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Abstract 

Brain cell structure is a key determinant of neural function that is frequently altered in neurobiological disorders. 
Following the global loss of blood flow to the brain that initiates the postmortem interval (PMI), cells rapidly 
become depleted of energy and begin to decompose. To ensure that our methods for studying the brain using 
autopsy tissue are robust and reproducible, there is a critical need to delineate the expected changes in brain 
cell morphometry during the PMI. We searched multiple databases to identify studies measuring the effects of 
PMI on the morphometry (i.e. external dimensions) of brain cells. We screened 2119 abstracts, 361 full texts, 
and included 172 studies. Mechanistically, fluid shifts causing cell volume alterations and vacuolization are an 
early event in the PMI, while the loss of the ability to visualize cell membranes altogether is a later event. De-
composition rates are highly heterogenous and depend on the methods for visualization, the structural feature 
of interest, and modifying variables such as the storage temperature or the species. Geometrically, deformations 
of cell membranes are common early events that initiate within minutes. On the other hand, topological rela-
tionships between cellular features appear to remain intact for more extended periods. Taken together, there is 
an uncertain period of time, usually ranging from several hours to several days, over which cell membrane struc-
ture is progressively lost. This review may be helpful for investigators studying human postmortem brain tissue, 
wherein the PMI is an unavoidable aspect of the research. 
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Introduction 

In studying the structure, function, and eti-
opathology of neurobiological disorders in the hu-
man brain, direct examination of postmortem au-
topsy human brain tissue has an unparalleled role 
(Buja et al., 2019). Compared to postmortem au-
topsy tissue, biopsy tissue is limited in size and ob-
tainable only in a narrow set of conditions justifying 
neurosurgical intervention, neuroimaging studies 
have limited spatial and biomolecular resolution, 
and animal models have lower fidelity to human 
neurobiology. However, studying autopsy tissue 
presents significant confounds, crucial among them 
alterations occurring during the postmortem inter-
val (PMI). The PMI is defined as the time elapsed be-
tween the subject's death and the autopsy and 
preservation of the brain tissue. In practical brain 
banking settings, the PMI generally lasts from a pe-
riod of hours to several days until the autopsy is 
completed and the tissue is processed (Beach et al., 
2015; Henstridge et al., 2015; Samarasekera et al., 
2013; Vonsattel et al., 2008). Left unprocessed, post-
mortem brain tissue will eventually disintegrate and 
liquefy, which has the obvious potential to signifi-
cantly confound neuropathologic investigation 
(Gonzalez-Riano et al., 2017; Hayman and Oxenham, 
2017). Because of the value of studying donated au-
topsy human brain tissue, there is a critical need to 
understand and account for the changes that occur 
during the PMI. 

A diverse set of assessments can be performed 
on autopsy brain tissue, which we can loosely 
bracket into three categories: functional, biomolec-
ular, and morphological properties. Functional prop-
erties such as electrophysiological activity or cellular 
viability tend to be lost relatively rapidly during the 
PMI but can also be maintained for a surprising 
amount of time, on a timescale of minutes to hours 
(Bailey, 2019; Charpak and Audinat, 1998; Madea, 
1994). Biomolecular properties vary widely regard-
ing their maintenance during the PMI, depending on 
the biomolecule's class (e.g. RNA, protein, or lipid), 
individual type (e.g. particular RNA transcripts), and 
property (e.g. enzyme activity, conformation state, 
or subcellular location). Several studies and reviews 
have discussed the rate of postmortem decomposi-

tion of biomolecules (Beach et al., 2015; Kretzsch-
mar, 2009; Nagy et al., 2015; Samarasekera et al., 
2013; Stan et al., 2006). In contrast, morphological 
properties have received less attention. Morpholog-
ical properties of the brain can be macroscopic (i.e., 
gross) or microscopic. Macroscopically, brains with 
the least decomposition have clear internal anat-
omy, no softening, and are able to be extracted from 
the calvaria without fragmentation (Hayman and 
Oxenham, 2017). As the brain begins to decompose, 
which generally occurs over a time course of days, it 
liquefies and eventually reaches a paste- or fluid-like 
consistency (Hayman and Oxenham, 2017). 

Microscopically, a great deal of morphologic in-
formation can be measured in the postmortem 
brain. Here, we focus on the decomposition of cell 
membrane morphology, also known as ce ll “mor-
phometry,” which refers to the external shape of a 
cell. Specifically, we focus on general morphometric 
properties such as the presence of visible dendritic 
spines, rather than on detailed properties such as 
cell membrane width. This focus is because numer-
ous neurobiological disorders have been associated 
with morphometric alterations, including those in 
dendrites, synapses, or myelin (Kulkarni and 
Firestein, 2012; Stadelmann et al., 2019). For exam-
ple, in Alzheimer’s disease, evidence suggests that 
disruptions in the actin cytoskeleton of dendritic 
spines is a key mediator of disease pathogenesis 
(Pelucchi et al., 2020). As another example, dendritic 
spine density has been found to be lower in the cor-
tical tissue of brain donors with a diagnosis of schiz-
ophrenia (Berdenis van Berlekom et al., 2020). Thus, 
understanding how cell morphometry degrades in 
the PMI is a crucial consideration. 

Cell membranes are made up of a multiple clas-
ses of biomolecules; by mass, about equal amounts 
of proteins and lipids with much more diversity in 
the types of proteins (Lodish and Rothman, 1979). 
Because cell morphometry is dependent on a multi-
tude of biomolecules, morphometric alterations 
may proceed at either a slower or faster rate than 
the decay of any one type of the constituent biomol-
ecules. To keep the review tractable, we do not fo-
cus on intracellular morphologic features, such as 
nuclear shape, the presence of rough endoplasmic 
reticulum, or other aspects of organelles, except in-
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sofar as they affect cellular morphometry. To inte-
grate diverse empirical findings of postmortem 
changes into a unified understanding, it is essential 
to have a model of how cell membranes decompose 
after death. Brain cell membrane shape is largely 
maintained through the cytoskeleton, a gel-like net-
work of proteins that exhibits both passive elastic 
and active viscous behavior (Ananthakrishnan et al., 
2006; Eberhardt et al., 2022; Mogilner and Manhart, 
2018). In particular, cell membrane biomolecules 
are tethered to the underlying actin cortex through 
interacting proteins (Chugh and Paluch, 2018; 
Svitkina, 2020). During the postmortem interval, the 
cytoskeleton and other gel-like networks in the cell 
break down. This is initially due to fragmentation 
and diffusion associated with autolysis, and later pu-
trefaction if microorganisms are present (Hau et al., 
2014). After an extended postmortem period, the 
cytoskeleton and other gel-like structures will ulti-
mately liquefy. It is essential to distinguish the 
chronological PMI from the amount of biological de-
composition that occurs during that time. Several 
modifying factors may affect the rate of postmor-
tem decomposition, such as the storage tempera-
ture, which need to be accounted for as well. 

There are three complementary approaches to 
address the confound of the PMI in the study of neu-
robiological disorders. The first is to match cohorts 
by the duration of the PMI; for example, to ensure 
that the cases and controls each have the same av-
erage PMI (Swaab and Bao, 2021). The second is to 
adjust any quantitative traits under investigation by 
the measured PMI prior to or alongside statistical in-
ference. The third is to restrict the PMI to a relatively 
short amount of time. For example, one recent 
study on the size of the synaptic surface in Alzhei-
mer's disease limited the sample to autopsy brains 
with PMIs of less than 4.5 hours, yielding very high 
quality ultrastructure of the samples (Montero-Cre-
spo et al., 2021). Another study also reported that 
restricting the PMI to four hours or less provided 
higher quality ultrastructural data (Roberts et al., 
1996). All these approaches may benefit from an im-
proved understanding of changes in the PMI, which 
otherwise has the potential to confound inference 
about group differences due to disease (Schwab et 
al., 1994). An accurate estimate of how long it is ex-

pected for a particular morphologic feature to de-
grade in the postmortem period can help in design-
ing a study with the highest possible statistical 
power. A better understanding of postmortem 
changes may also help in addressing the possibility 
that postmortem changes interact with disease 
states or agonal factors, i.e. the terminal state be-
fore death or the manner of death. Indeed, agonal 
factors are often thought to contribute more to do-
nated brain tissue quality than relatively short PMIs 
(Vonsattel et al., 2008; Williams et al., 1978). 

While there have been many empirical studies 
measuring the degree of histologic degradation af-
ter different PMIs, to the best of our knowledge 
there has been no recent, large-scale review that at-
tempts to summarize these studies and to construct 
a model of how cell membranes decompose during 
the postmortem period. Here, we perform a com-
prehensive literature search to build a database of 
studies addressing this topic. We enumerate the 
mechanisms by which brain cells have been pro-
posed to decompose and we build a database of the 
timescales over which cell morphometry has been 
found to degrade in different contexts. We discuss 
how variation in decomposition outcomes can be 
explained by different visualization methods, the as-
pect of cell membrane morphology under study, and 
modifying variables affecting the state of the brain 
tissue. Our overarching goal is to review progress to-
wards building a coherent model of how brain cell 
morphometry decomposes during the PMI, which 
investigators who are banking or studying autopsy 
brain tissue can use to guide their approaches. 

Review methods 

Review framework 

We adopted a “realist synthesis” approach 
which incorporates aspects of a systematic review 
but focuses on theoretical understanding and prag-
matism (Wong et al., 2013). We chose this review 
style because of the wide-ranging and variably de-
fined nature of the topic. We report on our adher-
ence to the associated RAMESES criteria (Supple-
mentary File 1) (Wong et al., 2013). Prior to the for-
mal search method development as described be-
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low, scoping of the literature was performed primar-
ily via searches on PubMed and Google Scholar, 
alongside discussions among the authors. Additional 
methods, including the search query, can be found 
in Supplementary File 2. 

Eligibility criteria 

Any scholarly publication such as a journal arti-
cle that describes the effect of the PMI on cell mem-
brane morphology in the brain was included. The 
PMI was defined as the amount of time that elapses 
between when (a) death is declared, which generally 
means that blood flow to the brain ceases, and (b) 
the brain tissue is preserved or otherwise processed. 
A wide range of durations of PMI, from minutes to 
weeks or months, were considered. Cell morphom-
etry could be evaluated with any form of histology. 
To be included, studies had to contain a measure-
ment of shape rather than solely a quantification of 
biomolecules. Additionally, the study needed to 
measure cell membranes, not solely intracellular 
features such as nuclear or other organellar mor-
phology. Studies on humans or non-human animals 
of any age were included. To exclude the archaeo-
logical literature, PMI lengths of a year or more were 
not considered (Morton-Hayward et al., 2020). Re-
view articles, studies on the retina, and non-English 
studies were also excluded. 

Qualitative data analysis 

We performed an assessment of the degree to 
which cell membrane structural features tend to de-
grade. For qualitative synthesis, decomposition 
timelines were considered both as a whole and, 
where possible, grouped by structural features (e.g. 
dendrites, somata, and axons), visualization meth-
ods (e.g. morphological staining, immunohisto-
chemistry, or electron microscopy), or modifying 
variables (e.g. storage temperature during the PMI). 
We also reviewed the decomposition mechanisms 
posited by the different included studies. Building 
upon these, we attempted to describe a model of 
how cells in the brain degrade after death and how 
this affects the ability to visualize cell morphometry 
in autopsy brain tissue. 

Characteristics of included studies 

Screening identified 172 studies that met our 
inclusion criteria, including 22 outside of the formal 
search (Figure 1; Supplementary File 3; Supplemen-
tary File 4). These studies were classified as correla-
tional studies (n = 90), time series studies (n = 84), 
and case reports (n = 6). Of the 172 included studies, 
133 (77%) used only light microscopy, 33 (19%) used 
only electron microscopy, and 6 (3%) used a combi-
nation of the two. There was substantial heteroge-
neity in the methods. Among the 84 time series 
studies, there was a diversity of species studied, 
with 31 (37%) studying rat brains, 11 (13%) human 
brains, 9 (11%) mouse brains, and the rest studying 
brains from other or multiple species. All but one of 
the correlational and case report studies were on 
human brains. 

Mechanisms and associated micro-
scopic outcomes 

Cell death by oncotic necrosis 

A cell death pathway describes a stereotyped 
sequence of events by which the functions and 
structure of a cell are lost. Delineating cell death is 
complex, as there are usually not exact boundaries 
for when a cell has undergone an irreversible cessa-
tion of its functions and is therefore considered 
dead (Galluzzi et al., 2018). It is a widely replicated 
finding that brain cells do not necessarily “die” im-
mediately after somatic death. Neurons can retain 
electrophysiological functions for hours after so-
matic death (Abbas et al., 2022; Charpak and Audi-
nat, 1998). According to a consensus definition, cell 
death is mediated by the loss of cell membrane in-
tegrity (Galluzzi et al., 2018). However, cell mor-
phometry can potentially be visualized – or partially 
visualized – for a window of time even after the loss 
of cell membrane integrity. Therefore, even if a cell 
is dead, it may still be possible to extract useful data 
from visualizing it. 

The major cell death pathway associated with 
global cerebral ischemia, a sine qua non of the post-
mortem brain, is oncotic cell death, also known as 
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Figure 1. Study selection flow diagram. 

Studies were screened and selected using the web-based software Covidence (available at https://www.covidence.org/). An export of the 

Covidence database for this review containing the individual study screening decisions is available ( Supplementary File 3). 

 

oncosis (Fricker et al., 2018; Loh et al., 2019; Majno 
and Joris, 1995; Weerasinghe and Buja, 2012). On-
cosis was coined by von Recklinghausen in 1910 to 
describe cell death with swelling, from the Greek 
root onkos, which refers to “mass” or “bulk” (Majno 
and Joris, 1995). Subsequently oncosis fell out of fa-
vor as a concept, but in recent years has become 
more commonly used as cell death pathways are 
precisely dissected (Fricker et al., 2018; Majno and 
Joris, 1995). The driver of oncotic cell death, which 
can also be triggered by causes other than ischemia, 
is the loss of cellular ATP (Fricker et al., 2018). Global 
cerebral ischemia causes the depletion of ATP be-
cause oxygen is no longer delivered to cells through 
the blood, thus halting oxidative phosphorylation, 
after which energy stores such as glycogen are rapi-

dly consumed (Pélissier-Alicot et al., 2003). Global 
cerebral ischemia also stops the process of meta-
bolic waste product removal that is normally en-
sured by the blood flow (Jenkins et al., 1979). On-
cosis is a non-regulated form of cell death, thus dis-
tinguishing it from the many different types of regu-
lated cell death (Galluzzi et al., 2018; Lossi, 2022). In 
causes of death that directly affect the brain, such as 
death due to a toxin or traumatic brain injury, the 
postmortem cell death pathway may be much dif-
ferent. 

There are three stages of oncotic cell death 
(D’Arcy, 2019; Majno and Joris, 1995; Pélissier-Alicot 
et al., 2003; Weerasinghe and Buja, 2012). In the 
first stage, loss of ATP causes inactivation of the sod-
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ium–potassium ATPase, resulting in increased intra-
cellular sodium and chloride concentrations, a net 
gain in solute, and usually an associated osmotic in-
flux of water leading to cell swelling (Kramer and 
Myers, 2013). There is a concomitant increase in in-
tracellular calcium, leading to activation of catabolic 
enzymes (Majno and Joris, 1995; Trump et al., 1997). 
In the second stage, there is a non-selective increase 
in membrane permeabilization, leading to vacuoliza-
tion and cell membrane blebbing. In the third stage, 
there is physical disruption of the cell membrane, 
leading to a loss of membrane integrity. At this 
point, the cell is generally considered dead, initiating 
the necrosis phase. During the process of necrosis, 
cellular contents fragment, condense, convert from 
a gel-like phase to a liquid phase, and ultimately pro-
gress towards equilibrium with the environment 
(Majno and Joris, 1995; Weerasinghe and Buja, 
2012). Alternatively, some investigators use the 
term necrosis to describe the morphological altera-
tions at this stage of cell death (Fink and Cookson, 
2005; Fricker et al., 2018). We describe this entire 
sequence of decomposition as cell death by oncotic 
necrosis. This cell death pathway has also been de-
scribed as coagulative or ischemic necrosis (Levin et 
al., 1999). 

Among the articles included in our review, sev-
eral mention cell death pathways. Shepherd and col-
leagues, in their study of postmortem rat brains, 
provide the only article that specifically describes 
oncotic cell death (Shepherd et al., 2009). They 
found a substantial increase in calpain-specific spec-
trin hydrolysis products at 1 and 4 h postmortem, 
which they attributed to catabolic molecular 
changes consistent with oncosis (Shepherd et al., 
2009). Another frequently used term to describe 
postmortem cell death is autolysis, which is used to 
describe the self-destruction of a cell due to its own 
enzymes (Nakabayashi et al., 2021; Tafrali, 2019). 
For example, Wenzlow and colleagues describe the 
postmortem cell death pathway observed in horse 
brains as cell autolysis (Wenzlow et al., 2021). They 
note that the observed morphological changes are 
similar to in vivo necrosis, with the exception of in-
flammatory cell infiltrates in the latter. Most of the 
early decomposition in the postmortem brain is due 
to autolysis as opposed to putrefaction, which is de-
composition driven by microbial agents (Ith et al., 

2011). However, we prefer the term oncotic necro-
sis to describe the postmortem cell death pathway, 
in part because the term autolysis assumes an asep-
tic mechanism that is usually not directly tested. 
Moreover, autolytic cell death can also occur in vivo 
and is not always associated with ATP depletion, 
making it a less specific term than oncotic necrosis 
(Fricker et al., 2018). 

Intracellular structures 

Several studies we identified note that cell 
membranes are generally more resistant to post-
mortem decomposition than intracellular organelles 
(Karlsson and Schultz, 1966; Van Nimwegen and 
Sheldon, 1966). For example, Schulz 1980 reported 
that after 22 h of PMI, there were significant intra-
cellular changes including cytoplasm lysis, but there 
were no associated significant changes in the size 
and form of cells at this time point (Schulz et al., 
1980). The loss of cytoplasmic components can lead 
to cells becoming hypereosinophilic on H&E, which 
are sometimes then referred to as “red neurons” 
(Garman, 2011; Finnie et al., 2022). Most authors re-
fer to red neurons as distinct from postmortem 
changes, because the preferential breakdown of cell 
content leading to hypereosinophilia may be an ac-
tive, ATP-requiring process. Because intracellular 
content can theoretically be lost without significant 
alterations of cell shape, we do not focus on red neu-
rons or this distinction here. However, red neurons 
can also be associated with cell shrinkage, which 
would be a change in cell morphometry (Finnie et 
al., 2022). 

Temporary versus permanent ischemia 

A common area of confusion, which raises con-
cern about the value of studying brain tissue after 
extended PMIs, is the finding that just a few minutes 
of temporary cerebral ischemia can cause severe 
structural and functional damage to the brain. How-
ever, this brain damage is a delayed phenomenon 
that occurs hours to days following reperfusion, due 
to the triggering of ATP-dependent cell death path-
ways (Lipton, 1999; Lee et al., 2019). This process di-
verges from the cell death mechanisms in the post-
mortem brain, in part because it is an active process 
requiring ATP. On the other hand, after permanent 
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ischemia of one or more (but not all) cerebral blood 
vessels, the resulting histologic changes are similar 
to those observed in the postmortem period (Tao-
Cheng et al., 2007). For example, Solenski and col-
leagues found that in the ischemic core of the cortex 
exposed to permanent ischemia due to occlusion of 
the middle cerebral artery, neuronal swelling was 
present by 3 h, became more severe by 5 h, and by 
24 h neurons had shrunken with edema of the neu-
ropil, broadly consistent with the expectations of 
the pathway of cell death by oncotic necrosis (Solen-
ski et al., 2002). This study also corroborated that 
cell death was more advanced in tissue that had 
been reperfused (Solenski et al., 2002). As another 
example of permanent focal ischemia, Garcia and 
colleagues permanently occluded the right middle 
cerebral artery in rats and found that acute shrink-
age and swelling were prominent within 6 h, fol-
lowed by delayed necrotic changes occurring on-
wards from 6 to 12 h (Garcia et al., 1995). Using a 
similar methodology, this same group reported that 
leukocyte invasion into the ischemic parenchyma 
was present by 12 h and peaked at 24 h after occlu-
sion (Garcia et al., 1994b). Leukocyte invasion is one 
mechanism through which the rate of tissue decom-
position after occlusion of an isolated cerebral blood 
vessel can be faster than during the global cerebral 
ischemia that occurs postmortem (Lipton, 1999). 

Compacted or “dark” neurons 

Another form of postmortem histological dam-
age that has been investigated is the formation of 
compacted neurons. Also known as “dark neurons” 
or basophilic neurons, these are a common artifact 
in preserved brain tissue described by several stud-
ies (Bywater et al., 1962; Cammermeyer, 1978). 
Compacted neurons have a shrunken cell body, 
shrunken dendrites, intact membranes, and a hyper-
basophilic staining pattern on H&E (Cammermeyer, 
1978; Kovács et al., 2007). They occur following of a 
diverse set of stressors including mechanical trauma 
of unfixed tissue. The compaction phenomenon is 
considered haphazard, as it does not affect all neu-
rons but tends to occur in clusters. Biophysically, 
there is strong evidence that compaction involves 
rapid loss of water and gel-gel phase transition (Ko-
vács et al., 2007). Following this striking change in 
cell morphology, compacted neurons are not ex-

pected to follow the typical changes in oncotic ne-
crosis, although they still will eventually undergo ne-
crosis (Cammermeyer, 1979). 

The preponderance of studies report that com-
pacted neurons do not become more common dur-
ing the PMI, and in fact, that they may become less 
frequent (Garcia et al., 1995; Kherani and Auer, 
2008). This may be because intracellular gel-like net-
works are weakened during the PMI, making a gel-
gel phase transition less likely. However, one study 
noted that solitary compacted neurons could be 
stimulated due to a perfusion fixation delay of five 
to ten min (Cammermeyer, 1978). Additionally, an-
other study postulated that one of two types of 
compacted neurons they studied was associated 
with 3 h of PMI, because these cells also had other 
morphological signs of postmortem decomposition, 
such as vacuoles and nuclear damage (Badonic et al., 
1992). Thus, shorter but not longer periods of post-
mortem decomposition may be associated with the 
formation of compacted neurons following fixation 
(Garman, 2011). 

Apoptosis 

Apoptosis, a form of programmed cell death, is 
a tightly regulated and controlled process by which 
cells undergo self-destruction, often in response to 
cellular damage (Galluzzi et al., 2018). This cell death 
pathway is characterized by distinct morphological 
findings, such as chromatin condensation, cell 
shrinkage, and the formation of apoptotic bodies. 
Apoptosis is not prominent in postmortem tissue, 
because it is an active, ATP-dependent process, and 
cellular ATP stores are rapidly depleted postmor-
tem. Caspase inhibitors, which prevent apoptosis, 
have been found to protect against cell death in fo-
cal but not global cerebral ischemia (Fricker et al., 
2018). 

The preponderance of studies report that 
apoptosis markers are not associated with the PMI 
(Brück et al., 1996; Del Bigio et al., 2000; Geiger et 
al., 2006; Hausmann et al., 2007; Lucassen et al., 
1995; Müller et al., 2001). For example, one study 
found that apoptotic morphology was not present in 
any of the postmortem human brains studied (Lu-
cassen et al., 1997). These authors also noted that 
necrotic cell death takes longer to complete than 
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apoptotic cell death, the latter of which would be ex-
pected to take only a few hours to be completed. As 
another example, one study found that that positive 
neuronal ssDNA immunostaining, a marker of apop-
tosis, was not correlated with the PMI in a large (n = 
335) study of postmortem brains with a PMI range 
of 2.8 to 48 h (Michiue et al., 2009). However, apop-
totic markers were associated with certain causes of 
death such as drowning and drug intoxication. This 
finding is consistent with the notion that markers of 
apoptotic cell death beginning prior to death can be 
identified in postmortem brains but these markers 
are not expected to progress postmortem. 

In contrast to most studies, a few studies have 
reported increases in certain markers of apoptosis in 
the PMI. For example, in postmortem rat brains, one 
study noted an increase in immunostaining for the 
apoptosis marker caspase-3 that peaked at 9 h of 
PMI (Sheleg et al., 2008). At that time, 2.5% of corti-
cal neurons were found to stain strongly positive for 
caspase-3. As another example, Schallock and col-
leagues reported that one marker of apoptosis, i.e. 
clusters of cells labeled with the in situ end-labeling 
technique, appeared after 48 h of PMI in mouse 
brains stored at room temperature (Schallock et al., 
1997). Labeled cells were generally found in isola-
tion, not in clusters, and moreover the cells did not 
consistently show morphological changes of apop-
tosis. As a result, the authors reasoned that this 
marker was more likely due to DNA fragmentation 
associated with postmortem degeneration. Because 
of the potential for certain antigens to be unmasked 
during the PMI, some markers of apoptosis could 
also be seen due to decomposition during oncotic 
necrosis. 

Postmortem fluid shifts 

At the time of death, the brain is largely com-
posed of gel-like networks of different strengths, or-
ganized at a range of scales from the extracellular 
matrix to sub-cellular structures as well as localized 
compartments of liquids. After death, oncotic necro-
sis begins wherein catabolic enzymes break down 
tissue macromolecules. As gel-like networks break 
down, their components solubilize, increasing the 
fluid content of the brain. At the same time there is 
a disruption of the blood brain barrier and other tis-
sue barriers allowing fluid that is typically cordoned 

off to diffuse into the parenchyma, further increas-
ing the free fluid content of the brain. This fluid is 
made up of water, lipids, and other soluble mole-
cules. The end result is that the brain is transformed 
to the liquid state (Miller and Zachary, 2017). 

Consistent with these theoretical expectations, 
the fluid content of the brain has been found to in-
crease after death. One study of rat brains found 
that the fluid content increased from an average of 
77.8% at the time of death to 79.4% at 3 h PMI, 
79.6% at 6 h PMI, and 80% at 24 h PMI (Leonard et 
al., 2016). Notably, in this study, a head-down posi-
tion was not associated with increased brain fluid 
content, suggesting that postmortem fluid increases 
are primarily due to processes within the brain ra-
ther than migration from other areas of the body. 
Another study reported an increase in the water 
content of the brain by around 10% in the PMI (An-
sari et al., 1976b). 

Macroscopically, in neuroimaging studies, a de-
cline in grey-white matter differentiation occurs at 
PMIs longer than 24 h, which also occurs in cerebral 
edema and has been attributed to autolysis and fluid 
shifts (Wagensveld et al., 2017; Martin et al., 2022). 
Large-scale fluid shifts can also manifest across the 
postmortem brain. For example, as a result of grav-
ity, blood has been reported to migrate to depend-
ent parts of the calvarium during the PMI in a phe-
nomenon known as hypostasis (Takahashi et al., 
2010). Microscopically, postmortem fluid shifts also 
lead to many of the defining cellular changes that 
occur in the PMI, including circumscribed rarefac-
tion and vacuolization, discussed below. 

Perivascular rarefaction 

Several studies using light microscopy have re-
ported that perivascular rarefactions appear and in-
crease in frequency and size during the PMI (By-
water et al., 1962; Garcia et al., 1978; Liu and Win-
dle, 1950; Schwarzmaier et al., 2022). Morphologi-
cally, these non-staining areas generally appear as 
ellipsoid shapes around blood vessels (Figure 2a). 
They have been described as “a rose-branch beset 
with thorns” because intertwining glial fibers fre-
quently remain between the non-staining areas 
(Bruce and Dawson, 1911).
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Figure 2. Representative micrographs demonstrating rarefaction and vacuolization in the postmortem brain.  

Tissue from the frontal cortex tissue of an 87-year-old man with a  PMI of 28 hours . A: H&E/LFB (Luxol fast blue)-stained image demon-
strating a  perivascular rarefaction in the grey matter. Arrowheads denote examples of intertwining fibers. Scale bar = 10 μm.  B: H&E/LFB-

sta ined image showing variable degrees of asymmetric pericellular rarefactions (asterisks). Scale bar = 20 μm. C: H&E/LFB-stained image 
of white matter vacuoles (asterisks) and pericellular rarefactions. White matter vacuoles are found haphazard in distribution, but appear 

more common near blood vessels, likely because of postmortem fluid extravasation. Scale bar = 20 μm. D: Electron photomicrograph in 
grey matter demonstrates prominent electron lucent areas that appear to be swollen cellular processes (asterisks). Scale bar = 500 nm. 

 

The underlying nature of perivascular rarefac-
tions seen on light microscopy has caused contro-
versy for generations of neuroanatomists (Bruce 
and Dawson, 1911; Maynard et al., 1957; Weller et 
al., 2018). Frequently described as a “space” or 
“cleft”, we do not favor these terms because they 
imply an underlying mechanism. Similarly, the term 

“retraction artifact” implies a physical separation of 
the blood vessel from the parenchyma occurring 
during the tissue processing procedure. Instead, we 
prefer the more agnostic term “rarefaction” to de-
scribe the non-staining areas. Another potential 
point of confusion is that the perivascular rarefac-
tions that develop in the PMI can be distinct from 
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the dilated perivascular spaces seen on neuroimag-
ing in vivo (Kwee and Kwee, 2007; Weller et al., 
2018). For example, in one correlative postmortem 
study, these were found to stain positive for colla-
gen (Haider et al., 2022). 

Sometimes, these perivascular rarefactions are 
described as resulting from a fixation artifact, alt-
hough this is considered less likely, as they also oc-
cur in postmortem brain tissue preserved via freez-
ing in liquid nitrogen (De Groot et al., 1995). Instead, 
electron microscopy data from ischemic or postmor-
tem states and detailed analysis of light microscopy 
data suggest that perivascular rarefactions are actu-
ally due to swollen astrocyte processes (Maynard et 
al., 1957; Arsénio-Nunes et al., 1973; Garcia et al., 
1994a; Garman, 2011; Weller et al., 2018; Dehghani 
et al., 2018). Other than postulating that perivascu-
lar rarefactions on light microscopy are swollen as-
trocyte processes, or other swollen tissue elements, 
perhaps the only other explanation for the diver-
gence between light and electron microscopy data 
would be differences in tissue processing between 
the two techniques, which is less consistent with the 
available data. These swollen areas of astrocytes 
have been described as vacuoles and contain pre-
dominantly fluid, so it makes sense that they are 
electron lucent and do not stain positive on light mi-
croscopy for astrocyte markers such as GFAP 
(Schultz et al., 1957; Gibson and Tomlinson, 1979; 
Lafrenaye and Simard, 2019). Consistent with this, 
GFAP staining decreases in brain tissue following a 
hypoxic/ischemic period (Sullivan et al., 2010). Pro-
toplasmic astrocyte processes can have irregular ge-
ometries, allowing them to fit into narrow spaces 
(Schultz et al., 1957). 

Pericellular rarefaction 

As with perivascular rarefactions, pericellular 
rarefactions have also been found to develop in the 
PMI (Figure 2b) (Bywater et al., 1962; De Groot et 
al., 1995; Dehghani et al., 2018; Liu and Windle, 
1950; Shepherd et al., 2009). Similarly to perivascu-
lar areas, electron microscopy data in grey matter 
shows that astrocyte processes, including end feet, 
swell in the perineuronal area in postmortem and is-
chemic conditions, thereby accounting for the 
change observed on light microscopy (Figure 2d) 
(Kuroiwa et al., 1998; Suzuki, 1987). These non-

staining areas are heterogenous, as they do not oc-
cur in all cells to the same degree and are more pro-
nounced in some brain regions than others (Snyder 
et al., 2021). In white matter, oligodendrocyte cell 
bodies have also been found to swell (Kuroiwa et al., 
1998). This accounts for the frequently described 
pericellular “halos” of oligodendrocytes, leading to 
an overall “fried egg” appearance on light micros-
copy (Snyder et al., 2021). 

It is generally supported that the major mech-
anism of perivascular and pericellular swelling of tis-
sue elements in the postmortem period is fluid 
shifts. For example, pericellular and perivascular 
swelling is a microscopic finding seen in brain edema 
(Dreier et al., 2013). It is well-described that astro-
cyte processes become dramatically enlarged in is-
chemia, mediated via passive aquaporin-4 channels, 
which is thought to be a protective response to min-
imize brain damage (Nahirney and Tremblay, 2021). 
The observed astrocyte process swelling at 30 min 
of complete global cerebral ischemia has been 
found to be reversible with recirculation, consistent 
with the idea that this is a homeostatic process 
(Arsénio-Nunes et al., 1973). 

It is still undetermined why astrocyte processes 
are more liable to swell around cells and around 
blood vessels than in other areas of brain tissue. In 
breast cancer, where the presence of pericellular ar-
eas on histology correlates with an unfavorable 
prognosis, similar areas have been attributed to 
functional pre-lymphatic spaces (Acs et al., 2012). 
The predilection for swelling in these areas in the 
postmortem brain may reflect aspects of the in vivo 
functioning of the glymphatic system, which oper-
ates by shuttling water via aquaporin-4 channels on 
astrocytes (Silva et al., 2021). Regardless, the extent 
to which fluid shifts into astrocytes or other cells will 
depend on the local anatomic and biochemical con-
text. 

Intracellular vacuolization 

The formation of vacuoles is a common finding 
in oncotic cell death and is also associated with fluid 
shifts in the postmortem brain (Shubin et al., 2016; 
Weerasinghe and Buja, 2012). Vacuoles are homog-
enous, spherical areas visualized under the micro-
scope. Vacuolization is a common endpoint of a het-
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erogeneous set of physiologic or pathologic pro-
cesses, such as water accumulation, lipid droplet 
formation, dilatation of organelles, fusion of small 
vesicles, invagination of the plasma membrane, deg-
radation of cytoplasmic components, or artifact for-
mation during slide preparation (Henics and Wheat-
ley, 1999; Ilse et al., 1979; Wohlsein et al., 2013). As 
with perivascular and pericellular rarefactions, the 
precise underlying nature of vacuolization is often 
unknown. 

Many studies describe vacuoles as a character-
istic morphologic finding in postmortem brain cells 
(Haines and Jenkins, 1968; Hilbig et al., 2004; Koenig 
and Koenig, 1952). For example, Lindenberg 1956 
found that in cat brains stored at 37° C, small vacu-
ole-like transparencies were first seen at 30 min 
PMI, while at 6 h PMI larger vacuoles could be seen 
in some cells (Lindenberg, 1956). In this study, the 
rate of development of the vacuoles was slower at 
lower temperatures: when the brains were stored at 
18 °C, it took until 12 h PMI for vacuoles to appear. 
Albrechtsen 1977 noted that small vacuoles were 
commonly seen in cerebellar granule cells, preced-
ing necrotic changes as one of the first signs of de-
composition, and that only minimal vacuole for-
mation was seen in cerebella without necrosis of the 
granule layer (Albrechtsen, 1977a). In an early paper 
about postmortem degeneration, Koenig 1952 re-
ported that cytoplasmic vacuoles appeared at 3 h of 
PMI, increase in size and frequency throughout the 
PMI, and stated that their nature was not known 
(Koenig and Koenig, 1952). Subsequent electron mi-
croscopy studies have attributed the vacuoles in 
brain cells that accumulate postmortem or in ische-
mia to swollen mitochondria and dilatations of the 
endoplasmic reticulum or Golgi apparatus (Badonic 
et al., 1992; Shibayama and Kitoh, 1976; Suzuki, 
1987). It is not clear if all the vacuoles are due to the 
swelling of these organelles, or if some vacuoles 
could be due to other factors. Also using electron 
microscopy, Sele and colleagues found that the 
number of vacuoles increased during the PMI and 
speculated that they resulted from degraded cellu-
lar compartments (Sele et al., 2019). 

Intracellular vacuoles have the clear potential 
to affect cell morphometry by causing asymmetric 
cell membrane distortions. Neuronal somata have 
also been found to have lateral expansions, or blis-

ters, during the PMI (Williams et al., 1978). The pres-
ence of organelle-free membrane blisters or blebs is 
also a commonly described finding in oncotic cell 
death that may be associated with vacuolization 
(Weerasinghe and Buja, 2012). Gibson and col-
leagues report that there is an increase in electron 
translucent vacuoles in human cortical tissue during 
the PMI (Gibson and Tomlinson, 1979). They associ-
ate vacuolization with the swelling of cell processes, 
especially astrocytic processes, and found a highly 
significant correlation between the PMI and the de-
gree of vacuolization up to 33 h, followed by no sig-
nificant change up to 69 h PMI. While they did not 
detect any obvious structural degeneration of mem-
branes during the PMI range studied, this vacuoliza-
tion led to a severe compression of the tissue. For 
example, there was a significant decrease in the 
number of recognizable synapses during the PMI, 
even though there was no structural disintegration 
of synapses observed, indicating that the presence 
of large vacuoles could prevent the visualization of 
other cellular structures. 

Neuropil and white matter vacuolization 

Vacuolization can also occur during the PMI in 
parts of brain tissue that are not as clearly associ-
ated with a single cell, including the white matter 
(Figure 2c) (Hilbig et al., 2004). White matter vacu-
oles often look like randomly distributed holes and 
have been reported to occur in densely myelinated 
areas such as the corpus callosum or the internal 
capsule (Snyder et al., 2021). In ischemia, electron 
microscopy shows that white matter vacuoles can 
result from swollen astrocyte processes, swollen ax-
ons, or the separation of the myelin sheath from the 
axon, with fluid filling the resulting potential space 
(Pantoni et al., 1996). 

Vacuoles can also be seen in the neuropil dur-
ing the PMI. In their study of horse brains stored at 
22 °C, Wenzlow and colleagues found a non-linear 
trend for neuropil vacuolization: it increased up to 
24 h PMI and then decreased until 72 h PMI 
(Wenzlow et al., 2021). However, they did not find a 
significant change in cytoplasmic vacuolization over 
the PMI range studied. Garcia 1978 reported that 
the sponginess seen in the neuropil on light micros-
copy in regional ischemia was due to extensive 
swelling of astrocytic processes and presynaptic ter-
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minals seen on electron microscopy (Garcia et al., 
1978). Consistent with the idea that neuropil vacu-
oles result from fluid shifts, incubating brains in sa-
line prior to fixation has also been found to lead to 
vacuolization of the neuropil (Garman, 1990). 

Biomolecule degradation 

The primary macromolecules making up brain 
cells are proteins and lipids while nucleic acids and 
carbohydrates account for only a small percentage 
(Susaki et al., 2020). Therefore, understanding how 
proteins and lipids disintegrate in the PMI is critical 
for charting how cell structure changes postmortem. 
In the postmortem brain, proteins are thought to be 
primarily broken down by enzyme-mediated prote-
olysis. This is consistent with findings that the uncat-
alyzed hydrolysis of peptide bonds at neutral pH is 
extremely slow, with reaction half-lives on the order 
of hundreds of years (Mahesh et al., 2018; Radzicka 
and Wolfenden, 1996). 

Calpains and cathepsins are two of the major 
enzyme families that contribute to autolytic prote-
olysis. Calpain activation is not dependent upon 
ATP, but thought to be triggered by the postmortem 
increase in intracellular calcium concentration (Sori-
machi et al., 1996; Zissler et al., 2020). Empirical re-
sults have indicated that calpain enzymes are indeed 
active in the postmortem brain (Geddes et al., 1995; 
Harada et al., 1997; Sorimachi et al., 1996). Cathep-
sin family enzymes, which are activated by acidic pH, 
also have activity in the postmortem brain (Com-
paine et al., 1995). Cathepsin family enzymes are 
usually cordoned in lysosomes, but lysosomal mem-
brane integrity is lost during the PMI, which is 
thought to allow cathepsin-catalyzed proteolysis to 
catabolize cytoplasmic proteins (Compaine et al., 
1995). 

If lysosomes rupture or are permeabilized dur-
ing the PMI, the release of catabolic enzymes would 
accelerate the breakdown of cell structure. Indeed, 
one study defines lysosomal cell death, i.e. cell 
death resulting from lysosomal membrane permea-
bilization and the resulting activity of cathepsins and 
other proteases, as a synonym for autolysis (Fricker 
et al., 2018). Multiple studies have reported that ly-
sosomal enzymes contribute substantially to de-
composition in the postmortem brain (Albrechtsen, 

1977a; Shibayama and Kitoh, 1976). While some 
studies report that the number or size of lysosomes 
increase during the PMI, the evidence for this is 
mixed, the effect size is not strong, and lysosomal 
expansion is not required for lysosomal enzymes to 
contribute to decomposition (Sheleg et al., 2008; 
Tafrali, 2019; Van Nimwegen and Sheldon, 1966). 

Different protein substrates can have differen-
tial sensitivity to enzyme-mediated proteolysis. For 
example, Geddes and colleagues report that MAP2, 
NF-M, and NF-L are relatively more sensitive to cal-
pain-mediated proteolysis, while tau and NF-H are 
more resistant (Geddes et al., 1995). As another ex-
ample, Sarnat and colleagues report that NeuN im-
munoreactivity tends to degrade within 6 or 12 h of 
PMI, while synaptophysin is much more resistant to 
postmortem autolysis and can be detected even in 
brains with PMIs of more than 96 h (Sarnat et al., 
2010). Different regions of the same protein can also 
have different rates of postmortem proteolysis. For 
example, Li and colleagues studied the postmortem 
degradation of different epitopes of glutamate 
transporters in rat brains after 0-72 h PMI (Li et al., 
2012). They found that the termini of GLT-1 degrade 
much faster than the central parts of the protein. 
They also found that the proportions of immuno-
labeling signal observed for different epitopes varies 
by the PMI. If the region of a protein recognized by 
an antibody is proteolyzed first, then the protein 
could appear to be totally absent when immuno-
labeled with that antibody, even though other parts 
of the protein could still be present. Even if a bio-
molecule does not disintegrate into component 
parts during the early PMI, it could still undergo a 
change in conformation, which could also lead to a 
false negative result when attempting to measure 
the protein’s distribution with a particular label. 

Postmortem proteolysis does not always de-
crease antigenicity, but instead is often found to in-
crease the immunolabeling signal for certain pro-
teins. For example, multiple studies reported that 
postmortem proteolysis leads to more accessible 
epitopes of the astrocyte marker GFAP (De Groot et 
al., 1995; Hilbig et al., 2004). Similarly, immunoreac-
tivity for the vascular basement membrane marker 
laminin increased during the PMI, which has been 
attributed to unmasking by proteolytic processes 
(Mori et al., 1992; Szöllősi et al., 2018). Hayes and 
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colleagues found that during the PMI, staining for 
somatostatin 28 decreased, while staining for its 
breakdown products somatostatin 14 and somato-
statin 281-12 increased, suggesting post-mortem pro-
teolytic processing of somatostatin 28 (Hayes et al., 
1991). Monroy-Gomez and colleagues found that 
immunostaining for rabies antigens increased sub-
stantially in the postmortem period, which they at-
tributed to autolytic disintegration of the intracyto-
plasmic viral inclusions and subsequent dispersion 
of the viral antigen (Monroy-Gómez et al., 2020) 

As with protein processing, lipid breakdown is 
also thought to be enzyme-mediated, via the activity 
of lipases such as phospholipase A2 (Jernerén et al., 
2015). Lipids can be divided into metabolic and 
structural classes. Metabolic lipids such as endocan-
nabinoids are often rapidly degraded in the PMI 
(Palkovits et al., 2008). However, the levels of struc-
tural lipids are liable to be stable for longer periods. 
For example, one study in rat brains found that the 
composition of glycerophospholipid, a major struc-
tural lipid component of cell membranes, did not 
change significantly up to a PMI of 18 h (Pearce and 
Komoroski, 2000). 

Many studies have been performed on the bio-
molecular composition of the brain in the early PMI. 
While a full analysis is outside of the scope of this 
review, a general trend is that the levels of proteins 
in the brain, including synaptic proteins, tend to be 
surprisingly well maintained for many hours and of-
ten up to one or two days of PMI (Fountoulakis et 
al., 2001; Halim et al., 2003; Knudsen and Pallesen, 
1986; Siew et al., 2004; Stan et al., 2006). It is worth 
noting, however, that the effect of the PMI on pro-
tein breakdown is highly variable depending upon 
the protein considered (Ferrer et al., 2007). Another 
source of variability in postmortem proteolysis is 
across cell types. Li and colleagues reported that 
there was a significant heterogeneity of postmor-
tem proteolysis rates across cells, resulting in patchy 
immunolabeling patterns (Li et al., 2012). In the cer-
ebellum, postmortem proteolysis has been sug-
gested to occur earlier in the granule cells than in 
the Purkinje cells (Albrechtsen, 1977a). 

Alterations of biomolecule distribution 

For this review, we are interested in the extent 
to which the postmortem spatial distribution of pop-
ulations of biomolecules matches their in vivo distri-
bution. We are not focused on the precise location 
of individual biomolecules, which are thought to be 
exchangeable in their functions and are often diffus-
ing within a given cellular region in vivo regardless. 
We define two spatial scales when discussing al-
tered location of biomolecules: the structural fea-
ture level, which considers alterations in the location 
of objects made of many biomolecules seen under 
the microscope, and the biomolecule level, which 
considers alteration of locations of individual types 
of biomolecules. Cells themselves can be thought of 
as structural features and can also move in the PMI, 
although many non-blood cells are tethered to one 
another and to the extracellular matrix by connec-
tions that are relatively resistant to postmortem de-
composition. 

Although the structure of individual biomole-
cules is often stable in the early PMI, if the biomole-
cules that comprise cell membranes move suffi-
ciently far from their original locations, then cell 
morphometry can still be lost. Indeed, cell mem-
brane morphology is often reported to break down 
prior to the breakdown of its biomolecular constitu-
ents. For example, Hukkanen 1987 reported that 
myelin ultrastructure in surgical specimens had de-
generated after 24 h of PMI at 25 °C, even though 
the levels of the major myelin glycoprotein were un-
altered (Hukkanen and Röyttä, 1987). 

Subcellular structural features such as orga-
nelles are frequently reported to move in the PMI. 
This can occur due to mechanical forces that arise by 
swelling, shrinkage, or other fluid shifts, leading to 
an increase in local pressure and thereby causing the 
intermolecular bonds stabilizing structural features 
to break. It can also occur due to catabolism of the 
biomolecules that typically maintain the structure in 
place. For example, several studies have found that 
myelin lamellae tend to split during the PMI, which 
is likely due to a combination of mechanical forces 
and the breakdown of the biomolecules typically 
connecting the lamellae (Ansari et al., 1976a; Huk-
kanen and Röyttä, 1987; Rees, 1976; Shibayama and 
Kitoh, 1976). As another example, one study found 
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that cilia on ependymal cells had fused together and 
sunk down onto the ependymal surface after 1 h of 
PMI (Hetzel, 1980). This may be due to a postmor-
tem fluid shift within ventricular spaces. 

At the level of individual biomolecules, the sit-
uation can be more complex, requiring us first to un-
derstand how biomolecules are organized during life 
before we can understand how this organization is 
lost postmortem. There are three types of biomolec-
ular organization patterns that we will consider, 
which are not mutually exclusive: confinement in 
compartments, inclusion in gel-like networks, and 
maintenance by active transport mechanisms. 

The most obvious form of biomolecular organ-
ization results from containment within cell com-
partments, such as within a cell or organelle mem-
brane. In living cells, diffusion is often constrained to 
a local area, such as by an organelle membrane or 
cytoskeletal structure. The nature of the confine-
ment depends on the size and properties of the mol-
ecule as well as the properties of the confining ma-
terial. After death, membranes will eventually be-
come permeable and therefore there will be a loss 
of confinement. 

The next form of biomolecular organization is 
the gel-like network. Structural features seen under 
the microscope are often composed of densely ag-
gregated, gel-like networks (Douglas, 2018). For ex-
ample, the nucleolus is made up in part by a concen-
trated gel of enmeshed rRNA (Lafontaine et al., 
2021; Riback et al., 2022). Gel-like networks can be 
formed by covalent and non-covalent interactions 
that lead to the aggregation of biomolecules. During 
the PMI, intra- and inter-molecular bonds will de-
grade due to hydrolysis and loss of active mainte-
nance, causing these gel-like networks to break 
down. However, many of the constituent biomole-
cules may still be present in the local area, just no 
longer densely aggregated enough to be seen under 
the microscope. As a result, changes in the PMI can 
cause gel-like structures such as the nucleolus to no 
longer be visualized under the microscope, even 
though the local levels of their constituent biomole-
cules, such as rRNA, may be relatively stable. Nota-
bly, the ability to visualize gel-like networks under 
the microscope can also depend on the strength of 
crosslinking fixation, which stabilizes them (Wang 
and Minassian, 1987). 

Another major form of in vivo biomolecular or-
ganization is active transport. In active transport, 
ATP is expended to move biomolecules and ions 
against a concentration gradient. After death, ATP 
will be depleted, so active transport will cease, caus-
ing a potential loss of the spatial distribution of bio-
molecules maintained in vivo. An example of this is 
the loss of sodium–potassium ATPase activity very 
early in the PMI. 

We can next consider what happens to individ-
ual biomolecules once these organizing structures 
and functions are lost in the PMI. Molecular diffu-
sion is the primary driving force of individual biomol-
ecule movement in the PMI, due to thermal fluctua-
tions of molecules in the liquid, which causes con-
stituent biomolecules to be displaced in random di-
rections (Schavemaker et al., 2018). Each biomole-
cule has its own diffusion coefficient, resulting from 
its size, lipophilicity, the temperature, how it inter-
acts with the solvent, and the extent to which it is 
bound to other molecules (Schavemaker et al., 
2018). If a population of biomolecules is localized to 
a particular location or “point” in vivo and the organ-
izing factors maintaining the localization are lost 
postmortem, then its distribution is expected to in-
creasingly spread out during the PMI as a result of 
diffusion (Schavemaker et al., 2018; Ślęzak and Bu-
rov, 2021). In the absence of barriers, postmortem 
diffusion would be expected to cause the spread of 
biomolecules to follow a Gaussian displacement dis-
tribution, with the degree of displacement depend-
ing on the PMI (Manzo and Garcia-Parajo, 2015). 
However, in biological systems, barriers to diffusion, 
such as the actin cytoskeleton and extracellular ma-
trix, are ubiquitous, meaning that non-Gaussian 
spread of biomolecules is commonplace (Manzo and 
Garcia-Parajo, 2015; Ślęzak and Burov, 2021). Diffu-
sion speeds are substantially decreased in the 
crowded cytoplasm compared to pure solution, of-
ten to an order of magnitude less (Kekenes-Huskey 
et al., 2016). As the cytoplasm becomes less 
crowded and structures break down during the PMI, 
effective diffusion coefficients will accelerate. Be-
cause of the complex factors that affect the rate and 
spread of postmortem diffusion, the outcome of bi-
omolecular diffusion after a given PMI is largely an 
empirical question about which it is difficult to make 
precise predictions a priori. 
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Many studies describe the phenomenon in 
which biomolecules redistribute from a localized to 
diffuse distribution in the PMI. Sex steroid receptors 
in brain cells have been found to diffuse from a nu-
clear to a perinuclear distribution after 24 h of PMI 
(Fodor et al., 2002). Oehmichen reported that en-
zymes redistribute from localized to diffuse distribu-
tions at different postmortem time courses, begin-
ning for several enzymes at 32 h PMI (Oehmichen, 
1980). Hilbig and colleagues found that during the 
PMI, localized synaptophysin immunoreactivity was 
lost after 4 h when brain tissue was stored at 22 °C 
and after 12 h when it was stored at 4 °C (Hilbig et 
al., 2004). It is also a well-known phenomenon that 
biomolecules eventually leak into the extracellular 
space as autolysis progresses (Pélissier-Alicot et al., 
2003). As a result, cell membrane visualization will 
become less distinct when the tissue is labeled by a 
biomolecule that has undergone postmortem diffu-
sion. 

Another complicating factor for predicting the 
outcome of biomolecular diffusion is that popula-
tion level movement patterns can be non-random 
due to sinks that capture biomolecules. As a possible 
example of this, Mori 1991 studied changes in the 
distribution of immunostained immunoglobulin dur-
ing the PMI (Mori et al., 1991). They noted that im-
munoglobulin leaked out of blood vessels, evolving 
from a focal to diffuse pattern as the PMI increased, 
as expected based on random diffusion. Addition-
ally, they found that immunoglobulin underwent a 
selective neuronal uptake phenomenon where it 
was incorporated into shrunken, hyperchromatic 
neurons that had been damaged by trauma. Be-
cause such compacted neurons result from a gel-gel 
phase transition, the uptake may occur as a result of 
the gel matrix in these neurons capturing diffusing 
immunoglobulins (Kovács et al., 2007). While this is 
a plausible mechanism for the postmortem localiza-
tion patterns of immunoglobulin, it requires further 
study. 

It is also critical to distinguish between the pop-
ulation level biomolecule distribution that is ob-
served under the microscope and the changes in the 
tissue that led to that observation. As discussed in 
the previous section, postmortem metabolism can 
also cause dramatic changes to the composition 
and/or conformation of individual biomolecules. If 

postmortem metabolism is not uniform during the 
PMI, this can affect the observed localization of pop-
ulations of biomolecules in the PMI. We can call this 
phenomenon differential metabolism. For example, 
there could be different concentrations of prote-
ases, phospholipases, or endonucleases in different 
parts of the cell or across cells. Alternatively, there 
could be a differential change in epitope accessibil-
ity between compartments during the PMI, for ex-
ample due to a decrease in cytoplasmic crowding. As 
a term agnostic to mechanisms, we will use the term 
redistribution to describe an observed change in the 
spatial distribution of a type of biomolecule meas-
ured at a particular postmortem timepoint. 

Several articles described redistribution of cer-
tain labeled biomolecules from neurites to cell bod-
ies (i.e. the perikarya) (D’Andrea et al., 2017; Gärt-
ner et al., 1998; Geddes et al., 1995; Irving et al., 
1997; Kitamura et al., 2005; Schwab et al., 1994). 
Among these, Geddes and colleagues reported the 
redistribution of several different neurofilament 
proteins, including NF-H, NH-M, MAP2, and tau, 
from neurites to cell bodies in the PMI, which they 
call perikaryal accumulation (Geddes et al., 1995). In 
their discussion, they posed the question of whether 
this redistribution was due to (a) a shift in the cellu-
lar localization of the proteins themselves or (b) a 
change in the antigenicity of neurofilament epitopes 
in different compartments, for example due to cal-
pain activation, which we would consider a type of 
differential metabolism. 

Gärtner and colleagues studied the spatial dis-
tribution of tau at baseline and after 30 min of PMI 
in rat brains using seven different tau-specific anti-
bodies, which label for different epitopes of the pro-
tein (Gärtner et al., 1998). They found that labeling 
with two of the antibodies, Tau-1 and 12E8, led to a 
perikaryal accumulation of staining intensity follow-
ing the PMI. On the other hand, labeling with three 
of the antibodies for tau led to no change in the dis-
tribution of tau immunostaining in the PMI. They 
reasoned that their results could be explained by dif-
ferential dephosphorylation of tau in different com-
partments of neurons, as opposed to movement of 
the tau protein itself. Irving and colleagues also re-
ported that the postmortem redistribution of tau 
was dependent upon the antibody used (Irving et al., 
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1997). Taking these studies together, the observed 
perikaryal redistribution of many neurofilament 
proteins is more likely due to differential metabo-
lism in different neuronal compartments, rather 
than a shift in the location of the individual protein 
molecules. 

A special type of postmortem differential me-
tabolism is postmortem synthesis. During the PMI, 
new biomolecules can be synthesized, leading to 
population-level shifts in the distribution of the syn-
thesized biomolecule. For example, certain RNA 
transcripts have been suggested to be transcribed 
postmortem in the mouse brain (Pozhitkov et al., 
2017). While some of these findings could also be 
attributed to complex differential metabolism, the 
possibility of postmortem synthesis remains valid 
and has the potential to alter the spatial distribution 
of biomolecules (Schwab et al., 1994). 

As an insight from an adjacent field, the post-
mortem redistribution of small molecule drugs 
across body compartments is a commonly studied 
phenomenon in forensic pathology (Pélissier-Alicot 
et al., 2003). Mechanistically, drug redistribution can 
result from diffusion away from drug reservoirs, cell 
death, putrefaction, and postmortem metabolism 
(Yarema and Becker, 2005). More basic and more 
lipophilic drugs are more likely to move in the post-
mortem interval. One source notes that the brain is 
not clearly affected by the postmortem redistribu-
tion of drugs (Pélissier-Alicot et al., 2003). 

While many biomolecules are observed to have 
postmortem redistribution, these are not omnipres-
ent findings. Many of the included studies that 
measured the spatial distribution of biomolecules 
postmortem did not find a significant degree of 
postmortem redistribution (Blair et al., 2016; Quartu 
et al., 2005; Serra et al., 2005). For example, Blair 
and colleagues found that the expected neuronal lo-
calization of NeuN immunostaining localization in 
isolated human brain tissue did not change during 
the PMI time points analyzed, up to 53 h of PMI 
(Blair et al., 2016). As another example, Serra and 
colleagues found that immunostaining patterns for 
GFRalpha-1, GFRalpha-2, GFRalpha-3 and Ret recep-
tor molecules were not substantially altered up to 
72 h of PMI in rat brains (Serra et al., 2005). 

Summary 

There are numerous distinct mechanisms that 
lead to changes in observed cell morphometry dur-
ing the PMI (Table 1). These include the initiation of 
cell death by oncotic necrosis, fluid shifts causing 
swelling of tissue elements and vacuolization, bio-
molecular breakdown by catabolic enzymes, and bi-
omolecular redistribution. By characterizing the 
mechanisms of postmortem decomposition, our 
goal is to allow predictions to be made about how 
cell membrane morphometry will degrade during 
the PMI. These mechanisms have the potential to 
differ substantially from biological processes occur-
ring in vivo. They also have implications for which 
methodologies are likely to be most robust for use 
in postmortem brains. For example, individual bio-
molecules may have artifactual disintegration or re-
distribution during the PMI. As a result, using indi-
vidual biomolecular labeling as a proxy for cell mem-
brane morphology is not expected to be as robust of 
a method as staining nonspecifically for classes of bi-
omolecules, unless the labeled biomolecule is highly 
stable in the PMI. 

Rates of postmortem decomposition 

Time series 

Describing the mechanisms of postmortem de-
composition does not tell us about the kinetics over 
which the decomposition occurs. There are three 
types of empirical studies that we will review next to 
address this question: time series studies, correla-
tional studies, and case reports. 

In a time series study, the PMI is experimentally 
controlled, thus allowing an estimate of the effect of 
a given PMI on cell membrane morphology. Because 
the time series study design is less susceptible to 
confounding biases, it allows for the most reliable 
estimates of the three study types. As an example of 
a time series study, we highlight the study by Haines 
and Jenkins (Haines and Jenkins, 1968). In this study, 
the authors measured the effect of PMI on cell struc-
tures in the habenulopeduncular tract and nucleus 
of adult dogs. After death, the brains were kept in-
side of the head (i.e., in situ) and stored at around 
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Mechanism or associated 

outcome 

Role in postmortem brain decomposition 

Cell death by 

oncotic necrosis  

The main cell  death pathway in the postmortem brain, wherein the loss of ATP leads to a se-

quence of morphological changes and eventual necrosis  

Autolysis Primary role in the early postmortem decomposition of brain cells 

Apoptosis Not a substantial contributor to postmortem decomposition, because this cell  death  path-

way requires ATP 

Compacted neurons 

(a.k.a. dark neurons) 

May become more common after short periods of PMI, but less common with longer peri-

ods of PMI; is not thought to contribute to postmortem decomposition 

Temporary ischemia Temporary cerebral ischemia followed by reperfusion has much different mechanisms of de-

composition (e.g. requiring ATP) than the permanent global cerebral ischemia that occurs 

postmortem 

Postmortem fluid shifts  Biomolecular breakdown and blood extravasation leads to dramatic fluid shifts in the early 

postmortem brain; eventually, the brain is transformed to a paste- or fluid-like consistency 

Perivascular and 

pericellular rarefactions 

These areas expand and become more frequent in the PMI, which appears to be due to the 

swelling of astrocyte processes and other cells, causing those areas to not stain on light mi-

croscopy 

Vacuolization Common finding in postmortem brain cells and tissue spaces such as the neuropil that 

evolves throughout the PMI and can cause alteration of cell  morphometry or compression of 

other structures 

Biomolecule degradation Largely driven by enzymes, biomolecule breakdown is a key driving force of postmortem de-

composition, varying in rate based on many factors, such as the substrate and the tempera-

ture 

Biomolecule redistribution The breakdown of the factors stabilizing biomolecules in place in vivo leads them to eventu-

ally diffuse away from their original locations, with degrees of both Gaussian and non -Gauss-

ian spread 

Table 1. Summary of the role of postmortem brain cell decomposition mechanisms. 

 

25°C. At multiple PMI time points – 0, 6, 12, 18, 24, 
38, and 48 h – they extracted the brain, isolated the 
habenula, and fixed it via immersion in 10% buffered 
formalin. The tissue was morphologically stained 
with a method designed to distinguish myelin, ax-
ons, and general cell architecture. They reported 
that general cell architecture began to become in-
distinct by 18 h of PMI, while myelin and axons were 
relatively well preserved over the course of the 
study up until 48 h of PMI. This is an example of how 
one study can make multiple descriptions about the 
degree of decomposition of cell morphometry at dif-

ferent time points or for different structural fea-
tures, which we call “observations”. 

To build a database and draw comparisons 
across studies, we extracted the observations from 
the text of each included time series study (Supple-
mentary File 5). For each observation, multiple 
raters independently graded the severity of decom-
position on a subjective 0-3 scale. Note that we are 
using the term “grade” in the sense of severity rat-
ing, as opposed to the use of the term in neoplastic 
grading. We next calculated inter-rater reliability  
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scores based on these decomposition grades, using 
the intraclass correlation (ICC) statistic. The ICC 
value was calculated as 0.721, with a 95% confi-
dence interval of 0.657 to 0.775 (F-test p-value = 7.9 
* 10-43). This score is considered to be of moderate 
reliability, which likely reflects limitations in both 
the clarity of the categories we defined as well as the 
precision by which the observations were described 
in the included studies (Koo and Li, 2016). 

To elucidate the variability in outcomes be-
tween studies, we plotted these decomposition 

grades at different PMIs (Figure 3). We found a wide 
range of PMIs after which histology reaches differ-
ent decomposition severities across studies, experi-
mental designs, and structural features of focus. Be-
cause the studies were very heterogeneous, it was 
not possible to perform a detailed quantitative 
meta-analysis of decomposition kinetics across stud-
ies. However, as expected, we did identify a signifi-
cant positive rank correlation between the PMI and 
the decomposition severity grade when pooling all 
observations (ρ = 0.29, p-value = 4.0 x 10-7).

 

 

 

Figure 3. Temporal progression of structural decomposition in time series s tudies. 

Consensus decomposition severity grades (y-axis) plotted with the postmortem interval (x-axis, log scale). Each data point is a single 

observation made by a  study. Each study can have one or more observations. To avoid overplotting, the opacity of each data point is 
lowered so that overlapping points can be distinguished as darker. Data points are colored by the s tructural feature. Each s t ructural 
feature needs to have at least six observations to be in its own category. Otherwise, it is categorized as a  type of “general cell membrane”. 
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Correlational studies 

Rather than making observations at defined 
time points, correlational studies make observations 
about how the appearance of a structural feature 
varies over a range of PMIs. Because these studies 
are correlative, before discussing them further, it is 
important to consider the limitations when using 
correlational studies to estimate the effect of PMI 
on cell membrane degradation (Lewis, 2002; Palmer 
et al., 1988). These are not limitations of the original 
studies, which often do not have this task as the pri-
mary goal, but rather limitations of using this data 
for our purposes in this review. 

The first limitation is the potential for con-
founding variables, such as agonal state and tissue 
pH (Glausier et al., 2019). A second limitation is that 
many studies correlate multiple structural features 
with the PMI but do not perform an adjustment for 
multiple hypothesis testing, raising the probability 
of a spurious correlation. A third limitation are sta-
tistical floor or ceiling effects, based on the range of 

PMIs. If the shortest PMI is several hours after 
death, or the longest PMI is relatively short, this re-
stricts our ability to infer what occurs in brain tissue 
outside of the PMI range sampled. A fourth limita-
tion in the many included studies that treat the PMI 
as a nuisance variable that must be considered is the 
possibility of publication bias. Finally, a fifth limita-
tion is selection bias if tissue requires a quality 
standard for inclusion in a study. This would clearly 
affect any naïve correlations measured with the 
PMI. As an example of quality selection bias, one 
study included 16 brains with PMI < 24 h (Jacobs and 
Scheibel, 1993). This study also included 4 brains 
with PMI of longer than 24 h because those brains 
had been refrigerated and the tissue appeared to be 
in good condition. While the study found no correla-
tion between PMI and total dendritic length as 
measured by Golgi-Cox staining, this result is more 
difficult to interpret in terms of PMI effects given 
that brains with longer PMIs were included because 
of relatively better markers of tissue quality.

 

 

Figure 4. Cel l  morphometry changes associated with the postmortem interval in the included correlational s tudies. 

In this plot, each correlational study i s a  data point. If the s tudy describes an association between the postmortem interval  (PMI) and a  
change in any type of cell morphometry, based either on statistical significance or th e qualitative impression of the authors, then that 
data  point i s considered positive or “yes”, and vice versa for “no”. If i t is unclear whether there was an association reported in the study, 

then the data for that study is not included in the plot. If there are multiple structural changes tested and at least one of them has an 
association with the PMI, then that is considered positive for the purposes of this visualization. Both the sample size of the s tudy (i .e., the 
number of brains considered, y-axis) and the highest recorded PMI (x-axis) are plotted on log scales. 
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Despite the potential limitations of correla-
tional studies, they are still helpful, especially for ex-
ploring large effect sizes over the PMI range studied. 
Correlational studies can aid in bounding the range 
of plausible postmortem effects over the time 
ranges studied. Evaluating this literature is helpful 
for investigators studying tissue stored in brain 
banks, because it is most representative of the brain 
tissue that is available for study. 

We found as an overall trend from correla-
tional studies that the PMI often does not have a 
substantial effect on cell morphometry (Figure 4; 
Supplementary File 6). Some studies even find this 
with PMIs of several days. For example, Garey and 
colleagues used rapid Golgi impregnation to study 
cell morphometry in 24 brains with a PMI range of 4 
to 120 h, finding that there was no significant effect 
of this time range on the observed dendritic spine 
density of pyramidal neurons (Garey et al., 1998). 
However, other studies have found that even rela-
tively shorter PMIs can have a substantial effect. For 
example, Booze and colleagues found that there was 
a loss of staining for fine varicose axons over a PMI 
range from 1 to 6 h (Booze et al., 1993). The effect 
of PMI likely depends on characteristics of the co-
hort studied, such as whether the bodies were re-
frigerated, as well as the visualization methods and 
structural feature investigated. 

Case reports 

Case report studies, of which six were identi-
fied, describe the degree of preservation of cell mor-
phometry in relation to the PMI of a single brain 
(Supplementary File 7). For example, MacKenzie re-
ported a case of a body that was immersed in water 
in late autumn and winter for 10 weeks prior to au-
topsy (MacKenzie, 2014). The histology quality of 
this brain was reportedly “good”, with morphologi-
cal changes of anoxic neuronal injury and axonal 
spheroids still able to be identified. As another ex-
ample, Gelpi and colleagues described a case of 
where a body was stored in a mortuary cooling 
chamber for 2 months after death prior to autopsy 
(Gelpi et al., 2007). Histomorphology was described 
as “well preserved”, with all cell types, neuropil, and 
axons appropriately visualized, although they did 
note moderate vacuolization of brain parenchyma. 
On the other hand, Suárez-Pinilla and Fernández-

Vega described a case with severe autolysis of gran-
ule and Purkinje cells in the cerebellum after only 6 
h of PMI, which was associated with a metabolic in-
sult (Suárez-Pinilla and Fernández-Vega, 2015). No-
tably, the rest of the brain was found to have essen-
tially normal microscopic findings. 

Case reports demonstrate exceptions from the 
typical way that practitioners in the field are per-
ceived to think about the problem, thereby making 
these findings especially interesting for publication. 
In this sense, the case reports collectively show that 
it is considered surprising when cell membrane 
structure is maintained after a PMI of several weeks, 
or when it is lost in one brain region after a PMI of 
only 6 h. 

Summary 

The studies we identified had a wide range of 
PMIs, over which cell morphometry was altered to 
different degrees. Time series studies offer experi-
mental control but create artificial contexts diver-
gent from naturalistic studies relevant in brain bank-
ing. Correlational studies have several confounds 
limiting their interpretation, but they represent the 
practical contexts that investigators encounter. Fi-
nally, the few case reports identified may illustrate 
the limits of our understanding and they may chal-
lenge paradigms. As an attempt to explain the high 
heterogeneity between studies, we next turn our at-
tention to potentially modifying variables. 

Differences in decomposition rates 
across assessment methods 

Changes identified due to the PMI depend in 
complex ways on the methods used to visualize 
them. For example, there might be selective degra-
dation or inaccessibility of the label measured in the 
visualization procedure, rather than the structure it-
self. Intracellular regions could also become more 
difficult or easier to stain if the cell membranes are 
partially degraded, for example due to changes in 
membrane permeability. 

Immunohistochemistry 

Immunohistochemistry (IHC) is a method com-
monly used as a proxy of cell membrane morphol-
ogy. IHC involves the use of specific antibodies that 
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can bind to target antigens of biomolecules, which 
are then labeled with a detectable marker, allowing 
for the visualization of the antigen under the micro-
scope. In IHC, an abnormal staining pattern could re-
sult if the labeled biomolecule (a) is totally lost from 
the tissue, (b) has been fragmented, (c) has under-
gone a conformation change, (d) has bound to an-
other biomolecule that blocks the epitope, or (e) the 
antibody is not able to diffuse closely enough to the 
biomolecule due to accessibility issues. For example, 
Gärtner and colleagues used different anti-tau anti-
bodies to study how tau immunostaining is affected 
by 30 min of ex situ postmortem storage at 37° C 
(Gärtner et al., 1998). They found that three anti-
bodies were not affected by the PMI, two others re-
vealed alterations in the labeling patterns identified, 
and two others showed complete loss of immunore-
activity. This is an example of how different epitopes 
of the same protein can be variably affected by the 
PMI. 

While caution is warranted in the interpreta-
tion of IHC signals for antigens that are unstable in 
the PMI used as a proxy for the structure of cell 
membranes more broadly, IHC staining for certain 
biomolecules that do not undergo changes postmor-
tem can be useful. For example, one study found 
that immunostaining for Calbindin-D28K was more 
sensitive in postmortem brain tissue than Nissl 
staining for detecting Purkinje cells, although nei-
ther of these methods were found to vary with the 
PMI range studied of 3 to 48 h (Whitney et al., 2008). 
Another study found that neuronal morphology was 
lost with toluidine blue staining at 30 h PMI, but that 
immunostaining for rabies antigen was still able to 
delimit the profile of the soma of infected cells at 
this time point (Monroy-Gómez et al., 2020). 

Morphological staining 

The most common morphological stain is H&E. 
Hematoxylin stains basophilic regions of tissue such 
as the nucleus and rough endoplasmic reticulum, 
while eosin stains acidophilic regions such as the cell 
membrane, extracellular matrix, proteins, and most 
organelles (Chan, 2014). Nissl staining is also com-
mon, wherein basic dyes such as cresyl violet or thi-
onine bind to nucleic acids in the cell including RNA 
in the rough endoplasmic reticulum or in free ribo-
somes (Kádár et al., 2009). Because certain neurons 

have high concentrations of rough endoplasmic re-
ticulum, Nissl staining can highlight neuronal cyto-
plasm, but morphology is poorly visualized, although 
basic structural aspects of somata may be discerned. 

While H&E and Nissl stains are not effective at 
visualizing neuronal processes, other specialized 
chromogenic dyes can be helpful. For example, Das 
and colleagues used staining with the lipophilic dye 
DiI and found that dendritic spines can be visualized 
for up to 28 h of PMI in cases of sudden death (Das 
et al., 2019). They conclude that this is a longer pe-
riod of dendritic spine stability during the PMI than 
previously thought, and that they were able to de-
tect dendritic spines at extended time points be-
cause of their novel method. 

The Golgi impregnation is a different technique 
that completely stains a subset of cells including 
their entire dendritic tree (Kang et al., 2017). There 
are differences in the sensitivity of different Golgi 
stains to the PMI. Specifically, rapid Golgi stains are 
more sensitive to changes in the PMI than Golgi-Cox. 
One study found that a PMI of more than 4 h leads 
to a reduction in visualized dendrite length in rapid 
Golgi stained tissue (de Ruiter and Uylings, 1987). 
Another study suggested that Golgi-Cox impregna-
tion had robust visualization of dendritic spines with 
longer PMIs (up to 28 h tested), while rapid Golgi 
staining only had similarly good visualization for one 
case with a shorter PMI of 6 h (Buell, 1982). 

In contrast to Golgi methods, the Bielschowsky 
method uses silver to stain essentially all types of 
cells and neural processes in the brain (Switzer, 
2000). It is most often used to visualize axons and 
has been reported to be robust to changes in the 
PMI. For example, one study found that there was 
no change with Bielschowsky staining after 24 h of 
PMI (as cited in (Haines and Jenkins, 1968)). In a case 
report of a brain with a PMI of 2 months, another 
study reported that Bielschowsky silver impregna-
tion was more robust for the visualization of axons 
than staining with anti-neurofilament antibodies 
(Gelpi et al., 2007). However, as the likelihood of pu-
trefaction increases with extended PMIs, 
Bielschowsky stained tissue needs to be examined 
with more caution, because colonies of microorgan-
isms can also stain positive and mimic neuritic 
plaques (MacKenzie, 2014). 
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Taken together, as opposed to IHC for poten-
tially unreliable antigens, morphological stains are 
reported to be more robust to changes in the PMI, 
because they label classes of biomolecules rather 
than specific ones. 

Electron microscopy 

The electron microscopy (EM) studies included 
in this review generally stain tissue with osmium te-
troxide, which primarily labels unsaturated lipids in 
membranes, and uranyl acetate, which has binding 
affinity towards proteins and provides contrast (Hua 
et al., 2015; Moscardini et al., 2020). However, stain-
ing protocols for EM are fastidious and require pre-
cise optimization (Tapia et al., 2012). Because the 
properties of brain tissue might be substantially al-
tered during the PMI, additional optimization of the 
staining protocol for postmortem conditions might 
be required, which is not necessarily always per-
formed. As a result, as with all stains, it is possible 
that with increasing PMI, what is lost when visualiz-
ing tissue with EM is not the structural components 
of cell membranes themselves, but rather the ability 
to identify them with the particular methods em-
ployed. 

For example, as previously discussed, Gibson 
and Tomlinson claim that the decrease in visualized 
synapses on EM over the first day or two of the PMI 
is largely due to cell process swelling which com-
presses synapses and makes them more difficult to 
visualize in 2D sections (Gibson and Tomlinson, 

1979). If this is the case, then the compressed syn-
aptic membranes could still potentially be visualized 
by an alternative approach such as a high-resolution 
volumetric EM method or an immuno-EM method 
that labeled for a particular synaptic protein that is 
relatively resistant to postmortem decomposition. 
Consistent with the sensitivity of EM to changes in 
the PMI, Sarnat and colleagues claim that EM is 
more sensitive to PMI artifacts than their light mi-
croscopy method of visualizing synapses by im-
munostaining with synaptophysin (Sarnat et al., 
2010). Other authors have also claimed that light mi-
croscopy is more robust than EM to changes in the 
PMI in the visualization of synapses (Peroski et al., 
2016). 

Summary 

Taken together, various methods of visualizing 
brain cell membranes differ in their robustness to 
changes in the PMI (Table 2). As a result, investiga-
tors need to be aware of the potential for bias when 
using methods that are not as robust to postmortem 
changes. 

Selective vulnerability to decomposi-
tion 

During the PMI, some aspects of cell mem-
branes decompose faster than others. These struc-
tural features include various aspects of cell mem-
branes, such as dendrites or synapses. Each instance 

 

Method Reported robustness to postmortem decomposition  

Immunohistochemistry Often sensitive to postmortem changes, but highly dependent on the antigen labeled 

H&E and Nissl  Relatively robust to postmortem changes, but unable to visualize cell  processes  

Specialized chromogenic 

dye 

Some methods are relatively more robust to postmortem decompositi on 

(e.g., DiI staining) 

Golgi Golgi-Cox is more reliable than rapid Golgi  

Bielschowsky Reported to be generally robust to changes in the PMI, but can show false positive staining 

for microorganisms 

Electron microscopy May be more sensitive than light mi croscopy to postmortem changes. Structures may be not 

visualized on two-dimensional images due to compression 

Table 2. Summary of the relative robustness of different visualization methods to postmortem decomposition in the brain.
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of a feature is generally composed of millions or bil-
lions of individual biomolecules, which make up the 
underlying biochemical material. Our attempt to 
summarize these collections of biomolecules by de-
scribing them with a single name is meant to be a 
useful abstraction, although there is a significant 
heterogeneity of biomolecular content within fea-
tures of the same type. 

Models of selective vulnerability 

As an initial way to think about how quickly dif-
ferent features might degrade, we can consider a 
naïve model in which: (a) the density or composition 
of biomolecules does not vary significantly between 
features and (b) the decomposition rate of each bi-
omolecule is independent of its local context. Under 
this model, features will degrade at a rate propor-
tional to their size. Of course, both assumptions of 
this model are false. Different features are clearly 
composed of different types of biomolecules; for ex-
ample, the cytoskeleton of axons tends to be made 
of more longitudinal neurofilaments, whereas the 
cytoskeleton of dendrites tends to be made of mi-
crotubules, which may degrade at different rates 
postmortem (Schwab et al., 1994). Similarly, the de-
composition rate of each biomolecule will clearly de-
pend on its local context, such as the density of cat-
abolic enzymes. A size-proportional decomposition 
model, under which structural features decompose 
at a rate proportional to their size, may still be a 
helpful first approximation. Smaller features will 
have fewer biomolecules, a lower probability of a la-
bel binding to that biomolecule, and therefore a 
lower probability of being visualized as its constitu-
ent biomolecules begin to degrade and it eventually 
disintegrates during the PMI. 

Brain region and cell type heterogeneity 

Before discussing sub-cellular features, it is im-
portant to consider how rates of decomposition vary 
across brain regions and cell types. Certain brain re-
gions, such as the hippocampus, are well-known to 
be more susceptible to degeneration due to tempo-
rary cerebral ischemia followed by reperfusion in-
jury. However, damage following temporary ische-
mia is an active process and therefore caused by a 
different decomposition mechanism than what oc-
curs postmortem. Multiple studies reported that 

postmortem decomposition generally progresses at 
equal rates in the different brain regions studied, in-
stead of progressing faster in brain regions more 
susceptible to temporary ischemia (Garcia et al., 
1978; Spector, 1963). 

The main brain region that has been associated 
with a faster rate of postmortem decomposition is 
the cerebellum (Averback, 1980; Furukawa et al., 
2015; Finnie et al., 2016). Bywater and colleagues 
reported that the cerebellum is the most sensitive 
region to postmortem autolysis, with significant 
changes occurring within 20 min, which they attrib-
ute to the high enzyme content of the granular layer 
(Bywater et al., 1962). Ikuta and colleagues also re-
ported that there is a selective disintegration of the 
granular layer of the cerebellum in the PMI, without 
a change in glia or adjacent Purkinje cells, due to 
similar enzyme-mediated autolysis in granular cells 
(Ikuta et al., 1963). Albrechtsen noted that there is a 
significant correlation between the pH of the brain 
tissue and the degree of decomposition of the gran-
ule cell layer of the cerebellum, consistent with a 
role of enzyme-mediated autolysis (Albrechtsen, 
1977a). 

Aside from the cerebellum, some sources de-
scribed the relative vulnerability of other brain re-
gions, although not as consistently. Multiple sources 
reported that white matter tends to be better pre-
served than other regions of the brain (Furukawa et 
al., 2015; MacKenzie, 2014). One source noted that 
the cortex tends to be better preserved than the ba-
sal ganglia and thalamus (MacKenzie, 2014). Oehm-
ichen noted that the pons and certain thalamic nu-
clei are the first to show damage in the PMI (Oehm-
ichen, 1980). Yeung and colleagues, studying an ex-
tended PMI of 30 d, found that outer layers of the 
cortex (I-III) were less well preserved than the inner 
layers of the cortex (IV-VI) (Yeung et al., 2010). No-
tably, there can also be a patchy heterogeneity of 
decomposition within a local area of the brain (Le-
snikova et al., 2018). Some regional differences may 
also be confounded by immersion-based preserva-
tion methods, which is discussed below. 

In terms of cell types, one source noted that 
ventral thalamic nucleus neurons and small cells of 
the striatum are the most vulnerable to postmortem 
decomposition, while large pyramidal cells in the pa-
rietal cortex are the least vulnerable (as cited in 
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(Choe et al., 1995)). Several other sources also re-
port that larger neurons are better preserved and/or 
that smaller neurons have more rapid postmortem 
changes (Irving et al., 1997; Lindenberg, 1956; Wil-
liams et al., 1978). It has been reported that there is 
a large heterogeneity in the decomposition rate 
within a cell class (as cited in (Choe et al., 1995)). In 
the anterior pituitary, significant variability of de-
composition rate has also been reported within cell 
type classes, attributed to the functional state of the 
cell at the time of death (Ilse et al., 1979). Overall, 
decompensation kinetics are highly variable even 
within a cell type class, but certain types of smaller 
cells may be relatively more vulnerable. 

Alterations in cellular and subcellular volumes 

In cell death by oncotic necrosis, cells are ex-
pected to initially swell in the first stage, and even-
tually shrink as necrosis progresses. However, the 
presence or absence of cell swelling depends on the 
local environment, including any fluid take-up by 
other nearby cells. Indeed, cells may even shrink in-
itially if nearby cells take up relatively more fluid. 
Moreover, swelling may also be transient and not 
captured by the histological techniques at any given 
timepoint (Majno and Joris, 1995). Therefore, the 
potential effects of PMI on cell volume are challeng-
ing to predict. 

Cell swelling is one of the most common mor-
phometric findings early in the PMI. Schulz and col-
leagues reported cell swelling after 30 seconds of 
PMI that disappeared with continued postmortem 
time (Schulz et al., 1980). They explain the mecha-
nism as due to an increase in intracellular cations, 
leading to a rise in intracellular oncotic pressure. Shi-
bayama and Kitoh noted swelling of pyramidal cells 
at 1 h PMI, which they reported was more pro-
nounced near the white matter (Shibayama and 
Kitoh, 1976). In their study of isolated biopsy brain 
tissue, Dachet and colleagues found that neuronal 
swelling first appeared by 2 h of PMI and that by 4-8 
h, a majority of neurons were swollen (Dachet et al., 
2021). 

Cell volume changes can have complex evolu-
tion patterns over the PMI. Hayes and colleagues 
found that average neuron size in the white matter 
of monkey brains increased only slightly following a 

2 h PMI, then increased substantially at a 12 h PMI, 
and then there was no additional increase at 24 or 
48 h (Hayes et al., 1991). They note that the inclu-
sion of brains with relatively longer PMIs in human 
cohorts may be helpful to factor out the effect of 
PMI on neuron size. In their study of horse brains, 
Wenzlow and colleagues noted a linear decrease in 
the size of the cytoplasm up to 3 d of PMI when 
brains were stored at stored at 8 °C, although no vol-
ume changes were detected when brains were 
stored at 22 °C (Wenzlow et al., 2021). Tafrali found 
that neurons shrank at 12 h PMI, while astrocytes 
and to a lesser extent oligodendrocytes increased in 
size (Tafrali, 2019). As opposed to swelling of many 
cell types, capillaries have been found to have de-
creased volume at 22 h PMI (Hunziker and 
Schweizer, 1977). 

Consistent with the previously described mech-
anism of fluid shifts, many studies describe swelling 
of astrocytes and astrocyte processes (Dachet et al., 
2021; Gibson and Tomlinson, 1979; Shibayama and 
Kitoh, 1976; Tafrali, 2019; Williams et al., 1978). Jen-
kins 1979 noted that astrocytic cell bodies and pro-
cesses were more dramatically swollen than neu-
rons or oligodendrocytes, starting at 5 min of PMI 
and continuing until 25 min of PMI (Jenkins et al., 
1979). Arsénio-Nunes and colleagues described pro-
nounced astrocyte process swelling in the molecular 
layer and at the level of vascular end feet at 30 min 
PMI (Arsénio-Nunes et al., 1973). Finnie and col-
leagues reported that Bergmann glia had cytoplas-
mic swelling much earlier than Purkinje cells in the 
PMI (Finnie et al., 2016). Del Bigio and colleagues de-
scribed pronounced swelling of astrocytes and oli-
godendrocytes during the PMI that could be spa-
tially associated with a hemorrhagic lesion prior to 
death (Del Bigio et al., 2000). They attributed the 
postmortem etiology of this swelling as due to the 
uptake of leaked plasma proteins from the extracel-
lular space by these cell types during the PMI. Rees 
found that astrocyte processes were “markedly 
swollen” at 2 h of PMI and that this was especially 
evident in astrocytes around blood vessels (Rees, 
1976). 

In summary, postmortem cell volume changes 
very frequently occur in the PMI. Swelling can occur 
very early in the PMI and may either persist, revert, 
or convert to shrinkage. Generally, the volume of a 
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given cell or cell sub-region assessed after a given 
period of PMI cannot be assumed to be the same as 
it was in vivo. Cell volume changes are also hetero-
genous across cell type, between brain regions, and 
dependent on local events such as hemorrhage. 

Dendrites 

Dendrites play a critical role in information pro-
cessing in the brain and have a wide variety of 
shapes and configurations. They can be very narrow, 
with diameters of less than 500 nm in certain areas 
(Harris and Spacek, 2016). Dendritic spines have es-
pecially narrow necks connecting them to dendritic 
shafts, with diameters of 50-400 nm (Adrian et al., 
2014). Based on the size-proportional decomposi-
tion model, dendrites are expected to be among the 
most vulnerable features to postmortem decompo-
sition. 

Several studies using immunohistochemical 
approaches have noted that immunoreactivity is lost 
from dendrites relatively early in the PMI. 
Boekhoorn and colleagues found that doublecortin 
immunoreactivity was greatly diminished in den-
drites after a PMI of only 1 h in rodent brains and 
was effectively lost by 8 h PMI, while soma immuno-
reactivity was retained for a longer time (Boekhoorn 
et al., 2006). Using calretinin staining in the monkey 
hippocampus, Lavenex and colleagues found that 
dendrite staining became coarser over a PMI of 2 to 
48 h (Lavenex et al., 2009). Specifically, while den-
drites could still be visualized in the later PMI brains, 
they appeared as a string of discontinuous agglom-
erates as opposed to a series of ovals connected by 
a continuous fiber. Multiple studies used the anti-
body SMI-32, which binds to neurofilament H and 
can be used to visualize neuronal processes includ-
ing dendrites. Gonzalez-Riano and colleagues did 
not find any changes in the distribution of staining 
for SMI-32 in mouse brains at a PMI of 5 h (Gonzalez-
Riano et al., 2017). Hilbig 2004 noted that details of 
the dendritic tree in large pyramidal cells were visi-
ble up to a PMI of 12 h with immunostaining for SMI-
32. With increasing PMI after 12 h, a granular-like 
immunostaining of disintegrated dendritic neurofil-
aments was found instead. 

There is a substantial literature on postmortem 
MAP2 immunostaining, which has also been gener-
ally found to degrade relatively rapidly during the 

PMI, thus reducing visualization of dendrites in 
MAP2-stained sections (Irving et al., 1997; Kitamura 
et al., 2005; Lingwood et al., 2008; Schwab et al., 
1994). For example, Nakabayashi 2021 performed 
immunostaining for MAP2 in rat brains, reporting a 
fragmentation of secondary dendrites at 6 h PMI 
and a disappearance of primary dendrites at 1 d PMI 
(Nakabayashi et al., 2021). MAP2 postmortem redis-
tribution has been speculated to be due to the sen-
sitivity of the MAP2 protein to postmortem proteol-
ysis, although the precise mechanism is unclear 
(D’Andrea et al., 2017). 

Some studies using morphological staining 
have also found that dendrite structure is altered 
relatively early in the PMI. For example, in a study 
using the Golgi rapid method to visualize pyramidal 
neurons in mouse brains, Williams and colleagues 
noted that dendrites degenerated in a “moniliform” 
fashion, i.e. with alternating varicosities and con-
strictions, which was first noticed at 6 h PMI (Wil-
liams et al., 1978). At 6 h of PMI, there were also 
patchy areas of dendrites that had a decreased den-
sity of spines. They also reported a centripetal loss 
of dendrite visualization with increasing PMI, 
wherein distal segments were lost first followed by 
more proximal areas. Using an alternative visualiza-
tion method of differential interference contrast op-
tics, they found that this loss was at least partially 
attributable to a failure of silver impregnation of dis-
tal dendritic segments with increasing PMI. As an-
other example of early dendritic changes in the PMI, 
Bywater and colleagues used a silver impregnation 
method and reported that dendrites began to “curl 
up in a corkscrew manner” by 4.5 h of PMI in mon-
key brains (Bywater et al., 1962). In their EM study, 
Rees 1976 found that dendrites were swollen after 
30 min of PMI (Rees, 1976). Roberts and colleagues, 
also using EM, noted that dendrites, along with axon 
terminals, spines, and mitochondria, became 
“bloated and/or irregular in contour” at PMIs of 
greater than several hours, and therefore they re-
stricted their PMI range to less than 4 h (Roberts et 
al., 1996). 

Other studies using morphological staining 
methodologies found that dendrite morphology is 
stable for longer PMIs. For example, as previously 
discussed in the visualization section, Das and col-
leagues found that dendritic spines can be visualized 
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via staining with the dye Dil for up to a PMI of 28 h 
(Das et al., 2019). Within their sample, they found 
that the PMI was not associated with spine density, 
spine head diameter, or spine length. Jacobs and 
Scheibel reported that dendrite morphology was 
well-preserved in their cohort of human brains, with 
PMIs up to 32 h (Jacobs and Scheibel, 1993). They 
used the Golgi-Cox staining method because it had 
been reported to be less sensitive to postmortem 
autolysis. They did not find the markers of autolysis 
(e.g., irregular varicose enlargements and loss of 
spines) that had been previously reported with the 
rapid Golgi method by Williams and colleagues (Wil-
liams et al., 1978). Yeung 2010 found that dendritic 
branching patterns could be visualized with 
Bielschowsky silver staining in a subset of pyramidal 
cells from human brains after even 30 d of PMI with 
storage at 4 °C (Yeung et al., 2010). 

Much of the correlational literature in human 
brain cohorts suggests a relative stability of den-
dritic structures in the PMI, including studies with a 
PMI range up to 9 h using EM (Kolomeets et al., 
2005), up to 28 h or 78 h using Golgi-Cox staining 
(Boros et al., 2017; Buell, 1982), up to 74 h using im-
munostaining for glutamate receptor subunits 
(Benes et al., 2001), or up to 120 h using the rapid 
Golgi method (Garey et al., 1998). An exception is 
the study of Tóth and colleagues that used IHC and 
found that dendrites on calretinin-immunoreactive 
cells appeared to be shorter, varicose, and degener-
ating with increasing PMI over a range of 2 to 10 h 
(Tóth et al., 2010). 

It is challenging to reconcile differences in the 
decomposition rate of dendrites observed across 
these studies. However, problems with dendrite vis-
ualization in studies finding that dendrites degrade 
relatively faster could help to explain this diver-
gence, whereas it is more difficult to imagine how 
the literature suggesting dendrites are stable for 
longer periods of time could be systematically 
flawed. 

In summary, dendritic swelling can occur early 
in the PMI (Rees, 1976; Roberts et al., 1996). Addi-
tionally, there is evidence for clumping or beading of 
dendritic components (Lavenex et al., 2009; Wil-
liams et al., 1978). However, total loss of dendritic 
cell membranes is not a commonly reported early 

phenomenon in the PMI. As a result, dendrite trac-
ing in volumetric microscopy data may be possible 
even in brains with relatively longer PMIs if robust 
visualization methods are used. Certain morpholog-
ical staining methods, such as the Golgi-Cox impreg-
nation method, are more resistant to PMI artifacts 
than others. Experiments labeling for particular bio-
molecules, such as MAP2 or SMI32, should not be 
considered dispositive of the state of dendrite mor-
phology more generally. 

Axons 

Like dendrites, axons are narrow, and have 
been found to have similar sized or lower average 
diameters compared to dendrites (Faitg et al., 2021). 
This makes axons similarly vulnerable to postmor-
tem changes under a size-dependent model. In stud-
ies using morphological stains, axons tend to be rel-
atively well preserved, albeit with volume changes 
at early PMIs. Using rapid Golgi staining, Williams 
and colleagues found that axons tend to exhibit 
bead-like changes and become more lightly impreg-
nated after a PMI of more than 6 h, which was a 
slower change than they reported for dendrites 
(Williams et al., 1978). In the EM studies by Rees and 
Roberts and colleagues, it was reported that axons 
were swollen at the same early time periods as den-
drites (Rees, 1976; Roberts et al., 1996). 

In their study using light microscopy to visual-
ize the habenular nuclei of dog brains, Haines and 
Jenkins found that a few large axons started to show 
areas of slight dilation and constriction at 12 h PMI 
(Haines and Jenkins, 1968). At 36 h PMI, these areas 
of constriction and dilation were found in most ax-
ons, and almost every axon started to have areas 
with short loops. Generally, they found that axons 
retained their integrity up to 48 h PMI and were rel-
atively stable postmortem, which corroborated the 
previous reports they cited. Segmental axon swell-
ing has also been reported as a consequence of focal 
ischemia in ultrastructural studies (Pantoni et al., 
1996). Notably, this postmortem artifact is distinct 
from axonal spheroids, which are marked by accu-
mulation of amyloid precursor protein (APP) and can 
occur in the context of blockage of fast axonal 
transport (Coleman, 2005). 
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In immunostaining studies, axon definition can 
be lost after an extended PMI (Sarnat et al., 2010). 
For example, Blair and colleagues found that im-
munostaining for α-tubulin was lost at 48 h PMI in 
3/6 of the human brains profiled (Blair et al., 2016). 
On the other hand, in this study, neurofilament pro-
teins were still detectable at these extended PMIs 
and axons were still able to be thereby visualized. 
Eggan and Lewis studied the immunoreactivity of 
cannabinoid receptor 1 in axons of monkey brain tis-
sue sections with light microscopy (Eggan and Lewis, 
2007). They found that after a 24 h PMI, axons be-
came less distinct, and axon terminals became swol-
len. Booze and colleagues found that immunostain-
ing for fine varicose axons with tyrosine hydrolase 
was lost between 1 and 6 h of PMI (Booze et al., 
1993). 

Taken together, axons have similar postmor-
tem decomposition patterns as dendrites, with early 
swelling and patches of alternating constrictions and 
varicosities that become more common in the PMI. 
Some evidence suggests that axons may degrade 
slightly slower than dendrites postmortem, alt-
hough this is highly uncertain and may relate to vis-
ualization methodology. 

Synapses 

Time series studies using EM and short PMIs 
have found that aspects of synaptic morphometry 
can be altered very rapidly in the PMI, within 
minutes. Routtenberg and Tarrant found that after 
1 min of PMI, there was a substantially diminished 
concavity of the synapse and a thickening of the 
postsynaptic membrane (Routtenberg and Tarrant, 
1974). Tao-Cheng and colleagues also found that af-
ter 6.5 min of PMI, there was a change in curvature 
and an increased thickness of the postsynaptic den-
sity (Tao-Cheng et al., 2007). Karlsson and Schultz 
found that after 60 min of PMI there were fewer and 
flattened synaptic vesicles, as well as occasional 
plasma membrane separation and an increase in ex-
tracellular space (Karlsson and Schultz, 1966). Rob-
erts and colleagues noted that as the PMI extends 
beyond several hours in human brains, the postsyn-
aptic density becomes thicker, thus obscuring 
whether the synapse is asymmetric or symmetric 
(Roberts et al., 1996). Huttenlocher noted that in hu-

man postmortem brains, presynaptic and postsyn-
aptic markers are less sharply demarcated, and in-
tracleft areas cannot always be seen (Huttenlocher, 
1979). 

While morphometric properties of synapses 
are rapidly altered, they are usually found to be de-
monstrable with EM following a more extended 
PMI. Rees found that synapses had not disintegrated 
by 4 h of PMI in cats or 5.5 h of PMI in monkeys 
(Rees, 1976). Vrselja and colleagues found that post-
synaptic densities were preserved at 10 h of PMI, alt-
hough the presynaptic vesicle pool was not main-
tained (Vrselja et al., 2019). Tang and colleagues 
found that there was no significant decrease in visu-
alized synaptic density at 2 d of PMI in mammalian 
brains (Tang et al., 2001). Shibayama and Kitoh 
found that synaptic contacts were preserved for PMI 
of up to 10 h although vesicles decreased in number 
(Shibayama and Kitoh, 1976). In isolated rat brains 
stored at 37 °C, de Wolf and colleagues found that 
synapses were able to be visualized at a PMI of 13.5 
h, but the ability to visualize them was lost by a PMI 
of 24 h (de Wolf et al., 2020). When stored at 0 °C, 
this study found that synapses could be visualized at 
48 h of PMI but were lost at the next time point stud-
ied of 168 h of PMI. 

One clear exception to the trend of postmor-
tem synapse maintenance is the study of Petit and 
LeBoutillier which analyzed rat brain tissue with two 
EM staining methods, measuring both synaptic den-
sity and morphometry (Petit and LeBoutillier, 1990). 
The study required the presence of synaptic vesicles 
to identify a synapse and only counted synapses had 
a clear pre- and postsynaptic density. With an os-
mium-based staining method, it was found that syn-
apse density dropped markedly from 0 to 1 h of PMI, 
and then markedly once again from 10 to 15 h of 
PMI. With an ethanol phosphotungstic acid method 
of staining, synapse density dropped more slowly 
from 1 h to 15 h of PMI, with a total of 60-70% of 
synapses lost by the latest PMI time point tested. 
Notably, synaptic structure within identified synap-
ses was found to be “remarkably stable” up to the 
longest PMI they studied of 15 h, suggestive that 
synapses in an intermediate disintegrating state 
were not frequently found. In the osmium-stained 
tissue, the decline in the number of synapses from 1 
h to 15 h of PMI mirrored an increase in the number 

https://doi.org/10.17879/freeneuropathology-2023-4790


Free Neuropathology 4:10 (2023) Krassner et al 
doi : https ://doi .org/10.17879/freeneuropathology-2023-4790 page 30 of 53 
 

 

 

of contacts without synaptic vesicles. The authors 
suggest that the observed decline in synaptic density 
in the PMI may be due to a loss of synaptic vesicles 
and therefore the ability to identify a connection as 
a synapse, although they noted that other explana-
tions were also possible. 

Correlational studies using EM in human brain 
cohorts have had mixed results regarding synapse 
preservation. Glausier and colleagues found that 
there was a significant decrease in the number of 
postsynaptic densities identified as the PMI in-
creased up to 24 h (Glausier et al., 2019). However, 
Glausier and colleagues did not find a significant cor-
relation between the PMI and the postsynaptic den-
sity length or with the total number of neuronal pro-
files identified. Roberts and colleagues found that 
pre- and postsynaptic membrane structures were 
lost or distorted with PMI of greater than 7 h (Rob-
erts et al., 1996). On the other hand, Roberts and 
colleagues reported that synapse classification and 
morphology was equivalent in cases with PMI of up 
to 7 h (Roberts et al., 2005). Scheff and colleagues 
found that there was no association between PMI 
up to 13 h and the synaptic features they studied 
(Scheff et al., 1990; Scheff and Price, 1993). Ko-
lomeets and colleagues found that there was no cor-
relation between the PMIs of their cohort, which 
had an average of 6-7 h, and the number of synaptic 
contacts identified per mossy fiber terminal (Ko-
lomeets et al., 2007). Gibson and Tomlinson found 
that the numbers of recognizable synapses de-
creased by 77% at 33 h of PMI, at which point it sta-
bilized until up to 69 h of PMI (Gibson and Tomlin-
son, 1979). As previously discussed, these authors 
suggested that the loss of recognizable synapses 
could be accounted for by the compression of syn-
apses due to astrocyte vacuolization. 

It is not clear how to reconcile the differences 
between studies regarding the postmortem decom-
position of synapses. Several studies suggest that 
synapse visualization can be lost within the first 
hours of the PMI, while other studies suggest that 
the delay is longer and that the apparent loss of syn-
apses is due to technical problems rather than syn-
aptic disintegration. The latter prospect is consistent 
with the finding that partially disintegrated synapses 
are rarely reported, whereas one would expect to 
see these if synapses were disintegrating in the early 

PMI as opposed to becoming not recognizable with 
the techniques used. 

In summary, certain synaptic morphometric 
changes, such as thickening of the postsynaptic 
membrane and changes in curvature, can begin in 
the earliest minutes of the PMI. However, the pre-
ponderance of evidence suggests that synapses can 
remain generally intact for an extended period, up 
to many hours or even multiple days of PMI. Certain 
methods of visualizing synapses are more robust in 
the postmortem period, suggesting that technical 
approaches are crucial to consider carefully when 
designing these experiments. 

Myelin 

One of the major myelin artifacts that is con-
sistently noted in the PMI is myelin lamellae separa-
tion. Shibayama and Kitoh noted that myelin lamel-
lae are partially distorted at 30 mins of PMI (Shiba-
yama and Kitoh, 1976). Choe and colleagues de-
scribed concentric unraveling of myelin at 1 h of PMI 
(Choe et al., 1995). Karlsson and Schultz noted that 
there are infrequent myelin membrane separation 
defects after 1 h of PMI (Karlsson and Schultz, 1966). 
Rees noted marked separation of lamellae in some 
myelin sheaths in monkey brains at 4 h of PMI (Rees, 
1976). Hukkanen noted the formation of network-
like structures in myelin lamellae at 24 h (Hukkanen 
and Röyttä, 1987). de Wolf and colleagues noted un-
ravelling of myelin sheaths at 9 h PMI with storage 
at 37 °C (de Wolf et al., 2020). Ansari and colleagues 
noted that myelin lamellae splitting can also occur in 
cerebral edema and that its occurrence may be as-
sociated with the postmortem increase in the water 
content of the brain (Ansari et al., 1976b). Another 
phenomenon, which may be related to lamellae 
splitting, is volume changes in myelin sheaths. 
Haines and Jenkins noted a slight swelling of myelin 
in some areas, first noticed at 18 h of PMI (Haines 
and Jenkins, 1968). On the other hand, de Wolf and 
colleagues described myelin thinning, first noticed 
at 3.86 h of PMI with storage at 37 °C (de Wolf et al., 
2020). Aside from these artifacts, myelin is generally 
reported to be stable in the PMI. Myelin lamellae 
splitting is not associated with a break in the conti-
nuity of the separated lamellae (Ansari et al., 
1976a). Several studies note that myelin is a rela- 
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Feature Key points of decomposition patterns 

Brain region differences The cerebellum can have faster decomposition than other regions  

Cell type differences Smaller cells may decompose faster than larger cells  

Cell  volume Cell volumes changes are rapid and occur within minutes. Ongoing swelling, shrinkage, and 

compression processes evolve throughout the PMI  

Dendrite Segmental swelling within hours. Highly sensitive to visualization method, and appear to be 

more stable with more robust methods of visualization 

Axon Segmental swelling and volume changes, similar to dendrites  

Synapse Morphometric changes, including postsynaptic membrane thickening and changes in curva-

ture, occur within minutes. Variability based on visualization method, but their overall  pres-

ence is relatively stable in the early PMI 

Myelin Lamellar separation without a break in continuity of the separated lamellae. Relatively slow 

decomposition overall  

Table 3. Summary of relative postmortem decomposition rates of different s tructural features of cell membranes in the brain.  

 

tively robust structure to postmortem decomposi-
tion (Haines and Jenkins, 1968; Karlsson and Schultz, 
1966; Sele et al., 2019; Vrselja et al., 2019). 

Summary 

Among brain cell-specific membrane struc-
tures, volume and geometry changes are a frequent 
occurrence early in the PMI, and there are several 
types of common postmortem artifacts in these 
structures (Table 3; Figure 5). However, studies us-
ing robust visualization methods tend to find that 
approximate cell membrane location information is 
still able to be delineated in the early postmortem 
period. This suggests that the basic connectivity 
scheme of brain cells can likely be mapped even af-
ter postmortem decomposition has begun. 

Variables modifying decomposition 
rates 

Temperature 

The temperature at which the brain is stored 
during the PMI has a very well-replicated role in me-
diating the rate of postmortem decomposition. 
Mechanistically, cold storage temperature slows 
down diffusion, decreases enzymatic activity, and 

inhibits microbial growth, all of which delay decom-
position (Schavemaker et al., 2018). Low tempera-
ture storage refers to temperatures down to 0 °C, as 
below causes ice crystal formation and accompany-
ing tissue damage. Storage temperature has been 
reported to have the strongest effect on the rate of 
brain protein breakdown of any modifying variable 
(Ferrer et al., 2007). One study in sheep brains 
shows that decreasing the storage temperature dra-
matically delays the average onset time of a sudden 
concentration change in several metabolites, at-
tributed to the initiation of putrefaction, from 30 h 
PMI at 26 °C to 700 h PMI at 4 °C (Ith et al., 2011). 

Many studies find that the storage tempera-
ture plays a substantial role in the retention of cell 
membrane structure during the PMI. In their study 
of synapses in human brains, Kay and colleagues re-
port that they can perform effective ultrastructural 
analyses on tissue with PMIs of up to 100 h (Kay et 
al., 2013). They note that a key factor for ultrastruc-
ture tissue preservation is whether the cadaver is 
stored at cold temperature of 4-6 °C to reduce struc-
tural degradation. de Wolf and colleagues found 
that advanced necrosis developed in isolated rat 
brain tissue at 36 h PMI when stored at 37 °C, com-
pared to 2 months PMI when stored at 0 °C (de Wolf 
et al., 2020). Hukkanen and Röyttä found that the 
white matter of isolated human surgical specimens
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Figure 5. Poss ible morphometric changes of structural features in the postmortem brain. 

A-B: Ultrastructural diagram of a human synapse at an earlier PMI (1 hour; A) with insignificant postmortem changes. Compared to a later 
PMI (12 hours ; B), at which point there are several changes, including vesicle clumping and loss, increased synaptic density with possible 

di fficulty identifying the cleft, swelling of surrounding processes, and mitochondrial damage. These diagrams were adapted from (Anders, 
1977) (Figure 2). C: Segmental swelling of axons, adapted from an image of Bielschowsky s ilver-stained ischemic rat brain tissue from 
(Pantoni et al., 1996) (Figure 6). D: Myelin lamellae splitting, adapted from an electron microscopy image of postmortem human brain 

ti ssue from (Glausier et al., 2019) (Figure 1). 

 

showed degradation patterns at 6 h of PMI when 
stored at 25 °C, resembling those seen at 24 h of PMI 
when stored at 4 °C (Hukkanen and Röyttä, 1987). 

The environmental temperature at the time of 
death can also be relevant which has practical impli-
cations. For example, more rapid postmortem 
changes in the brain have been associated with 
death in summer months, while hypothermia at 
death is associated with slower postmortem decom-
position (Albrechtsen, 1977b; Kitamura et al., 2005). 
Some brain bankers record the refrigeration delay in 
addition to the PMI, which is the interval of time be-
tween death and when the body was stored at 4 °C 

(Torres-Platas et al., 2014; Vonsattel et al., 2008). A 
formula that predicts the amount of brain decompo-
sition based on storage temperature could allow for 
more accurate estimation of the impact of PMI. For 
example, the Q10 rule suggests that the speed of 
chemical reactions in biological systems increases 
two-fold or slightly more with each 10 °C rise in tem-
perature (Vass, 2011). In the forensic literature, 
there is a related metric of “accumulated degree 
days” (Vass, 2011). If the Q10 rule holds, then reduc-
ing the storage temperature from a typical room 
temperature of 20-24 °C to 0-4 °C would be ex-
pected to decrease the decomposition rate by ap-
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proximately 4-fold. A challenge is that brain temper-
ature does not immediately equilibrate with the en-
vironment. Even when the brain is stored at refrig-
erator temperatures of 8 °C, it can take 20-30 h for 
the tissue itself to actually reach that temperature, 
because of the slow rate of heat conduction (Perry 
et al., 1977). As a result, the effects of refrigerator 
storage are nonlinear. Consistent with this, studies 
investigating postmortem effects at earlier PMI time 
points, such as 4-12 h of PMI, tend to report smaller 
effects of refrigeration (Hilbig et al., 2004). For the 
same reason of the low thermal conductivity of 
brain tissue, refrigerator storage is also expected to 
have a larger effect on the surface of the brain tis-
sue, in smaller brains, and in isolated brain tissue. 

Acidity and agonal damage 

Across tissues, high acidity is strongly associ-
ated with faster decomposition rates in the PMI. For 
example, in a study on fish, postmortem decompo-
sition was the fastest in the gastrointestinal tract 
and slowest in muscle tissue, with the brain some-
where in the middle, as expected based on their rel-
ative pHs (George et al., 2016). Across donated 
brains, those with relatively lower pH values have 
been found to have more postmortem structural 
breakdown following a given PMI (Albrechtsen, 
1977a; Glausier et al., 2019). A major reason that 
lower pH is associated with faster postmortem de-
composition is that acidic conditions activate certain 
autolytic enzymes, such as those in capthesin family 
(Kies and Schwimmer, 1942; Albrechtsen, 1977a; 
Compaine et al., 1995). 

Postmortem acidic conditions in the brain are 
usually attributed to an increase in the production 
of lactic acid as a result of anaerobic glycolysis in the 
absence of oxygen delivery (Powers, 2005). Anaero-
bic glycolysis, in turn, has been reported to occur 
predominantly in two time periods: (a) the agonal 
phase and (b) the first few hours of the PMI. 

The agonal phase is the period during which a 
person is gravely ill and under profound physiologic 
stress, usually associated with cerebral hypoxia 
(Lewis, 2002). For some brain donors, the agonal 
phase can last for only minutes or less prior to death, 
while for others, it can last for hours or days (Li et 
al., 2004). Numerous studies have found that a 

lower brain tissue pH is strongly correlated with a 
longer agonal phase (Hardy et al., 1985; Johnston et 
al., 1997; Li et al., 2004). The agonal phase can con-
tribute to damage measured postmortem in two 
ways. First, brain tissue can decompose during the 
agonal phase itself, leading to a higher total amount 
of decomposition after any given amount of PMI. 
Damage associated with prolonged agonal states 
can be immense, which is why it is considered ex-
tremely important in mediating the degree of tissue 
decomposition in brain banking (Ohm and Diek-
mann, 1994; Waldvogel et al., 2006; McCullumsmith 
et al., 2014; Glausier et al., 2019). Second, because 
brain cells are hypoxic during the agonal phase, they 
will produce excess lactic acid during this period, 
leading to lower pH levels and a faster rate of autol-
ysis once the PMI commences. 

In addition to the agonal phase, pH has also 
been found to decrease over the first several hours 
of the PMI. For example, one study found that there 
was a significant inverse relationship of PMIs be-
tween 1.5 and 4.5 h and brain tissue pH (Beach et 
al., 2008). This is likely because some brain cells still 
have intact metabolic function in this early time 
range and therefore are still able to perform anaer-
obic glycolysis. On the other hand, it has been re-
ported that brain pH does not continue to decrease 
in the PMI after the initial several hours (Al-
brechtsen, 1977a; Lewis, 2002). 

Taken together, because of the complex asso-
ciations of low pH with postmortem decomposition, 
tissue acidity is a critical variable to be cognizant of 
when evaluating the literature on postmortem de-
composition. For example, pH has been proposed to 
be the most decisive determinant of postmortem 
necrosis in the granule cell layer of the cerebellum 
(Albrechtsen, 1977a). 

Hydration 

The water content of the brain has implications 
for postmortem decomposition rates. Mechanisti-
cally, an increased water content can increase bio-
chemical reaction rates (Vass, 2011). Across tissues, 
atmospheric humidity rates of greater than 85% are 
associated with an increase in decomposition rates 
(Vass, 2011). Because the brain is encased in the cal-
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varia, atmospheric humidity likely does not substan-
tially affect decomposition speed in the relatively 
early PMI ranges most relevant to brain banking. 
However, when the brain is taken out of the calvaria, 
either as a part of the preservation procedure or for 
ex situ storage in a time series study, investigators 
need to choose how to store the tissue. The brain is 
typically moist in its in situ location, bathed in cere-
brospinal fluid (CSF). One option for storage is to 
submerse tissue in a solution that matches the com-
position of the CSF, although this risks worsening 
fluid shifts and associated artifacts such as vacuoli-
zation (Fix and Garman, 2000). Alternatively, the 
brain can be stored in the dry air, although this is 
likely to lead to severe tissue damage due to dehy-
dration (Budday et al., 2015). Additionally, the 
brain’s relatively high water content, which has 
been found to increase in the postmortem period, 
may play a role in its relatively faster rate of post-
mortem autolysis compared to some other tissues 
(Ansari et al., 1976b; Zhou and Byard, 2011). As a re-
sult, premortem conditions in brain donors that pro-
mote water accumulation, such as cerebral edema, 
may predispose to a faster decomposition rate dur-
ing the PMI. 

Oxygen content 

The atmospheric oxygen content also affects 
the rate of postmortem decomposition across tis-
sues (Cockle and Bell, 2015; Vass, 2011). Mechanis-
tically, high oxygen content leads to oxidative dam-
age to biomolecules as well as increased bacterial 
growth, thus promoting putrefaction (Cockle and 
Bell, 2015). The brain is relatively insensitive to 
changes in atmospheric oxygen content in the early 
stages of the PMI, due to its protection in the cal-
varia and the relative isolation of the brain from bac-
teria in the gastrointestinal tract. However, the brain 
is likely much more susceptible to changes in atmos-
pheric oxygen content in the later postmortem pe-
riod when bacteria have had time to proliferate in 
the brain tissue. This may help to explain the rela-
tively good long-term preservation of brains stored 
in environments with low oxygen content, such as 
the body described in a case study that was im-
mersed underwater for 10 weeks prior to autopsy 
(MacKenzie, 2014). Additionally, when the brain is 

taken out of the calvaria without protection from ox-
ygen, it is likely to be more susceptible to oxidative 
damage and putrefaction due to the increased expo-
sure to atmospheric oxygen. 

Putrefaction 

To what extent there are microbes present in 
the brain under normal conditions remains an open 
question (Link, 2021). Regardless, there is evidence 
that proliferation of putrefactive bacteria is not a 
typical occurrence in the early PMI. Instead, autoly-
sis is thought to be the main contributor to early de-
composition within at least the first day of the PMI 
(Ith et al., 2011). Various factors could modify the 
rate at which putrefaction initiates, such as isolation 
from the gastrointestinal tract, the presence of pre-
mortem fever, sepsis, or bacterial encephalitis, and 
environmental storage conditions (Zhou and Byard, 
2011). At later PMIs, the potential for putrefaction is 
a critical variable to consider. For example, Finnie 
and colleagues noted that there was no confounding 
bacterial invasion for the full 4 weeks of postmor-
tem decomposition that they studied (Finnie et al., 
2016). 

In situ versus ex situ brain storage 

One of the key distinctions in the methodolo-
gies of the studies we identified is whether the brain 
is stored in situ or excised to be stored ex situ during 
the PMI. Although the decomposition rates between 
these two conditions were not directly compared 
among the included studies, this has been found to 
affect the rate of liver decomposition. Specifically, 
removal of liver fragments from its original location 
has been found to substantially accelerate the post-
mortem decomposition kinetics of the liver com-
pared to leaving it in situ (Nunley et al., 1972). In 
studies of neuronal ischemia, morphological dam-
age and disruption of the cytoskeleton have also 
been found to occur more quickly and intensely in 
slices than cells in situ (Lipton, 1999). In addition to 
differences in the other modifying variables be-
tween the in situ and ex situ conditions, other fac-
tors will also affect the rate of decomposition in 
these two much different environmental contexts. 
One possible mechanism is that removal of the brain 
could significantly affect the tissue’s mechanical 
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state, such as its hydraulic permeability, which may 
affect decomposition rates (Jamal et al., 2021). 

Variation across species in metabolic rate 

Several studies noted differences in the de-
composition rates between species (Lucassen et al., 
1995; Martin et al., 2003). One notes that postmor-
tem decomposition is likely to be faster in the 
smaller brain of a rodent and slower in the larger 
brain of a human (Roberts et al., 2014). Others sug-
gest that human or bovine brain tissue appear to de-
grade relatively more slowly postmortem than ro-
dent brain tissue (Ansari et al., 1975; Schwab et al., 
1994). The most likely reason for species differences 
is that the metabolic rate varies, for example being 
much faster in rodents, which means that there may 
be a higher density of catabolic enzymes present in 
the postmortem period (Demetrius, 2005). Con-
sistent with this, lesion evolution following cerebral 
infarction also appears to be markedly faster in rats 
than humans (Mena et al., 2004). The infarct process 
in general has been reported to occur faster in ani-
mals that are smaller with higher metabolic rates 
(Kloner et al., 2018). Across tissues, autolysis has 
been suggested to be faster in malignant tissues 
with higher metabolic rates (Lesnikova et al., 2018). 
As a result, studies using rodent models of human 
decomposition may overestimate the rate. This may 
account for the generally faster rates of decomposi-
tion reported in time series studies, which are pri-
marily on rodents, compared with correlational 
studies, which are predominantly on human brains. 

Premortem metabolic state 

Lindenberg suggest that premortem metabolic 
state plays an important role in mediating postmor-
tem decomposition rates (Lindenberg, 1956). They 
report that if antemortem hypoxia lasted for more 
than 60 min, then brain cells retained their micro-
scopic structure for at least 18 h PMI, even if kept at 
the relatively high temperature of 37 °C. On the 
other hand, if there was no antemortem hypoxia, 
then brain cells lost their structure much more 
quickly. Their explanation is that cells exposed to 
antemortem hypoxia have already depleted and 
eliminated metabolic products that might otherwise 
contribute to structural damage. This hypothesis is 

inconsistent with many other studies finding that 
more severe agonal damage is associated with 
worse brain cell morphology (Williams et al., 1978; 
Glausier et al., 2019). However, because the under-
lying biology is complex and poorly understood, it 
remains true that certain antemortem metabolic 
states could be protective against postmortem de-
composition, requiring further investigation. For ex-
ample, premortem administration of metformin, a 
chemical that alters metabolism, has also been 
shown to decrease the rate of postmortem nuclear 
swelling (Dehghani et al., 2018). 

Age 

The evidence for the interaction of age with 
PMI effects is mixed and may depend on the struc-
tural feature considered. Williams and colleagues 
found that in general, the effects of the PMI were 
the same on neuronal morphology in juvenile (14 d 
old) and adult (60 d old) mice (Williams et al., 1978). 
Buell also reported that neuronal morphology in hu-
man brains with substantial PMIs was not depend-
ent on age (Buell, 1982). However, Itoyama and col-
leagues, comparing young (7 d old) and adult rats, 
found that young rats had more perikaryal swelling 
of oligodendrocytes, more fragmentation of oli-
godendrocyte processes, and more myelin vacuoli-
zation at the same PMI (Itoyama et al., 1980). Addi-
tionally, Mori and colleagues found that blood ves-
sels from older (32-month-old) rats were found to 
leak proteins at shorter PMIs than younger (3-
month-old) rats (Mori et al., 1991). Myelin is known 
to have delayed development, while blood vessels 
are known to accumulate damage with age, which 
may make these features more vulnerable to differ-
ential decomposition in the PMI based on age. 

Premortem pathology 

The presence of premortem brain pathology 
may affect the rate of postmortem decomposition. 
This could occur due to factors affecting the cohe-
siveness or catabolic rate in the brain. In one case 
study, severe autolysis of granule cells and Purkinje 
cells in the cerebellum occurred after only 6 h of 
PMI, enormously faster than typical, which was at-
tributed to severe diabetic ketoacidosis (Suárez-
Pinilla and Fernández-Vega, 2015). Death due to un-
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Modifying variable Reported effect on the rate of postmortem changes 

Storage temperature Lower temperatures (above 0°C) are clearly associated with slower decomposition 

Tissue acidity Lower pH values are associated with faster decomposition and may be partially a marker 

for more damage in the agonal state 

Tissue hydration Atypically high or low hydration levels may be associated with faster decomposition rates  

Oxygen content Higher oxygen content is associated with oxidative damage to biomolecules and more 

rapid putrefaction 

Putrefaction Generally thought to make minimal contributions in the early days of the PMI, but can be 

more rapid in certain circumstances  

Storage location There is evidence that brains stored outside of the calvaria (ex situ) have more rapid de-

composition compared to being stored inside the calvaria ( in situ) 

Species There is evidence that smaller animals with faster metabolic rates, such as rodents, have 

faster decomposition rates  

Premortem metabolic state Complex effects of premortem metabolic state on decomposition rate that require further 

study before conclusions can be drawn 

Age Mixed evidence depending on the structural feature studied, with some showing no age 

dependency, and others, such as myelin and blood vessels, having some indication for an 

interaction 

Premortem pathology Certain pathologies, such as uncontrolled diabetes, are associated with faster postmortem 

decomposition rates 

Table 4. Summary of variables potentially modifying the postmortem decomposition rate. 

 

controlled diabetes has been associated with higher 
rates of necrosis of the granule cell layer of the cer-
ebellum in other studies as well (Albrechtsen, 
1977b). More generally, obesity, hyperglycemia, 
and ingestion of certain substances have been re-
ported to promote the rate of postmortem decom-
position of cadavers and may also therefore influ-
ence the rate of brain decomposition (Zhou and 
Byard, 2011). On the other hand, some conditions 
have been found to not increase the rate of post-
mortem decomposition, such as rabies infection 
(Monroy-Gómez et al., 2020). 

Some types of premortem pathology could 
even predispose for stability in the PMI. Certain 
pathologic proteins in the brain, such as abnormal 
prion protein and amyloid beta, can be detected via 
IHC for months after death (Scudamore et al., 2011). 
In the paleoanthropology literature, tissue from a 
2600-year-old brain was found to be partially intact, 

likely due to an aggregate of intermediate filaments, 
which may have been related to premortem brain 
pathology (Petzold et al., 2020). 

The possibility of brain pathology affecting 
postmortem decomposition rates is especially im-
portant if investigators adjust for the effects of PMI 
on cell morphometry with a linear model. In this set-
ting, if there is an interaction effect that is not con-
sidered, the investigator might conclude that brain 
pathology is associated with a particular aspect of 
cell morphometry, when the difference between 
groups could instead be due to an artifact of the 
PMI. 

Summary 

There are many ways that modifying variables 
can interact with PMI to affect the visualization of 
cell morphometry (Table 4). Well-controlled studies 
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will account for this possibility. These factors also 
can help to explain heterogeneity between studies. 

Interactions between postmortem 
changes and preservation methods 

Many studies have noted that the quality of 
perfusion as compared to immersion fixation could 
vary based on the PMI. Indeed, there is good reason 
to think that perfusion quality can be limited in the 
PMI, for example due to a loss of vascular patency, 
the perivascular accumulation of water, and/or 
postmortem clot formation (Cammermeyer, 1960; 
de la Torre et al., 1992; Garcia et al., 1978; Hansma 
et al., 2015; Kloner et al., 2018). Vascular abnormal-
ities are thought to be the key limitation preventing 
the brain from tolerating ischemic episodes, thus be-
ing a primary cause of death, which makes the diffi-
culty of postmortem perfusion-based preservation 
unsurprising (Jenkins et al., 1979). One study that 
performed postmortem perfusion, Routtenberg and 
Tarrant acknowledged that theoretically perfusion 
fixation may be lower quality in postmortem cases, 
and therefore delays in time prior to perfusion fixa-
tion may lead to changes in fixation quality rather 
than pure decomposition effects (Routtenberg and 
Tarrant, 1974). In their case, perfusing brains at up 
to 10 min PMI, they reported that perfusion quality 
was unlikely to have affected their results, because 
markers of high-quality perfusion, namely tissue 
hardness and clearing of blood vessels, were still ob-
served. Koenig and Koenig used perfusion fixation 
on guinea pig brains at up to 23.5 h PMI and did not 
note decreased perfusion quality as an issue that af-
fected their results (Koenig and Koenig, 1952). 

Consistent with the known benefits of perfu-
sion fixation on tissue quality, several studies note 
that this method yields substantially fewer postmor-
tem artifacts than immersion fixation (McFadden et 
al., 2019). Bywater and colleagues, in a study of 
monkey brains, performed both perfusion and im-
mersion fixation at the different time points studied 
(Bywater et al., 1962). They noted that brains with a 
PMI of 1 h preserved via perfusion fixation had sim-
ilar postmortem artifacts as brains immersion fixed 
immediately after death. Liu 1950 noted that im-
mersion fixed brains demonstrate widespread arti-
facts similar to postmortem artifacts found in brains 

with extended PMIs, which they attribute to inade-
quate fixation by immersion (Liu and Windle, 1950). 
Lavenex and colleagues reported that the difference 
between immunostaining patterns for SMI-32 was 
striking between perfusion fixed brains at 0 h PMI 
and immersion fixed brains at 2 h of PMI, but that 
there was no substantial difference between immer-
sion fixed brains preserved at 2 h and 48 h of PMI, 
with postmortem storage at 4 °C (Lavenex et al., 
2009). As a result, studies of PMI effects that do not 
account for the possibility of worse preservation 
with immersion as compared to perfusion fixation, 
for example using perfusion fixation as the baseline 
timepoint of zero PMI and immersion fixation at 
subsequent PMI timepoints, are susceptible to bias 
(Airaksinen et al., 1991; Garcia et al., 1978; Geddes 
et al., 1995; Terstege et al., 2022). 

Another important distinction is the differ-
ences in fixation as compared to freezing, with sev-
eral studies noting relative advantages of each. For 
example, Schulz and colleagues noted that dark neu-
rons, a well-known fixation artifact, are seen in small 
tissue blocks that were fixed but not ones that were 
frozen, while frozen tissue blocks had freezing arti-
facts such as cytoplasmic vacuolization (Schulz et al., 
1980). Itoyama and colleagues found a differential 
effect of a postmortem delay of 20 h when im-
munostaining for myelin basic protein in frozen as 
compared to immersion fixed tissue (Itoyama et al., 
1980). They reported that myelin sheaths were 
slightly distorted following the PMI in immersion 
fixed tissue but had substantially worse quality in 
frozen tissue following the same PMI compared to 
the baseline state. Freezing artifacts could theoreti-
cally be worse in cases of longer PMI because more 
free water and weaker cellular structures may pre-
dispose to more mechanical ice damage, which war-
rants further investigation. 

Finally, the fixative used can also influence ob-
served PMI artifacts. One study found differential ef-
fects of a 24 h PMI on immunostaining properties for 
several antigens in blocks of human brain tissue 
based on the fixative used for preservation (Sillevis 
Smitt et al., 1993). When the tissue was preserved 
using Bouin and B5 fixatives, they found no effect of 
a 24 h PMI on the quality of immunostaining with 
SMI-32 and BF-10, which are two antibodies that 
recognize neurofilament. On the other hand, the 
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Figure 6. Model  of the oncotic necrosis pathway of cell membrane deterioration in the brain. 

Stage zero is the antemortem cell, which shows intact cell membrane and normal sized structures. Stage one is oncosis, wherei n ischemia 
leads to loss of ATP, loss of ion pump activity, breakdown of biomolecules, bleb formatting, vacuolization, and other changes . The asterisk 
(*) indicates that while cell volume increases are possible, no change or shrinkage is also possible. Stage two is early necrosis, wherein 

the physical disruption of the cell membrane causes focal loss in cell membrane shape and leakage of intracellular contents. There is also 
severe swelling of surrounding processes, potentially compressing cellular structures such as neurites and synapses. From this point on, 

the cell has necrotic morphology. Stage three is late necrosis, wherein gel -like networks break down, eventually leading to a complete 
cel lular dissolution, and only cell fragments or debris may remain. The main  figures used for adaptation in building this model were: 
(Majno and Joris, 1995) (Figure 9), (Suzuki, 1987) (Figure 2.7), (Fricker et al., 2018) (Figure 3), and (Trump et al., 1984) (Figure 8). 
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immunostaining with these antibodies was dimin-
ished by a 24 h PMI when the tissue was preserved 
with a different fixative, Sensofix. It may be that fix-
ation needs to be stronger in the presence of a 
longer PMI to prevent damage during dehydration 
and embedding. 

Morphological staging of decomposi-
tion 

We present a model of how cell morphometry 
changes during different stages of the oncotic necro-
sis pathway in the postmortem brain (Figure 6). Of 
note, the timeline of cellular events depicted here 
likely varies between cells, as these are rough guide-
lines, not absolute. Additionally, the intracellular 
changes shown, which are not a focus on this re-
view, are primarily based on other sources (Choe et 
al., 1995; Majno and Joris, 1995; Suzuki, 1987). 

In this model, oncosis is initiated by a lack of 
blood flow, leading to ATP depletion, a rise in the in-
tracellular concentrations of Na+ and Ca2+, fluid 
shifts, and the initiation of biomolecular breakdown 
and redistribution. While cell swelling is a classical 
finding in oncosis, it may not occur, or shrinkage can 
occur instead, depending upon the cell and sur-
rounding milieu. Cell volume can also evolve over 
the course of the PMI. Processes surrounding cells 
also tend to swell, which is an early event in the PMI. 
Finally, cell membranes can form blebs as well. 

Early necrosis is initiated by focal disruptions of 
the cell membrane, leading to leakage of intracellu-
lar contents. The remaining cell membranes tend to 
become indistinct, although still visible. Processes 

around cells can become extremely swollen, in some 
cases larger than many cells themselves. Note that 
while these swollen cell processes are usually astro-
cyte processes, other studies also describe swelling 
of dendrites, axons, and oligodendrocyte processes 
(Rees, 1977; Gibson and Tomlinson, 1979). As a re-
sult, we describe these agnostically as cell pro-
cesses. 

Early necrosis is followed by late necrosis, 
which is characterized by further disruption of gel-
like networks leading to the loss of the original cell 
shape. The ultimate speed of dissolution of cell 
structures likely depends upon the initial strength of 
the gel-like networks. For example, the strong com-
paction of myelin may help to explain why this struc-
ture tends to be highly stable in the postmortem pe-
riod. The structures that last the longest are also the 
ones that are the most slowly catabolized in the 
postmortem period. The ultimate outcome of late 
necrosis is cellular liquefaction and coming to an 
equilibrium with the environment. 

An implication of this model is that the transi-
tion which leads to loss of cell morphometry infor-
mation – making the postmortem tissue no longer 
useful for studying cell morphometric alterations in 
neurobiological disorders – is most likely the transi-
tion from early necrotic to late necrotic, when the 
gel-like networks maintaining cell shapes are de-
graded. The transitions between these stages are 
not discrete but continuous, which may be a useful 
model for investigators studying postmortem brain 
tissue. We also present the histologic findings ex-
pected regarding cell morphometry at each of the 
stages (Table 5).

 

Stage of decom-

position 

Cell shape Cell size Cell membrane findings Common artifacts 

Antemortem Intact No change Not applicable Not applicable 

Oncotic Largely intact Mi ld to moderate swelling or 

shrinkage is likely 

May have blebbing or 

compression 

Pericellular and perivascular rarefac-

tions; vacuolization 

Early necrotic Largely intact Some cells, especially astro-

cytes , are excessively enlarged, 

whi le others begin to shrink 

Cel l  membranes may be 

indistinct, blurry, or par-

tia lly damaged 

Above artifacts, but more widespread 

and severe; intracellular contents 

may be seen in extracellular space 

Late necrotic Al tered Cel ls shrink as they dissolve Cel ls are dissolved Washed out tissue areas devoid of 

cel ls 

Table 5. Typica l cell morphometric findings at different stages of postmortem decomposition. 
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Implications for human brain mapping 

To map the brain across large areas of brain tis-
sue, surgically extracted tissue will not be sufficient. 
This draws attention to the inevitable PMI in au-
topsy brain samples which are of particular interest 
for designing brain mapping studies. 

One relevant lesson is that postmortem brain 
mapping will have higher fidelity to in vivo states for 
some structural features compared to others. Cell 
volumes and feature morphometry such as synapse 
size are likely to be altered rapidly in the PMI. Cell 
membrane topography can also be altered relatively 
early due to the heterogeneous formation of vacu-
oles, blisters, and compression. On the other hand, 
cell membrane topological relationships are likely to 
be maintained across longer PMIs. As a result, it may 
be possible to map connectivity and circuitry, as well 
as circuit properties such as the rough degree of 
axon myelination, even after a relatively longer de-
gree of postmortem decomposition. However, there 
is considerable uncertainty about how broadly this 
applies across brain regions and cell types. It is un-
known what degree of postmortem decomposition 
can be tolerated before topological cell membrane 
relationships are also lost, requiring further re-
search. 

Another lesson for postmortem brain mapping 
is that, compared with animal brains preserved at 
the time of death, some visualization procedures 
will be substantially more robust than others. As 
previously discussed, IHC studies can be sensitive to 
the PMI, because certain antigens can be lost rela-
tively early in the PMI. If IHC is to be used in post-
mortem tissue, then labeling antigens that are ro-
bust to postmortem decomposition is essential. 
Based on the studies we reviewed, synaptophysin 
(Liu and Brun, 1995; Sarnat et al., 2010), GFAP (Blair 
et al., 2016), and neurofilaments (Lavenex et al., 
2009; Blair et al., 2016) are relatively stable in the 
postmortem period in visualizing cell morphometry, 
although this certainly warrants further investiga-
tion. Some morphological stains have also been 
shown to be resistant to postmortem decomposi-
tion, although there remain questions of how widely 
they can be used and the degree to which their neu-
ronal mapping is unbiased. For example, Golgi-Cox  

staining only visualizes a small subset of neurons, 
although its resistance to postmortem decomposi-
tion makes it a valuable staining method. 

While some antigens are sensitive to postmor-
tem decomposition, others may be particularly sta-
ble in ways that could prove valuable. For example, 
ischemic fluid shifts such as severe dendrite swelling 
have been found to be partially reversible if there is 
a physiological correction within 20-60 minutes, 
which has been attributed to the resilience of the cy-
toskeleton (Zhang et al., 2005). This suggests that 
staining and mapping cytoskeletal biomolecules 
may be a way to infer cellular morphometry even in 
the setting of volume changes that might affect mor-
phological stains. 

Studies using electron microscopy to map the 
postmortem brain require particular attention to 
sample preparation. For example, some studies 
have found that synapses decrease in number dur-
ing extended PMIs, although this is certainly not a 
universal finding (Huttenlocher, 1979; Petit and 
LeBoutillier, 1990; Roberts et al., 1996). As dis-
cussed, several lines of evidence suggest the loss of 
synapse visualization may be due to compression or 
loss of synaptic markers, rather than frank synaptic 
fragmentation or dissolution (Gibson and Tomlin-
son, 1979; Petit and LeBoutillier, 1990). As a result, 
the identification of synapses would likely be less af-
fected by postmortem decomposition if they were 
visualized with a robust staining procedure and/or 
volumetric imaging. Multiple authors reported opti-
mizing the standard electron microscopy proce-
dures for using on postmortem human brains (Sele 
et al., 2019; Tang et al., 2001). 

In addition to optimizing tissue processing, 
data analysis methods can also aid in reconstructing 
the original state of structures affected by postmor-
tem artifacts. In reconstructive brain mapping, com-
mon artifacts could be computationally reversed – 
with some degree of fidelity to the original state – 
via deterministic or stochastic algorithms. For exam-
ple, if myelin lamellae have split, it may be possible 
to infer the shape in which they were originally com-
pacted. As an early example in this field, one study 
performed a 3D reconstruction of brain tissue based 
on EM images while using a set of models to correct 
the extracellular space volume fraction for shrinkage 
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attributed to hypoxia, fixation, and dehydration 
(Kinney et al., 2013). 

It may also be possible to map the decomposed 
biomolecules that originally comprised a structural 
feature if the structure itself has fragmented. This 
could never be done perfectly but could potentially 
infer the original structure to a sufficient degree of 
accuracy in many cases. However, because of the 
ubiquity of non-Gaussian diffusion, computational 
reversal of postmortem biomolecule redistribution 
is likely a very challenging problem. It would require 
mapping multiple biomolecules and triangulating 
their predicted diffusion patterns, while accounting 
for fluid shifts, biomolecular degradation, and other 
factors. Decomposed biomolecules that have dif-
fused about and partially degraded may be among 
the last remnants of an in vivo structure before the 
information about it is totally lost, thereby defining 
classical physical limits to the potential for recon-
structive brain mapping. 

Further studies of postmortem 
changes 

A time series study in which the PMI is experi-
mentally manipulated yields the most precise meas-
urements of postmortem changes. However, when 
time series studies are used as a proxy for what hap-
pens in postmortem human brains, they often lack 
ecological validity. For example, studies on isolated 
surgical biopsy tissue introduce a dramatically dif-
ferent metabolic and biophysical state than that of 
the postmortem brain, which may limit the validity 
of these studies in predicting how decomposition 
occurs in an intact human brain postmortem. To ad-
dress this, time series studies could measure and/or 
manipulate modifying variables, such as the location 
(in situ or ex situ), temperature, metabolic state, and 
tissue humidity. It would also be beneficial to per-
form time series studies that can help to account for 
variability across the existing studies, as reviewed 
here. One of the least widely studied areas is varia-
bility across brain regions. As we approach the abil-
ity to achieve brain-wide cellular mapping in the 
coming decades, there is a clear need to know 
whether some brain regions are more susceptible to 
postmortem decomposition than others, but this 
knowledge is currently limited. 

Regarding correlational studies, scaling the 
sample size is likely to be helpful. Larger studies will 
be helpful to account for measured and unmeasured 
confounders, in addition to including these variables 
as covariates where available. With larger sample 
sizes also comes the possibility of unsupervised ma-
chine learning studies. Most of our existing 
knowledge of postmortem changes is based on sub-
jective semi-quantitative scoring, but this is biased 
towards pre-existing knowledge. Unsupervised ma-
chine learning studies, as have recently begun to be 
performed in studying the neurobiology of disease, 
may also help to uncover biomarkers of postmortem 
decomposition (McKenzie et al., 2022). Developing 
an objective measure of histologic decomposition, 
analogous to the RNA Integrity Number (RIN) for 
RNA preservation quality, would be valuable as a 
quality metric in brain banking. The status quo in-
volves investigators judgments subject to reporting 
bias. For example, the same cell could look “dis-
torted” to one person but “largely preserved” to an-
other, partially reflecting their prior expectations. 
This may be one reason for the heterogeneity in the 
decomposition outcomes we observed between 
studies. More quantitative histologic metrics, for ex-
ample using morphology comparison algorithms, 
would help to mitigate reporting biases and make 
comparisons across studies more precise (Costa et 
al., 2016). 

Among the most reliable histologic findings 
available today to measure the extent of postmor-
tem decomposition are perivascular rarefaction, pe-
ricellular rarefaction, and vacuolization on morpho-
logically stained tissue, such as H&E. Several studies 
describe these as common postmortem changes 
that become more prominent with increasing PMI 
(De Groot et al., 1995; Hilbig et al., 2004; Shepherd 
et al., 2009; Monroy-Gómez et al., 2020). However, 
the appearance and enlargement of these postmor-
tem artifacts appears to have a non-linear relation-
ship with PMI. Moreover, the kinetics of their ap-
pearance and the variables modifying them are 
poorly mapped out. Therefore, there is a need for 
additional research and validation prior to the rou-
tine use of these findings as measures of postmor-
tem decomposition. 
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Comparison to other reviews 

To our knowledge, there has not been a previ-
ous comprehensive review focused solely on the 
topic of brain cell morphology changes in the PMI, 
although several publications have touched on it as 
a part of a broader discussion. Oehmichen reviewed 
the extant literature on postmortem alterations in 
the histochemistry of CNS tissue (Oehmichen, 1980). 
They concluded that cell structures seen under the 
light microscope were effectively unchanged up to 
6-8 h PMI and that after this, autolytic processes 
commence. Lewis, in a broader review of human 
brain research, included a discussion of PMI (Lewis, 
2002). They noted that any PMI threshold for inclu-
sion in a study, such as less than 24 h, would be ar-
bitrary, and that tissue quality is highly dependent 
on antemortem factors. They also pointed out that 
postmortem effects can vary based on the feature 
measured and the brain region. Finally, this review 
noted that it can be difficult to distinguish differ-
ences between brains due to disease as opposed to 
postmortem artifact. Ravid and colleagues noted 
that the distribution of receptors tends to be stable 
in the postmortem period (Ravid et al., 1992). They 
also discussed the importance of developing profil-
ing techniques for longer PMIs. Wohlsein and col-
leagues described common postmortem artifacts in 
animal brains, such as vacuolization, shrinkage of 
glial cells, hemolysis, and putrefactive decomposi-
tion in advanced stages (Wohlsein et al., 2013). Hos-
tiuc and colleagues performed a systematic review 
on ultrastructural changes as a marker of the PMI in 
various organs; however, they used different search 
and selection criteria than our review and identified 
just two studies from the brain (Hostiuc et al., 2018). 
A forensic neuropathology textbook by Oehmichen 
and colleagues discusses histologic changes in the 
PMI (Oehmichen et al., 2006, p. 74). In their assess-
ment, neuronal swelling is the most fundamental 
postmortem change, causing cells to lose their con-
tours and become spherical. They note that oli-
godendrocytes and astrocytes can also have post-
mortem swelling, but that these changes are slight 
compared to neuronal changes and less specific. 
Ramirez and colleagues reported that there is no 
correlation between the PMI and tissue quality in 
brain banking samples (Ramirez et al., 2018). They 
note that many investigators are rigid about the 

PMI, despite this number not accurately reflecting 
the degree of metabolic changes that have occurred 
in the pre- and post-mortem tissue. There have also 
been reviews on cell morphology changes in brain 
death, which results from the same underlying pro-
cess as in the PMI, namely a global lack of blood flow 
to the brain (Oehmichen, 1994; Folkerth et al., 
2022). Notably, the kinetics of decomposition are 
faster in brain death because a relatively higher 
body temperature is maintained. 

Strengths and limitations of this 
review 

A strength of this review is that, to the best of 
our knowledge, this is the largest collection of stud-
ies yet assembled on this topic. Another strength is 
that a semi-quantitative grading system was devel-
oped and implemented on the time series studies. 
Finally, we have attempted to integrate the litera-
ture from studies using both light and electron mi-
croscopy to share insights between these two inter-
related fields. In addition, this review has several 
limitations. First, the decomposition grades in the 
time series studies may give a false sense of preci-
sion. Instead, the purpose of these grades is to aid in 
conceptualization and visualization. Second, we 
largely did not consider disease state among the cor-
relational studies which may have contributed to 
variations in the effects of PMI. Finally, there is no 
doubt that we missed a substantial set of the litera-
ture. This includes the non-English literature, espe-
cially the relatively large German and Russian lan-
guage literatures. Also, we did not systematically 
evaluate references or citing articles of all included 
articles, which further limited the literature identi-
fied. Nevertheless, we expect that the studies in-
cluded are a representative sample. 

Conclusions 

A reductionist focus on the numerical PMI, 
while convenient, does not account for variability 
based on the visualization method used, feature an-
alyzed, region or cell type, and variables that modify 
the decomposition speed. Indeed, there is no obvi-
ous single PMI threshold at which cell morphometry 
is clearly lost. Instead, research is likely to be more 
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fruitful in understanding how the actual amount of 
decomposition in each brain can be measured, 
which structural features are likely to be altered 
sooner than others, and which visualization meth-
ods are most robust to postmortem changes. In bi-
orepository contexts, it may make the most sense to 
cast a wider net on the inclusion of brain tissue, as 
opposed to having strict PMI inclusion require-
ments. On the other hand, it is essential to recognize 
that decomposition starts in the first minutes and is 
clearly occurring throughout the PMI. Therefore, 
there is a need to minimize postmortem decompo-
sition by expediting processing procedures to the ex-
tent possible. More research into knowledge gaps 
regarding the postmortem decomposition of brain 
cells will help to further elucidate this critical barrier 
to studying human neurobiology using donated 
brains. 
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