
Summary. Studies on traumatic brain injury (TBI) are
applicable not only in the clinical context, but also in the
forensic field. Over time, the literature has accumulated
scientific evidence supporting the use of specific
histopathological tests in dating traumatic brain injuries. In
primary damage, cell death occurs by necrosis/apoptosis.
In secondary injury, the underlying mechanisms are
inflammation and ischemia. The inflammatory response of
the central nervous system (CNS) follows the common
steps of the innate response. In head injury, the blood brain
barrier (BBB) undergoes both functional damage and,
subsequently, finer structural changes. Scientific evidence
has shown modifications of the junctional-endothelial
system that favors the extravasation of immunocompetent
cells. The histological evaluation of the subdural
hematoma, of the cerebral contusions, of the diffuse axonal
damage can certainly bring useful elements, with
limitations, to the chronological evaluation of the lesions.
Many markers have been used to better define the dating
of the head injury. Several authors also analyzed the
usefulness of secondary damage markers in brain tissue.
The progress achieved with immunohistochemistry is
significant compared to the use of routine staining. With
immunohistochemistry it is possible to identify much
narrower and more precise time intervals and, above all,
with greater probative reliability. Recently attention has
been paid to the modification of structural proteins and
miRNAs. Future research is already started and entrusted
to multidisciplinary teams that know how to combine their
specific skills in search of a reproducible standard of
known and sufficient accuracy.
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Traumatic brain injury

Traumatic brain injury (TBI) causes various types of
lesions that result in aberrant changes to the anatomy
and physiology of the brain. TBI can be defined as
damaged caused by the application of mechanical forces
to the skull and to its contents (Stein et al., 2017; La
Russa et al., 2020).

Cranio-encephalic traumatism includes specific
nosographic entities with a "chronic" character, meaning
that they are caused by repetitive blunt force impacts
rather than a single traumatic event. An example of such
a condition is chronic traumatic encephalopathy, a
syndrome that was first described between 2002 and
2009 and was found to be involved in the deaths of
former US athletes (football players and wrestlers) and
to be analogous to boxing dementia (or "punch drunk
syndrome"), which was identified by the first decades of
the twentieth century (Omalu et al., 2011).

The present study focuses, instead, on patients with
acute TBI, which constitute the largest group of TBI
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patients. It is estimated that there are almost one and a
half million patients with acute TBI in the United States,
of which 50,000 die (Thomas et al., 2008). More
generally, TBI is the main cause of severe neurological
disability in the Western population under 40 years of
age (Böhmer et al., 2011).

It is no coincidence that TBI is common in both
forensic pathology and criminal conduct and is
becoming an important consideration in civil liability for
accidental falls and social and private accident insurance
(Oliver et al., 2008).

In recent decades, the physiopathological
mechanisms underlying brain damage resulting from
TBI have been extensively investigated through to the
use of experimental murine models. The knowledge
acquired for the clinical purpose of identifying potential
pharmacological agents to counteract brain damage and
consequent neurological disability (Lo, 2010) can also
be used for medical-legal purposes. However, data
reported by literature appear fragmentary and
contradictory, often concerning experimental studies
which have used markers that are scarcely reliable in
human cases of traumatic brain damage. These
neurobiological insights into the mechanisms of the
cellular responses implicated in brain damages, and the
characterization of the various mechanisms involved
might open new horizons for understanding the time of
onset of a brain lesion, the pathophisiological evolution
and for effective therapeutic strategies (Riezzo et al.,
2010; Fineschi et al., 2017). In this review, we discuss
scientific evidence supporting the use of specific
histopathological tests for the dating of traumatic brain
injury.
Physiopathology of traumatic brain injury and the
role of neuroinflammation

Following mechanical trauma to the head, the brain
undergoes a complex series of damaging events, which
implies the occurrence of various correlated
mechanisms. First, it is necessary to conceptually
distinguish between the two major categories of damage
to the central nervous system (CNS). Primary damage
occurs immediately after trauma and includes two
different types of damage: diffuse damage (concussion
and diffuse axonal injury (DAI)) and focal damage
(contusions and haemorrhages due to direct rupture of
the vascular walls) (Ropper et al., 2019). Primary
damage results from the breakdown of cellular
membranes in nervous tissue and the dispersion of the
cytoplasmic content and organelles caused directly by
mechanical force; cell death is thus achieved by a
combination of necrosis and apoptosis (Williams et al.,
2007)

The so-called "secondary" damage develops within
minutes following the initial trauma and develops in the
subsequent days or even weeks. It is caused by two
pathophysiologically prevalent and somewhat
overlapping processes, namely, inflammation and

ischaemia. More precisely, the activation of the local
inflammatory response is a direct and exclusive
consequence of trauma, while localized or generalized
cerebral ischaemia is an epiphenomenon of cerebral
vasospasm that occurs mainly in the presence of
intracranial haemorrhage.

The activation of the inflammatory response in the
CNS generally follows common non-antigen-specific
immune system pathways (the innate response). The first
stimulus, therefore, is the interaction between molecules
in the damaged tissue and ubiquitous receptors
expressed on glial cells. Within a few seconds, resident
cells are activated, which first triggers the pro-
inflammatory cytochemical cascade. The next phase
involves the recruitment of circulating cells both locally
to the site of injury and globally throughout brain tissue.

The first cellular components to participate in the
response to injury are pericytes and perivascular
macrophages, which migrate to the affected area within
the first two hours after the damaging event (Zehendner
et al., 2015). At the same time, the constitutive cells of
nervous tissue, especially astrocytes and microglial cells,
acquire an "activated" phenotype and release pro-
inflammatory cytokines. Microglial cells react to injury
through the stimulation of Toll-like receptors (TLRs)
(Shi et al., 2019) and switch from a branched
morphology to an amoeboid morphology and assume the
role of phagocytic cells in the CNS; this transition is
marked by enhanced expression of microglial response
factor-1 (MRF-1). On the other hand, reactive astrocytes
produce more glial fibrillary acidic protein (GFAP) than
normal astrocytes and form what is called a “glial
barrier”. In phases involving lymphocyte populations,
microglial cells play the role of antigen-presenting cells
(APCs), interacting simultaneously with T4 and T8
lymphocytes by virtue of the dual expression of MHC
(major histocompatibility complex) classes I and II
(Jassam et al., 2017).

These cells, together with macrophages, represent
the main source of cytokines in the CNS, such as
interleukin-1 beta (IL-1beta), interleukin-6 (IL-6) and
tumour necrosis factor alpha (TNF-alpha) (Semple et al.,
2010; Ziebell and Morganti-Kossmann, 2010;
Chodobski et al., 2011; Sieber et al., 2011; Abdul-
Muneer et al., 2015).

It has been shown that the expression of IL-1 beta
mRNA increases in the cortex beginning 1 hour after
injury and then in the hippocampus 6 hours after injury
in experimental models (Suzuki et al., 2009; Helmy et
al., 2011). On the ipsilateral side, the levels of IL-1 beta
in the choroid plexus (CP) increase until they peak at 6
hours; however, in the contralateral CP, IL-1 beta
expression is upregulated between 4 and 6 hours but is
much lower than that on the ipsilateral side (Frugier et
al., 2010). The kinetics of TNF-alpha expression are
different; in the ipsilateral CP, there are two peaks: an
immediate peak at 1 hour after trauma and a delayed
peak at 6 hours after trauma. This biphasic pattern is not
seen in the cortex.
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After a slightly longer latency, glial cells and
neurons are able to release chemokines, especially
Cxcl10 (Israelsson et al., 2008), which interacts with the
specific receptor Cxcr3 expressed by T and NK
lymphocytes.

Another mechanism underlying the development of
secondary brain damage days and weeks after primary
damage is an increase in the expression and activation of
enzymes with protease activity in tissues and cells (Liu
et al., 2006). These neuronal and glial cell products
further degrade cell membranes and vascular support
structures, amplifying ongoing necrosis and apoptosis
processes (Hausmann et al., 2004; Wu et al., 2017).
Alteration of the brain-blood barrier after TBI

As previously mentioned, the crucial process in the
development of neuroinflammation secondary to trauma
is the recruitment of specialized leukocyte populations
from the systemic circulation to brain tissue. The process
involves a series of modifications to the brain-blood
barrier (BBB), which thus plays a central and decisive
role in secondary injury.

The BBB refers to the cellular and molecular
complex that constitutes the interface between
encephalic capillaries and the relative interstitial space in
the organ parenchyma. This unique structure of the CNS
regulates the exchange of solutes in a highly selective
manner to limit or prevent the passage of toxic agents
(Takeshita and Ransohoff, 2012). It is composed of the
capillary endothelium, which is has a tight structure and
is formed by endothelial cells connected by numerous
tight junctions (TJs). The basement membrane is
continuous and contains pericytes, and the outermost
layer is formed by the pseudopods of astrocytes
(Chodobski et al., 2011). In the brain, the exchange of
solutes with the blood is more permissive in some
specialized areas in which the BBB is incomplete or
absent, as in the case of the circumventricular organs and
the choroid plexus (CP).

The involvement of the BBB in the establishment of
brain damage is twofold. First, primary damage resulting
from trauma affect the vasculature, causing partial
destruction of the vessel walls and, therefore, structural
failure of the BBB (Korn et al., 2005; Strbian et al.,
2008; Tomkins et al., 2008). This primary damage was
evidenced in an experimental study in which early and
unexpected infiltration of T lymphocytes was observed
only 30 minutes after the injury event. Early alterations
in the BBB are necessarily destructive but may increase
permeability due to impairment of endothelial cell
function.

The post-acute phase, which can last for weeks and
months, involves finer structural alterations in the
normal molecular composition of the BBB, especially
the junctional endothelial system (Chodobski et al.,
2011). Some in vitro molecular expression studies in cell
lines have shown that junctional adhesion molecules are
redistributed and that the expression of occludin is

downregulated in response to TNF-alpha stimulation
(Nishioku Matsumoto et al., 2010).

However, the most characteristic changes in the
selective permeability of the barrier are not related to the
diffusion of water and solutes but rather to the
extravasation of immunocompetent cells. In this way, the
pro-inflammatory response of the cerebro-vascular unit
results in the recruitment of circulating leukocyte
populations to the site of damage to amplify and
propagate neuroinflammation. Among the most obvious
phenotypic modifications is an increase in the expression
of adhesion molecules on the luminal surface of the
endothelium, specifically ICAM-1, VCAM-1 and
PECAM-1 (Zeng and Deng, 2005).

Transendothelial migration of leukocytes through the
BBB is a multi-phase process involving a highly
controlled chain of events, namely successive rolling,
activation, arrest, crawling and migration. A preliminary
process called "tethering" occurs, during which between
leukocytes first contact the capillary endothelium,
allowing the "margination" of cells with respect to the
bloodstream. Rolling subsequently takes place on the
same molecular substrate through the interaction between
endothelial selectins (P- and E-selectins) and leukocyte
ligands (Kerfoot and Kubes, 2002). However, in the
activation phase, signalling of chemokines such as Cxcl12
through the Cxcr4 receptor (Johnston and Butcher, 2002)
induces the transition of other transmembrane receptors,
integrins, into the active form. High-affinity leukocyte
integrins bind stably with cell adhesion molecules
(CAMs) expressed on the endothelium. The most
common molecular interactions are between VLA-4,
LFA-1, and MAC-1 (integrins) and ICAM-1 and VCAM-
1 (Correale and Villa, 2007; Man et al., 2009).

The CNS vascular bed shows constitutive expression
of E- and P-selections, but only in the endothelium of
the venules in the CP and in the subarachnoid space
(Kivisäkk et al., 2003). ICAM-1, on the other hand, is
constitutively expressed globally. However, following
trauma, the expression of ICAM-1 increases
significantly with a precise time-dependent manner. In
an experimental mouse model, an increase in ICAM-1
expression was observed in the cerebral hemisphere 4
hours after trauma and in the contralateral hemisphere 48
hours after trauma (Turowski et al., 2005; Williams et
al., 2007). The infiltration of neutrophils into the
cerebral parenchyma follows the same topographical and
temporal pattern; only in the case of primary
microhemorrhages can neutrophils be detected 30
minutes after the trauma (Whalen et al., 1999).

In a different experimental study, enhanced
expression of E-selectin and ICAM-1 in endothelial cells
was observed 2 hours after mild TBI, but there were no
changes in VCAM-1 and MHC I or II class expression
(Balabanov et al., 2001).
Timing of the onset of traumatic brain injury

As it is unclear how to measure it, the elapsed time
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after TBI is one of the most important factors for
pathological-forensic evaluation. A typical question
posed during autopsies is exactly when death occurred,
i.e., how much time has elapsed between death and post-
mortem examination. Similarly, dating can be used to
determine the elapsed time since an injury.

In the case of TBI and subsequent death,
chronological references may therefore have dual
usefulness. On the one hand, they provide a temporal
reference for the traumatic event itself; on the other
hand, by correlating the TBI dating criteria with the
remaining pathological and circumstantial evidence, it is
possible to provide clarifications on the exact modalities
of death. Biochemical markers and post-mortem fluid
analysis have been used for timing purposes, but this is
not the focus of the present review (Li et al., 2006; Zaki
et al., 2011; Olczak et al., 2017; Sieber et al., 2018).

The formation of a sufficiently large subdural
haematoma can provide information for TBI dating.
Subdural haematomas are observed concomitantly with
head trauma less frequently than subarachnoid
haemorrhages, but by virtue of their primary dislocation
and diffusion properties, they allows the identification of
developmental phases within a relatively limited time
frame (Walter et al., 2009).

Traditionally, it is believed that the origin of
subdural bleeding corresponds to the rupture, even if
only partial, of the so-called "bridging veins", the post-
capillary venules that drain the cerebral flow from the
hemispherical convexities directly into the sagittal
venous sinus. Their particular anatomical location
together with their parasaggital topography accounts for
their susceptibility to shear forces that occur in violent
acceleration/deceleration injuries (Miller and Nader,
2014).

Due to the specific topography and kinetics of
(venous) bleeding at the origin of subdural haematomas,
these lesions tend to assume the pathological appearance
of organized haematomas; therefore, it is possible to
describe their evolutionary trends over time as in other
areas of the body. These characteristics can only be
clearly observed through a thorough histological
examination and representative sampling of all the
components of the lesion in question. Since a detailed
discussion of these findings is not part of the purposes of
this review, please refer to other more authoritative
publications on the subject for more information
(DiMaio and Dana, 2007). Here, it is sufficient to note
that the initial appearance of fibroblasts at the interface
between the haematoma and dural membrane, the
subsequent thickening and stratification of the same
fibroblasts (Chmieliauskas et al., 2018), and the
appearance of capillary neoangiogenesis and granular
tissue (Rodríguez-Baeza et al., 2003) occur at 2-3, 4-5
and 5-10 days, respectively (Strassmann, 1949).
Conversely, there are no useful markers for dating this
kind of lesion within the first 48 hours after trauma;
moreover, the diagnostic accuracy of the morphological
parameters that describe the evolution of the lesion are

lost after the first two weeks (Oehmichen et al., 2003).
Based on these findings, studying meta-traumatic

intracranial haemorrhagic lesions has rather utility in
determining the time of onset of TBI. Instead, the
research in this specific field has focused much more on
the characterization of cortical contusions, which are
lesions that are systematically associated with a TBI of
sufficient energy and are described as bruises on the
cortical surface of brain with or without extension to the
white matter (Freytag and Lindeberg, 1957). Early
microscopic changes followed by specific degenerative
and reactive processes involving neuronal and glial
cellular populations almost always occur in cortical
tissue subjected to direct mechanical trauma (Kaur and
Sharma, 2018).

As will be discussed later in this paper, most of the
studies in the field of forensic pathology have involved
autoptic material from the cerebral cortices of subjects
who were affected by and subsequently died from TBI
collected at very different time points. In only some of
these studies from as early as the middle of the twentieth
century were the data collected at particular time
intervals after trauma.

Much more recently, a completely different
parameter of primary post-traumatic brain injury, DAI,
has been increasingly characterized. DAI is a direct
manifestation of mechanical forces applied to the human
body due to a completely inertial phenomenon, that is, a
sudden acceleration/deceleration transmitted to the
cerebral mass floating in the cerebrospinal intracranial
fluid that is capable of producing fatal lesions even in
the absence of evident contusive or haemorrhagic foci
(O'leary and Nichol, 2018).

DAI was initially identified in subjects who
experienced violent inertial forces and ended up in a
coma in the absence of apparent direct trauma to the
head or an entity sufficient to justify the degree of
neurological and systemic compromise (Smith et al.,
2003). Subsequently, the understanding of the
morphological and ultrastructural consequences of the
lesion, which themselves are recognizable, has increased
to the point that studies have identified parameters that
are useful for post-mortem dating of TBI (Johnson et al.,
2013).

To the best of our knowledge, the first study (in
English) designed specifically to establish the
morphologic timeline after cerebral contusion was a
study by Oehmichen et al. (1986), a group of researchers
from different institutes of forensic medicine in
Germany. The researchers collected 275 autopsy cases
and performed a combined quantitative and qualitative
analysis of macrophage number in brain lesions, all of
which involved intraparenchymal haemorrhage. The
researchers obtained a large amount of data regarding
the cellular size of macrophage infiltrates, the
topographical distribution of the macrophages with
respect to the lesion, and the histochemical reactivity of
the cytoplasmic inclusions. The most interesting changes
observed were the time point at which macrophages first
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appeared, i.e., 11.5 hours, and the time point of peak
macrophage infiltration, i.e., 5 days after the trauma.

The localization data, on the other hand, did not
provide chronologically precise conclusions and instead
confirmed was already widely reported related to
macrophage distribution and the peripheral demarcation
of the parenchymal contusion-haemorrhage area.
Furthermore, the data on the type of inclusions was
varied and inconsistent with the few findings previously
published in the literature.
Implementation of immunohistochemical assays for
TBI dating

As is now the case in many other areas of
pathological diagnostics, the most valuable and accurate
tools are immunohistochemical techniques. Researchers
who evaluated the use of specific markers for estimating
the timing of cerebral cortical contusions initially
focused on haematogenous cell populations infiltrating
the lesions. In the first study on this topic, cluster
differentiation 15 (CD15) was identified as a marker of
granulocytes and leukocyte common antigen (LCA),
cluster differentiation 3 (CD3) and ubiquitin carboxyl-
terminal hydrolase isozyme L1 (UCHL-1) were
identified as markers of lymphocytes; CD15 staining
occurred extremely quick, i.e., 10 minutes after trauma,
and is therefore a marker of immediate cell death
following TBI. Staining for LCA, CD3 and UCHL1,
however, was observed 1, 2 and 3-4 days after trauma,
respectively (Hausmann et al., 1999).

The same authors applied an identical method for
retrospective examination of autopsy tissues but
extended the sampling to the perilesional parenchyma
and assessed the specific reactive pattern of glial cells
rather than the expression of markers of
immunocompetent cells. They performed quantitative
morphometric analysis of cells expressing glial fibrillary
acidic protein (GFAP) and found a significant increase in
the number of astrocytes astrocytic cells between 1 day
and 4 weeks after TBI (Hausmann et al., 2000b). The
correlation between GFAP expression and the cause of
death in subjects suffering from TBI was subsequently
studied, and the findings were in line with previously
reported results, although the data were not used to
determine the timing of these changes (Li et al., 2012).

In another publication, Hausmann and Betz (2001)
observed that antibodies against alpha1-
antichymotrypsin (ACT), vimentin and tenascin stained
glial cells 3 hours, 22 hours and 7 days after trauma,
respectively. In addition, they further analysed the
expression of laminin, type IV collagen, tenascin,
thrombomodulin and factor VIII in the cerebral blood
vessel wall. The only significant differences between the
experiment and control group was an increase in the
expression of factor VIII beginning 3 hours after trauma,
and increase in the expression of tenascin beginning 1-2
days after trauma and an increases in the expression of
thrombomodulin after the first week (Hausmann and

Betz, 2000a). Another index of cellular activation and
proliferation, the expression of the Ki67-associated
antigen MIB-1, was investigated, and it was found that
MIB-1 expression was enhanced in cortical cerebral
bruises not earlier than 3 days after trauma and was
always detectable from 7 to 14 days (during the second
week) after trauma; the positive cells were both
proliferating macrophages and activated microglia
(Hausmann, 2006).

Furthermore, Orihara and Nakasono (2002)
investigated changes in immunoreactivity for
apolipoprotein E (apoE) in brain tissue following trauma
by comparing cortical autopsy samples taken from
injured hemispheres with those taken from contralateral
hemisphere. The results revealed that apoE was
markedly expressed in both hemispheres but was
expressed at a later time point (more than 2 hours after
injury) than astrocyte markers. The finding considered
most relevant by the authors, however, was that
apolipoprotein expression was still increased more than
one month after trauma.

Several immunohistochemical assays have been
used in combination to quantitatively and qualitatively
study macrophage infiltration associated with meta-
traumatic intraparenchymal contusion-haemorrhages.
Previously, Oemichen and colleagues (1986) obtained
complex results related to the immunohistochemical
characterization of cytoplasmic inclusions; however, the
fundamental finding was that cytoplasmic inclusions
formed quickly, which was inconsistent with subsequent
results (Biagas et al., 1992; Clark et al., 1994; Soares et
al., 1995).

For this reason, the authors performed a pilot study
in which they labelled monocytes and macrophages by
immunostaining for cluster differentiation 68 (CD68),
human leukocyte antigen D (HLA-D), human alveolar
macrophage-56 (HAM-56), human macrophage antigen
LN-5 (LN-5), and 25F9 antigen. Positive staining was
correlated not only with the posttraumatic interval but
also with topographical distribution; CD68+ activated
macrophages were observed in the intraparenchymal
haemorrhage beginning only 3 hours after trauma,
whereas this same subset of cells did not infiltrate the
injured cortex before 12 hours after trauma. In this
cortex, the most obvious cell population was HLA-D+
cells (6 hours after trauma). The infiltration of LN-5-
and HAM-56-positive leukocytes was significantly
slower, occurring only after 48 hours in perilesional
brain tissue (Oehmichen et al., 2009).

Another pathophysiological process related to TBI
that researchers have attempted to study to estimate the
timing of injury is apoptosis, which occurs in brain
tissue following trauma. Dressler et al. (2007) sought to
identify time-dependent and cell-specific alterations in
apoptosis following trauma by combining index assays
(staining for caspase 3 and TdT-mediated dUTP nick end
labelling- (TUNEL) staining) with immunohisto-
chemical staining of activated macrophages (CD68),
glial cells (GFAP) and lymphocytes (CD3). The
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researchers reported that neurons evidently expressed
caspase 3 beginning 1 hour after trauma and that glial
cells and neurons were positive for TUNEL beginning 2
hours after trauma; caspase 3 was expression in glial
cells at a slightly later time point (5 hours after trauma).
Apoptosis in brain tissue subjected to trauma was
drastically reduced, if not absent, starting 4 days after
the event. In another study, Michiue et al. (2008)
performed immunohistochemical analysis of brain
samples to assess neuronal apoptosis but used an
antibody against single-stranded DNA (ssDNA) and
assessed the correlation between cause of death and
different kinds of brain damage.

Other immunohistochemical markers for apoptosis
are molecules associated with the ubiquitin-proteasome
complex (ubiquitin and lysine 48-linked polyubiquitin
chain (K48)); in a retrospective analysis of an autopsy
series, the authors found an appreciable increase in glial
and neuronal expression of these markers within 1 hour
after TBI, which was sustained until 7 months later
(Sakai et al., 2014). In the same paper, they also
measured the expression of common markers of
autophagy, another pathophysiological mechanism of
secondary damage, and they observed that the latency to
expression was similar but that the expression persisted
for a shorter amount of time, i.e., a maximum of 37 days.

As mentioned previously, the presence of a specific
microscopically detectable lesion in the white matter has
shown possible utility for estimating the elapsed time
since TBI. The first evidence for this was obtained by
Blumbergs et al. (1995) in a small retrospective series.
The researchers employed a rigorous mapping scheme of
the white matter in the brain and identified axonal
damage by immunostaining for amyloid precursor
protein (APP). This method revealed single
immunoreactive axons randomly scattered within
unstained tissue; morphologically different patterns were
observed, but they were all attributed to axonal damage,
and such damage was observed in all types of TBI
investigated in the study. Since the latency to the
emergency of this damage in the autopsy series was 105
minutes, it was possible to infer the timing of the injury.
Subsequent studies that focused on the same molecular
target (beta-APP) but in much larger and heterogeneous
experimental cohorts showed that the latency to
detectable DAI was only 35 minutes through
immunohistochemistry (Hortobágyi et al., 2007).

According to literature on the subject, the
characterization of neurofilaments and their alterations
resulting from TBI has emerged as a topic of interest
(Kobek et al., 2014). Neurofilaments (NFs) are
intracellular structural proteins (cytoskeleton) of
intermediate filaments and are specifically expressed by
neurons. Observations of the molecular depletion of
neuronal cytoskeleton components resulting from trauma
(Hamberger et al., 2003; Kobek et al., 2016) have
revealed a correlation between the morphometric
expressivity of NF and the interval between head injury
and death. The researchers detected a single marker

(anti-human neurofilament protein clone 2F11) and
performed computerized morphometric analysis to
determine two fundamental parameters: the number of
recognizable individual structures and the ratio between
the total immunopositive area and the area of the whole
image (area fraction). The results showed a statistically
significant correlation between neurofilament expression
in the tissue and the area fraction.

Neri et al. retrospectively examined brain samples
from patients who died after surviving for different
periods of time following TBI and assessed AQP4
expression and its correlation with neuroinflammation
and hypoxia. AQP4 expression significantly and
progressively increased from the acute stages of
traumatic insult, and AQP4 expression was upregulated
at 7 to 30 days. GFAP expression in astrocytes was the
highest after 14-30 days of survival. HIF-1α expression
showed a progressive and significant increase. IBA-1
staining revealed that microglia were activated starting
three days after trauma, and IBA-1 expression
progressively increased for the next 15 to 20 days after
the initial trauma. CD68 staining showed that basal
macrophages/phagocytes were activated mostly around
blood vessels. After 15 and 30 days of survival, CD68
showed the most abundant immunoreactivity in or
around the area of necrosis. CD15 immunoreactivity was
observed after one day of survival after injury and
became increasingly evident around the margin of the
necrotic area after seven days of survival (Neri et al.,
2018).

It must be emphasized that these studies are very
different from those in which immunohistochemistry for
NF was performed to detect beaded axons and retraction
bulbs, which are lesional patterns associated with head
trauma. These changes, in fact, were found to occur at
defined time intervals in the cerebral cortex, perivascular
tissue and hemispherical white matter by a qualitative
study (Romero Tirado et al., 2018).

Yue et al. (2019) studied DAI, one of the most
common and serious pathological consequences of TBI,
in rats. Immunohistochemical analysis revealed an
increase in the expression of peripherin (PRPH), a
cytoskeletal organization protein, and calseniline
(CSEN), a calcium ion–regulatory protein, indicating
that they have good potential as biomarkers of early
DAI.

In a recent review on DAI, Frati et al. (2017)
confirmed that ROS-mediated axonal degeneration is
mainly caused by extracellular Ca2+. Removal of
extracellular Ca2+, but not blockade of mitochondrial
Ca2+ release, is an efficient strategy for lowering
intracellular Ca2+ levels and inhibiting spheroid
formation. In vivo, calpain and calcineurin inhibition can
mitigate axonal degeneration.

Bohnert et al. (2020), in an immunohistochemical
study of neuroinflammation, documented the usefulness
of trans-membrane protein 119 (TMEM119) as a rapidly
expressed microglia-specific marker in forensic
evaluations of TBI. TMEM119 can be used to
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distinguish microglia from resident and infiltrating
macrophages. In their study, Bohnert et al. stained
samples of human brain tissue from subjects who died of
TBI with antibodies against TMEM119. The highest
number of TMEM119-positive cells was observed
patients with acute TBI, and there were important
differences between these patients and control patients
who experiences sudden cardiovascular death. These
results suggest that TMEM119 could be used as a
marker to estimate the minimum survival time after TBI.

In addition to miRNAs (Pinchi et al., 2018), changes
in the expression of cytoskeleton components and other
structural proteins in neurons are the main focus of
histopathological research on brain damage associated
with head trauma, as demonstrated by the latest
publications that used dynein, dynactin and kinesin as
markers for post-mortem diagnosis with promising
results (Olczak et al., 2019).

The results of these studies are summarized in Table 1.
Discussion

According to the literature and common handbooks
of pathology, various synoptic tables have been
formulated for the identification of the timeline of one or
more morphological changes. According to Dettmeyer’s
manual of forensic histopathology (Dettmeyer, 2018), at
least 20 different parameters associated with specific
time intervals from the original trauma can by identified
by histological examination. Some of these parameters
lack any specificity regarding the kind of injury and
have no time-dependent relationship with trauma, as
they appear simultaneously. These changes include
oedematous swelling and unspecific signs of cytological

primary damage, such as neuronal degeneration,
shrinkage and vacuolization. Axonal and nuclear
swelling are common signs of analogous cellular
modification and are detectable by routine haematoxylin
and eosin staining but after a slightly longer time period
of approximately 12-24 hours.

The most useful parameters, therefore, are
determined by immunostaining for relatively common
markers: within a few minutes after trauma, it is possible
to observed CD15 immunoreactivity, which is correlated
with very early infiltration of the first granulocytes,
likely due to intraparenchymal haemorrhage. It is
interesting to note that immunohistochemical staining
for granulocytes allows us to observe these cells before
routine histology (2 hours). Moreover, enhancement of
specific assays for apoE in the whole hemisphere
ipsilateral to trauma within 3-4 hours of latency, similar
to the early loss of astrocytes indicated by
immunostaining for GFAP (3 hours), has been reported.
The marker that is expressed after the longest elapsed
time from trauma, i.e., at least 7 days, is tenascin, which
is a marker of a delayed vascular response to trauma
(Fig. 1).

At intermediate intervals, i.e., between 1 and 7 days,
there is a time course of cellular recruitment and tissue
infiltration because of the inflammatory response to
trauma. According to the suggested scheme, on the
second day after trauma, only LCA+ cells are detectable
between 2 and 4 days after trauma, CD3+ lymphocytes
appear; macrophages are observed as siderophages
within 2-5 days; and haematoidin deposits appear in the
lesional area after at least 6 days.

Certainly, quantitative and qualitative analysis of
inflammatory cellular infiltrates provides valuable
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Table 1. Summary of the studies evaluated on immunoistochemical assays for age estimation of traumatic brain injury.

First author, publication year Antibody target Time by TBI

Hausmann et al., 1999
CD-15 10 minutes
LCA 1 day
CD-3 2 days

UCHL-1 3-4 days
Hausmann et al., 2000 GFAP 1 day
Li DR et al., 2012 GFAP --

Hausmann et al., 2001
ACT 3 hours

Vimentin 22 hours
Tenascin 7 days

Hausmann et al., 2000 Factor VIII 3 hours
Hausmann, 2006 Ki-67 3 days and 7-14 days
Orihara et al., 2002 Apo-E 2 hours

Oehmichen et al., 2009
CD-68 3 hours
HLA-D 6 hours
LN-5 48 hours

HAM-56 48 hours
Dressler et al., 2007 Caspase-3 1 hour (neuronal); 5 hour (glial)

TUNEL 2 hours
Michiue et al., 2008 Ubiquitin-Proteasome complex 1 hour
Blumbergs et al., 1995 APP 105 minutes
Hortobágyi et al., 2007 Beta-APP 35 minutes
Kobek et al., 2016 Neurofilaments --
Yue et al., 2019 Peripherin, calsenilin --
Bohnert et al., 2020 TMEM119 --



information regarding the timing of TBI, as well as
injury to other anatomical sites and other types of
damage. This has already been reported previously for a
pool of specific markers of different macrophage
subpopulations (Oehmichen et al., 2009). It is known
that mononuclear phagocytes constitute a heterogeneous
population of cells rather than a single and homogeneous
population because they play roles in both tissue
regeneration/repair and self-regulation of the immune
response. These specific roles are also reflected by time-
specific recruitment to the injury site. Research have
therefore proposed the use of as 5 different macrophage
markers (HLA-D, CD68, LN-5, HAM-56, and 25F9) in
combination to estimate the post-traumatic interval by
comparing the expression of these markers at different
time point (Fig. 2). This method, which was elaborated
in a pilot study and is applicable only in cases of cortical
contusions with a large haemorrhagic component,
however, was not subsequently validated in larger
studies, and its diagnostic accuracy was not confirmed.

The findings of the different techniques, however,
are not always in agreement, and expert opinion suggests
that the use of the parameters studied thus far in daily
practice can easily lead to gross diagnostic errors.
Furthermore, these techniques often do not account for
bi-modal trends in immunostaining for certain markers,
such as GFAP; some authors have reported a delayed
increase in astrocyte immunoreactivity a few days after

trauma, as we mentioned previously (Fig. 3).
According to the literature, the dating of traumatic

brain injury constitutes is still a challenge in forensic
practice. The studies and published data are limited to
isolated autopsy series, almost exclusively retrospective
series, and meta-analyses and systematic reviews are
completely lacking.

The most substantial limitation to the evidence
collected so far is the marked heterogeneity of the
different autopsy series both in terms of number and
sample characteristics and differences in
histopathological methods. According to the literature,
more than 20 immunohistochemical markers have been
shown to have some correlation with a given time point
after trauma. These markers recognize very different
targets, including neurons, astrocytes, microglia,
circulating cells of the immune system, and blood vessel
walls.
Conclusions

To date, it is believed that the findings obtained by
immunohistochemistry are more significant than those
obtained by routine staining with haematoxylin and
eosin. Immunohistochemical techniques are able to
identify much narrower and more precise time intervals,
on the order of minutes within the first 24-48 hours;
additionally, instruments with greater objectivity, less
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Fig. 1. A. Light microscopy and IHC analyses of injured cerebral cortical layers: K48 stained cytoplasmic inclusions around the contusion site (black
arrows). B. Reactive astrocytes with significant increase in GFAP immunopositivity (black arrow). A, x 80; B, x 200.



803
Dating traumatic brain injury

Fig. 2. A. TNF-α positivity (black arrows) 6 hours after trauma. B. Within the intraparenchymal hemorrhage CD68+ activated macrophages are largely
visible along with granulocytes and monocytes (13 hours after trauma in this case).

Fig. 3. A. Reactive astrocytes produce more glial fibrillary acidic protein (GFAP) than normal (green reactions) and raise what is called a “glial barrier”
(14 days after trauma). B. IBA-1 reactions showing dendritic morphology (10 days after trauma in this case).



inter-operator variability and less interpretation bias can
be used.

In cases of traumatic brain death it is essential the
contribution of post-mortem examination complemented
by toxicological, microbiological and genetic
investigations. The histological study of the brain with
traditional histochemical techniques can provide relevant
data since it is well known that depending on
mechanism, severity and timing of the insult, the
distribution and the histological pattern of lesions in the
brain changes dramatically. By means of
immunohistochemical techniques applied in studies both
on animals and humans, it has been possible to identify
in the brain tissue some markers of traumatic damage
with reliable and reproducible results (Riezzo, 2010).

Nevertheless, an easy-to-use, reproducible, high-
resolution method with known and sufficient accuracy
for identifying time intervals on a large scale is not yet
available. Based on the advancement of knowledge
related to the pathophysiology of posttraumatic brain
injury and, in particular, the mechanisms of associated
neuroinflammation derived from cell lines and animal
models, it is likely that the histochemical evaluation the
expression of endothelial activation markers and
adhesion molecules can be used for TBI dating. Thus, by
evaluating the combination of these markers and direct
markers of vessels used in previous studies, it may be
possible to construct a timeline of the unique histological
characteristics of the intraparenchymal vascular and
capillary walls.
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