity and external desiccation
	The post-mortem interval
	The ambient indoor temperature and accumulated degree-days
	Liver tissue processing
	Development of the hepatic scoring method

	Statistical analysis
	Testing the reliability of the HDS system
	Training data and validation data
	Transformation of the HDS
	Multivariate regression model

	Results
	The decomposition process in the liver
	The hepatic decomposition score system
	Testing the reliability of the HDS system
	Transformation of HDS
	Fitting and validation of the models
	Covariance
	Performance when one or more scores were missing
	Filtering data and outliers
	Presence of desiccation

	Discussion
	The decomposition of the human liver
	Performance, reliability, and validity of the HDS system
	Outliers and possible ways to improve the model
	Strengths of the novel model

	Conclusions
	References


