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Abstract

Establishing the postmortem interval (PMI) is vital in legal medicine as it allows to retrospectively estimate the hour of death, which is
essential for the police as a starting point for their inquiries (especially in violent deaths). Ultrastructure studies aimed specifically to detect
autolytic changes are scarcely identified in the scientific literature. Moreover, they are performed in a variety of conditions (different
temperatures, species, in vitro / in situ, and so on), making the results difficult to interpret for legal medicine purposes. The main aim of this
review is to determine the potential usefulness of ultrastructure studies for the estimation of the postmortem interval and to provide a
summary of relevant scientific literature in the area, which might be useful as a starting point for more specific and detailed studies in the
field. We performed a search on the ISI Thomson Web of Knowledge database using a series of predefined keywords; the articles fulfilling
the inclusion criteria were systematically analyzed to identify ultrastructure changes associated with autolysis. Our investigation revealed
20 relevant articles, which detailed ultrastructure changes in the brain, heart, liver, pancreas, kidney, bone, sweat glands, thyroid, skeletal
muscle, cartilage and sweat glands. For each organ, we arranged systematically postmortem ultrastructure changes that were described
by various authors. Ultrastructure changes appear early and may be useful in determining the time since death in the early postmortem
interval. However, most studies published in this area followed methodologies that could not allow a proper reproducibility in forensic
circumstances. Therefore, before using ultrastructure for estimating the PMI in practical environments, further studies are needed. They

should be performed ideally on human samples, obtained at regular intervals after death, at variable, decreasing temperatures.

Keywords: ultrastructure, autolysis, estimating the postmortem interval, postmortem interval in forensic practice.

=& Introduction

Establishing the postmortem interval (PMI) is paramount
in legal medicine as it allows to retrospectively estimate
the moment of death, which is essential for the police as
a starting point for their inquiries (especially in violent
deaths). There are five main methods of establishing the
PMI, routinely used in forensic practice: purely physical
processes (lividity, algor mortis), physicochemical processes
(rigor mortis), metabolic processes (supravital reactions),
autolysis, and putrefaction [1].

Death, from a medical point of view, is defined as
the irreversible cessation of respiratory, circulatory and
cerebral functions. Biologically, death is a process for
which are defined, mostly for practical reasons a series
of predefined steps. With the irreversible cessation of the
circulatory function, the organs, tissues and cells enter
in a process called supravital period or intermediate life.
The absence of the blood flow leads locally to a rapid
consumption of the oxygen and subsequently to a shift
toward the anaerobic metabolism. Gradually, all locally
available nutrients are catabolized through anaerobic
mechanisms, the energy-dependent cellular mechanisms

cease to function, causing irreversible changes to the
organic structures [2, 3]. They are known under the general
term autolysis and chiefly include abacterial destruction
of tissues by hydrolytic, lysosomal enzymes [4], but also
other processes like hydro-electrolyte disturbances caused
by the function cease of the ionic pumps [5].

The speed of autolytic processes is influenced by
temperature (direct correlation), humidity, preexistent
pathologies (sepsis, hyperthermia increases the rate, while
hypothermia decreases it), and especially the histological
characteristics of individual organs. The speed is higher
in organs with a large concentration of lytic enzymes
(pancreas), increased water content (pancreas, spleen),
a decreased conjunctive matrix (heart, brain, lungs,
endothelia), or that are bathed in corrosive liquids
(stomach) [6]. Autolytic processes can be identified during
the gross examination of the body or by using various
histological, biochemical or ultrastructure methods [7—14].
Currently, the most often used techniques for establishing
the postmortem interval are temperature, postmortem
muscle excitability and the variation of different chemical
or biochemical substances in various fluids (mainly
vitreous humor, but also blood, pericardial fluid, and so on)
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[3, 5]. Each method is prone to errors, and forensic
pathologists try to minimize them by combining two
or more approaches for each case. Sometimes, however,
obtaining relevant data from two or more techniques can
be extremely difficult, or even impossible. Therefore,
each new, potentially useful method in establishing the
postmortem interval may be beneficial in specific cases/
circumstances.

Ultrastructure studies aimed specifically to detect
autolytic changes are scarcely identified in the scientific
literature. Moreover, they are performed in a variety of
conditions (different temperatures, species, in vitro / in situ,
and so on), making the results difficult to interpret in a
forensic context. However, many of the established precise
intervals for the appearance of various ultrastructure
changes after death [11, 15, 16]. Therefore, we hypo-
thesized that, if environment factors could be properly
controlled, ultrastructure studies might be extremely useful
in establishing the postmortem interval in humans.

The purpose of this review is to analyze the potential
usefulness of ultrastructure studies to the estimation of
the postmortem interval and to provide a summary of
relevant scientific literature in the area, which could be
useful as a starting point for more specific and detailed
studies in the field.

= Methodology of review

We performed a search on the ISI Thomson Web
of Knowledge database using the following keywords:
ultrastructure + postmortem, which yielded 139 results
(time range 1970-2016), electron microscopy + post-
mortem, which yielded 543 results, and autolysis + electron
microscopy, which yielded 57 results. We excluded articles
without an abstract those found in print editions only [17],
those analyzing ultrastructure changes associated with
various pathologies (e.g., [18]), even if they showed time-
dependent postmortem ultrastructure changes (except
those who had a control group, cases which we detailed
in this article). For each relevant article, we also performed
an analysis of the list of references.

= Relevant publications

Our analysis identified 21 relevant articles, which
analyzed ultrastructure changes in the brain, heart, liver,
pancreas, kidney, bone, sweat glands, thyroid, skeletal
muscle, cartilage and sweat glands. Details are found in
Table 1.

Table 1 — The main studies included in the analysis

Structure Species Temperature P(_)stmortem Reference
intervals
. . 1,3,6,9, 12,
Brain Rat Environment 24 hours [19]
Bain  Cat . SO% 30 90minutes [20]
emperature
0,1,2,4,8,
Heart Rat 4°c 24,28, 32, [7]
48 hours
10, 30 minutes,
0 1, 4, 12 hours,
Heart Rat 19°C 1.2 4.8 12, [15]
16, 20 days
Heart  Rat 20°c  1ominutes, 1,
3, 5, 10 hours

Structure Species Temperature Pc_>stmortem Reference
intervals
0 15, 45, 120,
Heart Dog 22°C 240 minutes [22]
0 1,3,5,10, 15,
Heart Rat 23°C 24 hours [11]
Heart Rat Environment 0, 2, 4 hours [23]
0 15, 30, 60, 120,
Heart Dog 37°C 180 minutes [24]
Room
temperature 20, 60, 90,
for the first 120 minutes,
Heart Human two hours; 3,6, 12,15, (29]
afterwards, 18 hours
at 4°C
. 0 0,2,4,6,12,
Liver Rat 8, 18,28°C 24 hours [16]
Liver Human 18°C 6, 12,24 hours  [16]
. 0 1,3,5,10, 15,
Liver Rat 23°C 24 hours [11]
Liver Rat Environment 0, 2, 4 hours [23]
. Body 15, 30, 60,
Liver Rat temperature 120 minutes (26]
0 1,3, 5,10, 15,
Pancreas Rat 23°C 24 hours [11]
Pancreas Rat Environment 0, 2, 4 hours [23]
0 0,0.5,1,2,4,
Pancreas Rat 37°C 8, 16 hours [27]
0°C (20, 48,
. 72 hours) 20, 48,
Kidney Rat Environment: 72 hours 28]
20°C, 48°C
. 0 0,1,5,10, 15,
Kidney Rat 22+3°C 20 hours [29]
. . 4,9,12, 24,
Kidney Rat Environment 48 hours [9]
) 0 1, 3,5, 10, 15,
Kidney Rat 23°C 24 hours [11]
Skeletal 0 1,3, 5,10, 15,
muscle Rat 23C 24 hours (11
) 5—-10 minutes,
Skeletal Mouse Enwronrpent 3,6, 12, 24, 8]
muscle (10-20°C)
48 hours
Thyroid Rat Unspecified 0, 60 minutes [30]
Intervertebral 0 0,1,6,12,
disk  Mouse 4T 24 hours (31]
Bones Human Environment Upto [10]
15 years
Sweat . 3,6,9,
glands Human Environment 12 hours [32]

= Cerebral autolytic changes

There is a scarcity of articles dealing with ultra-
structure changes caused by autolysis in the brain. Arsénio-
Nunes et al. (1973) analyzed the ultrastructure changes in
the cat brain, 30 and 90 minutes after the arrest of the
cerebral circulation [20]. Sheleg et al. (2008) analyzed
the ultra-structure of rat brain at 0, 3, 6, 9, and 12 hours
after death [19]. The earliest postmortem changes, found
at 30 minutes, were represented by an enlargement of
the glial and neuronal processes in the molecular layer. In
other layers of the brain, the neuropil was sometimes
swollen, but the change was less significant compared to
the molecular layer. Astrocytes presented swellings mostly
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in the vascular end feet and scarcer in the perikarya
[20]. Neurons presented only a slight volume increase
of the endoplasmic reticulum. The endothelial cells of
the capillary walls had a high number of pinocytotic
vesicles and marginal folds and flaps, which were
projecting toward the lumen [20]. At 90 minutes of
ischemia, the molecular and external granular layers
were severely swollen. Mitochondrial damage was
frequent, with swelling and breakage of mitochondrial
cristae. The other layers presented astrocyte perikaryal
and perivascular swelling. Neurons were well preserved,
the only obvious change being a swelling of the
endoplasmic reticulum. Endothelial cells had a lower
density of pinocytic vesicles compared to the changes
encountered at 30 minutes [20]. At three hours, the
neuronal mitochondria were sometimes swollen [19]. After
six hours, the authors encountered vacuolizations of the
endoplasmic reticulum and lysosomes associated with
clumping of the neuronal chromatin. At nine hours, the
ribosomes tended to disappear from neurons, while at
24 hours was identifiable a complete chromatolysis in
72% of the cortical neurons [19].

& Cardiac autolysis in transmission electron
microscopy (TEM)

Autolysis in the heart was intensely studied, mostly in
rats [4, 21] and dogs [22, 24], on variable temperatures,
from 4°C [7] to 37°C [24], from very early changes [22] to
those occurring 20 days after death [15]. Details regarding
the postmortem changes are presented in Table 2 and
Figures 1 and 2.

Table 2 — Ultrastructure changes in the heart, depen-
ding on the postmortem interval

Postmortem

. Ultrastructural changes
interval

Nucleus: chromatin margination [15, 24]; slight
clumping [21]
Mitochondria: moderate enlargement [15];
decreased matrix density [24]; occasional
fragmentation of the outer membrane [24, 25];
few amorphous matrix densities [25]
< 30 minutes Endoplasmic reticulum: enlargement and
enrounding [15]
Lysosomes: present [15]
Myofibrils: | band not clearly discernable from H
band [21]
Glycogen: some loss of glycogen [15] / decreased
glycogen [21, 24]
Nucleus: chromatin clumping [11, 21]; chromatin
margination [24]
Mitochondria: inconstant broken cristae [7];
mitochondria number decreased to about
a half but density increased by a third [22];
mean outer surface doubled [22]; increased
mitochondrial volume [24, 25] (doubled [23]);
dense granules [24, 25]
Endoplasmic reticulum: inconstant dilation of
transverse tubules [7]; occasional vacuolation [24]
Myofibrils: relaxed [7]; enlarged interfibrillar
spaces [24]; prominent |, H bands [7];
thickening of / around the | band, clearly
discernable from H band; no distinct | band
[24]; poorly defined H band [24]
Glycogen: still abundant [7]; very rare [21, 24]
Mitochondria: swelling, broken cristae [7];
amorphous densities [22], more often and
bigger compared to one hour [24]; volume
increased by 25% compared to one hour [23]

1 hour

2 hours

Postmortem

. Ultrastructural changes
interval

Lysosomes: present [15]

Myofibrils: inconstantly contracted [7]

Glycogen: present [4]; small quantities [15]

Mitochondria: swelling [11]; advanced
fragmentation and vesiculation [25]

Myofibrils: obvious | bands [11]

Glycogen: absent [11]

Cytoplasm & cell membrane: slight cell edema [11]

Mitochondria: swollen, most with broken cristae;
pleomorphic; dense bands of apparently fused
cristae [7]

Endoplasmic reticulum: extremely swollen,
irregular surface [22]

Lysosomes: present [15]

Myofibrils: large spaces between myofibrils,
causing vacuoles [22]; obvious | lines [22]

Nucleus: chromatin clumping [7]

Mitochondria: swollen, with large vacuoles, dense
bands of fused cristae [4]

Myofibrils: pushed laterally by swollen mitochon-
dria (initial indication of fiber disruption) [7]

Glycogen: reduced quantities [7]

Endoplasmic reticulum: dilated [11]

Lysosomes: absent [15]

Glycogen: absent [15]

Mitochondria: amorphous, dense deposits [11]

Cytoplasm: moderate cell edema [11]

Nucleus: marked chromatin clumping [11]

Mitochondria: amorphous, dense deposits [11]

Myofibrils: obvious myofibril distortion, loss of
parallel arrangement, fragmentation [7];
disorganization of the Z band, separation of the
intercalated disk from the opposing membranes
[71, | bands present [11]

Glycogen: present, reduced quantities [7]

Mitochondria: vesiculation and vacuolation [7]

Myofibrils: interfibrillar side spaces [7]

Glycogen: still present [7]

Myofibrils: fractures, fragmentation [7]; poorly
organized Z bands, separation of the myofibrils
from the Z band [7]

Myofibrils: separation and fragmentation [7]

Glycogen: greatly reduced but still present [7]

Nucleus: without chromatin, ghost-like [15]

Mitochondria: swollen, some degree of
disintegration [15]

Myofibrils: no regular and identifiable
arrangements [15]

Some myofibers are still identifiable [15]

Loss of cell integrity, invasion of bacteria [15]

Rare nuclear ghosts [15]

Mitochondria: remained structurally defined,
sometimes even with cristae [15]

Cells are totally rotten and disintegrated [15]

2 hours

3 hours

4 hours

8 hours

10 hours

12 hours

15-16 hours

24 hours

28 hours

32 hours

48 hours

4 days

8-12 days

16-20 days

= Liver autolysis in TEM

The autolysis of the liver was studied primarily on
rats, and mainly in warmer environments (either room
temperature [23] or body temperature [26]). Details
regarding the postmortem changes are presented in Table 3.

Table 3 — Ultrastructure changes in the liver, depen-

ding on the postmortem interval

Postmortem

p Ultrastructural changes
interval

Mitochondria: swollen (at 30 minutes, but not at
15 minutes) [26]

Endoplasmic reticulum: fragmentation (inconstant
at 15 minutes, increased at 30 minutes),
beadlike enlargements [26]; inconstant
detachment of ribosomes at 30 minutes [26]

Glycogen: depends on the fed / fasted status [26]

< 30 minutes
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Postmortem
interval

Ultrastructural changes

< 30 minutes

Cell membrane: disappearance of microvilli
along the sinusoidal border adjacent to the
space of Disse [26]; expansion and focal
interruption of the plasma membrane [26]

1 hour

Nucleus: chromatin clumping [11]

Mitochondria: severely swollen, loss of
mitochondrial cristae [26]

Endoplasmic reticulum: swollen [26]

Golgi apparatus: dilatation of sacs and vesicles
[26]

Lysosomes: increased number, enlarged,
sometimes lack the dense opaque core [26]

2 hours

Nucleus: crenation and vacuolar detaching of
nuclear membranes, granulation and clumping
of chromatin (28°C, rat) [16]

Mitochondria: severely swollen [26], around
12% increase in volume [23]; disappearance
of cristae, interruption of the mitochondrial
membrane, vacuoles [23]

Endoplasmic reticulum: more pronounced
compared to one hour [26]; marked swelling
(28°C, rat) [16]

Golgi apparatus: increased dilatation of sacs
and vesicles [26]; marked swelling (28°C, rat)
[16]

Cytoplasm and cell membrane: pallor,
enlargement, interdigitating membranes
lining bile canaliculi [23]; microvilli lining
the sinusoidal border are absent [23]

4 hours

Nucleus: swelling and slight granularity of the
chromatin [16]; partial lysis of the outer nuclear
membrane (28°C, rat) [16]

Mitochondria: no significant volume increase
compared to two hours [23]

Cytoplasm: vacuolization (28°C, rat) [16]

6 hours

Nucleus: peripheral migration of chromatin,
partial lysis of the outer nuclear membrane
(18°C) [16]; lysis of the inner nuclear
membrane with leakage of chromatin
(28°C, rat) [16]

Mitochondria: initial homogenization of the
mitochondrial matrix (8°C) [16]

Significant loss of mitochondrial cristae
(28°C, rat) [16]

Endoplasmic reticulum: initial lysis (18°C) [16]

Golgi apparatus: swelling and turbidness
(18°C) [16]

Glycogen: decreased (28°C, rat) [16]

Cytoplasm: vacuolization (18°C) [16]

10 hours

Mitochondria: amorphous, dense bodies,
inconstant [11]

12 hours

Nucleus: separation of the nuclear membranes
(8°C, rat) [16]; initial lysis of the inner
membrane, occasional leakage of chromatin in
the cytoplasm (18°C) [16]

Mitochondria: amorphous deposits in the
mitochondrial matrix (18°C, 28°C) [16]

Endoplasmic reticulum: complete lysis (28°C,
rat) [16]

Golgi apparatus: complete lysis (28°C, rat) [16]

Cytoplasm: vacuolization (18°C, 28°C) [16]

15 hours

Mitochondria: significant amorphous dense
bodies [11]

24 hours

Nucleus: diffuse leakage of chromatin in the
cytoplasm (18°C) [16]

Mitochondria: shape deformation, numerous
amorphous bodies (1800) [16]; lysis of the
outer mitochondrial membrane (28°C, rat) [16]

Endoplasmic reticulum: diffuse, moderate lysis
(18°C) [16]

Golgi apparatus: diffuse, moderate lysis (18°C)
[16]

Glycogen: initial reduction of glycogen granules
(8°C, 18°C rat) [16]; marked reduction (28°C,
rat) [16]

b \ ¥ 5

Figure 1 — Rat myocardium. TEM of a one-hour post-
mortem interval ventricular sample, prepared as described
in [23]. Enlarged interfibrillary spaces. Heterogeneity
of the myofibrillar bands: I bands clearly discernable
(black arrows) from H bands (black arrowheads), as
well as I bands not clearly discernable (white arrows).
Enlarged mitochondria (white arrowheads) seemingly
lack an outer membrane. (Photo from the personal
collection of the authors).

G A
Figure 2 — Rat myocardium. TEM of a two-hour post-
mortem interval ventricular sample, prepared as described
in [23]. Mitochondrial amorphous dense deposits, rather
than dense granules, are indicated (arrows). The increased
mitochondrial volume is evident. (Photo from the
personal collection of the authors).
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= Pancreas autolysis in TEM

The autolysis of the pancreas was studied mostly on
rats, and mainly in warmer environments (either room
temperature [23] or body temperature [27]). Compared to
other organs, the changes tended to appear more rapidly,
and the speed of changes was increased. See Table 4 for
details and Figure 3 for an example.

Table 4 — Ultrastructure changes in the pancreas,
depending on the postmortem interval

Postmortem

. Ultrastructural changes
interval

Mitochondria: swollen, round or oval
[11]

Nucleus: chromatin clumping [23, 27]

Mitochondria: amorphous dense bodies [11]

1 hour Endoplasmic reticulum: slight dilatation [11, 27]

Secretory granules: fused with the apical
membrane [27]

Nucleus: chromatin condensation [23]

Mitochondria: volume more than doubled
compared to 0 h postmortem; disappearance
of cristae, interruptions of the membrane,
vacuoles, spiralous membranous profiles [23];
paler matrix, some myelin figures in the matrix
[27]

Endoplasmic reticulum: dilatation, fragmentation
and vesiculation; vacuoles with concentrically
arranged membranes [23]

Secretory granules: increased size
(condensation of granules) [27]

Cytoplasm and cell membrane: pallor, inter-
digitations, and enlargement of the
membranes lining the acinar lumen [23];
interruptions / blebs on the lateral side of the
membranes [23]; separation of desmosomes
and intermediate junctions [23]

Mitochondria: volume tripled compared to O h
postmortem [23]; large, electron dense

4 hours particles [23]

Endoplasmic reticulum: increased vesiculation
and fragmentation [23]

Nucleus: loss of the nuclear envelope [23]

Mitochondria: hard to identify after eight hours
[27]

Endoplasmic reticulum: disintegration or
arrangement in fingerprint-like concentric
whorls [27]; irregular, fluffy densities along the
cisterns [27]

Secretory granules: still identifiable [27]

Cell membrane: almost complete conversion of
the membrane into myelin figures [27]

Nucleus: karyolysis [23]

Mitochondria: marked degeneration [11]

Endoplasmic reticulum: poorly defined cisternae
[23]

Secretory granules: inconstant deposits of
crystalline materials [27]

Disappearance of organelles, cell shrinkage

(11

30 minutes

2 hours

8 hours

15-16 hours

24 hours

=& Kidney autolysis in TEM

The autolysis of the kidney was studied mostly on
rats, either at 0°C or around 20°C [9, 11, 28, 29]. The
speed of autolytic changes seems lower compared to
other organs (especially the pancreas), but it is very
different depending on the location (more intense in the
distal tubules compared to the proximal tubules). More
details in Table 5.

Figure 3 — Human fetal pancreas. TEM of an eight-
hour postmortem sample, prepared as described in [23].
Chromatin condensation (black arrows), cytoplasmic
whorls (white arrow), interrupted nuclear envelopes
(white arrowheads) and swollen mitochondria (black
arrowheads) are indicated. (Photo from the personal
collection of the authors).

Table 5 — Ultrastructure changes in the kidney, depen-
ding on the postmortem interval

Postmortem

. Ultrastructural changes
interval

Nucleus: slight clumping of the nuclear chromatin
(DT) [11]
3 hours  Mitochondria: slightly swollen (PT) [11]
Cell membrane: irregularly arranged microvilli
(PT) [11]

Nucleus: karyopyknosis (more intense in the DT
compared to the PT) (22+3°C) [21]; moderate
clumping and margination of chromatin (PT) [9,
11]; marked peripheral chromatin condensation,
with an inner lucent area containing 1-2
irregular clumps of dense chromatin, crenated
nuclear envelope (PT) [9, 11]

4-5 hours Mitochondria: swollen (PT) [9, 11]; extensively
swelling, vesiculation of cristae (DT) [9]

Lysosomes: swollen, with decreased electron
density (PT) [9]

Cytoplasm and cell membrane: vacuolization
(22+3°C, DT, LH) [21]; collapse of the lateral
membrane (PT) [9]; collapse of the lateral and
apical membrane (DT) [9]

Nucleus: irregular dilatations of the inter-
membranous space, blebs, marginal
condensation (PT) [9]; uniform, electron dense
bodies with slightly irregular outlines and partial
or total loss of the nuclear envelope (DT) [9];
marked clumping of chromatin (PT) [11]

10-12 hours Mitochondria: interruption of the outer membrane
(DT) [9]; amorphous dense bodies (DT) [11]

Cytoplasm and cell membrane: lighter, myelin
figures close to the brush border, either free
of within lysosomes (PT) [9]; myelin figures,
lighter (DT) [9]; small vacuoles (PT) [11];
dilatation of the microvilli (PT) [11]

Nucleus: clumping of the nuclear chromatin
(20°C, DT, LH, PT, 0°C — PT) [28] (PT) [11];
complete loss of nuclear envelope,
fragmentation of the nuclear bodies (DT) [9]

Mitochondria: disruption of the cristae, severe
edema (20°C, DT, LH) [29]; amorphous dense
bodies (PT) [11]

Cytoplasm and cell membrane: vacuolization
(20°C, DT, LH) [11]; lamination or rupture of
the folding membranes (20°C, DT, LH) [11]

20-24 hours
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Postmortem

. Ultrastructural changes
interval

Nucleus: markedly shrunk or fragmented, partial
or complete lysis of the nuclear membrane [9];
electron dense nuclear bodies; complete loss
of nuclear envelope, fragmentation of the
nuclear bodies (DT) [9]

Cytoplasm and cell membrane: obvious cytolysis
(more marked at 20 than at 0°C, PT — especially
in the convoluted tubules); organelles difficult
to identify, mostly transformed in cysts full of
debris or granules (PT) [9]

Nucleus: chromatin margination (0°C, DT, LH) [28]

Mitochondria: swelling (0°C, DT, LH) [28]

DT: Distal tubule; PT: Proximal tubule; LH: Loop of Henle.

48 hours

72 hours

= Autolysis in other organs and tissues
Skeletal muscle

Skeletal muscle was intensely studied ultrastructurally,
especially for detecting changes associated with rigor
mortis [8] or for the food industry [33—35]. Tomita et al.
(2004) studied ultrastructural changes associated with
post-mortem autolysis in the skeletal muscle, detecting
as landmark shifts in the early postmortem interval the
following: contraction at one hour, the appearance of
I bands at three hours, and margination of the nuclear
chromatin and dense amorphous bodies in some
mitochondria at 24 hours [11].

Bone

Yoshino et al. (1991) studied the usefulness of
estimating the time of death using ultrastructural changes
of the skeletal bones. The study dealt with buried /
unburied remains; the timeframe was very long (years),
and the described changes are mostly putrefactive [10].

Thyroid

McQuade & Evans (1959) studied the autolytic
changes in the thyroid one hour after death, finding the
following: RE swelling and inconstant fragmentation,
mitochondria swelling and vacuolations, and the
disappearance of the villi [30].

Intervertebral disk

Higuchi & Abe (1987) studied the ultrastructure
changes in the mouse intervertebral disk. In the annulus
fibrosus, one hour after death was identifiable a slight
condensation in the outer region of the nuclei of
fibroblast-like cells, a change that was significantly
more severe at six hours. Chondrocytes showed not
changes at one hour, decreased glycogen content at six
hours, karyopyknosis and condensation of the cytoplasm
at 12 hours, and severe chondrocyte necrosis at 48 hours.
In the cartilage plates, the first changes were identified
at six hours — chromatin condensation; at 12 hours,
the particles of glycogen decreased in number and
chromatin clumping appeared. In the nucleus pulposus,
the first significant signs appeared at 12 hours when
notochordal cells showed abnormal condensation of
glycogen particles [31].

Sweat glands

Cingolani et al. (1994) studied the usefulness of ultra-
structure changes in the sweat glands for estimating the

postmortem interval [32]. At three hours, they noticed: a
strong reduction in intracellular glycogen (both in clear
cells — CC and dark cells — DC), some mitochondrial
dilatation (CC, DC, duct cells — dc), lipofuscin granules
(CC, DC), initial ER dilatation (CC), and reduction of
secretory granules (DC). At six hours, were obvious
mitochondrial dilatation with rarefaction of the cristae
(CC, DC, dc), an increase in lipofuscin granules (CC) or
their initial appearance (DC), ER dilatation, and morpho-
logical degeneration of organelles in the outer parts of
the myoepithelial cells [32]. At nine hours, the morpho-
logical differentiation of the mitochondrial cristae was
difficult (CC, DC), the lipofuscin particles increased in
number (CC), the secretory capillary and luminal micro-
villi were rarefied (CC), the luminal cell membrane
was rarefied (DC). At 12 hours, the authors found a
disappearance of the mitochondrial cristae (CC, DC),
karyopyknosis associated with dilatation of the nucleus
and the rupture of the nuclear membrane (CC), the
disappearance of the capillary microvilli (CC), maximal
ER dilatation with immature secretory granules within
it (DC). There were also found myoepithelial changes
(cytoplasmic vacuolizations, myofilament condensations,
nuclear alteration), and changes in the cell membrane
of the dc (reduction of cell membrane interdigitations,
dilatation of microvilli) [32].

& Discussion

Knowing about autolytic, ultrastructure changes has
three critical practical consequences: (/) it can potentially
be used for the estimation of the postmortem interval,
(2) it allows the differentiation between autolysis- and
pathology-related changes identified during the electron
microscopy examination [21], an aspect that caused
significant methodological issues while performing ultra-
structure studies by the authors of this review [14, 36,
37-43], and (3) is useful in transplantation from dead
donors [16].

By analyzing the results synthesized in Tables 2-5,
there are some easily noticeable remarks to be made.
Firstly, the changes seem to be highly dependent on the
temperature — a lower temperature is associated with
a slower autolytic degradation of the samples. This
assumption is evident by analyzing the results of Karadzi¢
et al. (2010) on liver — for example, at 12 hours and 8°C
is identifiable the separation of the nuclear membranes,
while at 28°C the outer nuclear membrane is partially lysed
after only four hours [16]. Ito et al. (1991a), by studying
ultrastructure changes in the kidney, found only a slight
swelling of the mitochondria at 0°C in the distal tubule and
the loop of Henle after 24 hours [28], while at environment
temperature these structures already presented high ampli-
tude swelling and vesiculation of the cristae at 4-5 hours
[9]. In practice, the human body tends to equalize the
body temperature with the environment temperature,
a process that respects the following equation:

Tr—Ta B 22
= =Ae” +(1- A)e' 't
Q To—Ta ( )
where Q — standardized temperature; 7r — rectal

temperature; 7a — ambient temperature; 7o — rectal
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temperature at death; 4, B — constants; ¢ — postmortem
interval. B has a value of —1.2815(m "**) + 0.0284,
where m — body weight [47], and 4 has a value of 1.1
for environment temperatures above 23°C, and 1.25 for
environment temperature below 23°C [44].

Normally, the environment is colder than the body
temperature, and therefore the body temperature decreases
after death, in average with 0.8°C/h [45]. Therefore, if
we were to take the environment temperature, as a mean,
to be 22°C, in the first 1824 hours, after death the body
temperature is above this average. Therefore, the autolytic
changes should respect the progression obtained at higher
temperatures. Most authors however, analyzed the autolytic
changes at around 22°C, a value at which the changes most
likely occur slower than in practical instances. Therefore,
theoretical models, based on lower temperatures, can only
be used in practice for estimating the progression of
ultrastructure changes, and not for the actual postmortem
interval. The body surface cools faster compared to the
internal organs. Cingolani et al. (1994) used eccrine glands,
with which they established a series of time dependent,
morphological changes (histology, ultrastructure, immuno-
histochemistry) [32]. This approach has, as the main
disadvantage, increased dependence on environment
factors (environment temperature, humidity, the wind,
and so on) [27].

If the temperature is kept constant, the ultrastructure
changes seem to have a small time-dependent variation in
different studies, a conclusion that is evident in Table 5.
Therefore, a proper detection of the ultrastructure changes,
at temperatures closer to the ones encountered during the
cooling phase of the cadaver, might be useful to estimate
the postmortem interval. Further studies in this area are
needed, with samples taken at regular interval after death,
and with a very detailed (preferably morphometric) analysis
of the changes.

The speed of ultrastructure changes differs significantly
depending on the organ, with the pancreas being by far
the most sensitive, an phenomenon that was proven before
[6, 11]. Therefore, if the estimated postmortem interval
is low, the pancreas might be the best organ to be from
an ultrastructure point of view (if the results at higher
temperatures will be proven to be reproducible). If the
estimated postmortem interval is higher, other organs
might bring more data compared to the pancreas (their
ultrastructure changes might still be obvious even if
pancreas autolysis is very advanced).

Ultrastructure changes seem to be species-dependent;
Karadzi¢ et al. (2010) found that human hepatocytes show
slower degradation compared to rat hepatocytes when kept
at the same temperature [16]. This result should be further
analyzed to see whether it is caused by methodological,
environment or biological factors.

Limits of the study

A low number of studies that were actually useful
in properly establishing the postmortem interval. Some
studies seem to have reproducibility issues, which mandate
the development of new research in the field, with proper,
reproducible methods, directly applied to the establish-
ment of the postmortem interval. We did not analyze
potential uses of ultrastructure in pathology, anesthesia,

transplantation, as by doing so the study would lose its
focus. For example, in transplantation, autolysis could
be analyzed in corroboration with the brain dead interval
and not only actual postmortem interval.

& Conclusions

Ultrastructure changes appear early and may be useful
in determining the time since death in the early postmortem
interval. However, most studies published in this area
followed methodologies that cannot allow a proper
reproducibility in forensic circumstances. Therefore, before
using ultrastructure for estimating the PMI further studies
are needed, ideally on human samples, obtained at regular
intervals after death, at variable, decreasing temperatures.
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