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The importance of the secondary brain injuries in the
daily forensic medicine practice

“23Davceva N
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Abstract

With the introduction of the concept of primary and secondary brain injuries, it became clear that primary brain
injury is not decisive for the outcome of one particular cranial-cerebral injury, but it greatly depends on the se-
condarily initiated mechanisms. The latter are actually responsible for the occurrence of secondary brain inju-
ries, mainly as a result of raised intracranial pressure (ICP).

The ICP is a clinical parameter which can be measured only ante mortem. During the post mortem examinati-
on, what we can conclude about the increased ICP is only by its effects on the brain tissue and the occurrence
of secondary brain injuries: signs of internal herniation as sequelae of increased intracranial pressure and
a hypoxic-ischemic brain injury as a result of decreased cerebral perfusion pressure (CPP).

This paper discusses our findings on the sequelae of increased intracranial pressure (signs of internal herniati-
on) and diffuse hypoxic-ischemic brain injury based on neuropathological examination (macroscopic and
microscopic examination, involving immunohistochemistry) of 80 forensic cases of closed head injury with
a survival until 1,5 months. Our findings indicate that ischemic lesions can be found by macroscopic examina-
tion at 6 — 7 hours post injury and by histopathological examination that may be perceived even three hours
after the injury. The most convenient method for detection of early ischemia (3 hours post injury) is R-APP im-
munohistochemistry.

Key words: ischemia, herniation, secondary brain injuries, B-amyloid precursor protein

Abstrakt

Zavedenim konceptu primarneho a sekundarneho poranenia mozgu sa ukéazalo, Ze primarne poranenie mozgu
nie je rozhodujuce pre vysledok jedného konkrétneho kranialno-cerebralneho poranenia, ale velmi zavisi od
sekundarne iniciovanych mechanizmov. Tie st v skuto&nosti zodpovedné za vyskyt sekundarnych poraneni
mozgu, najmé v désledku zvyseného intrakranialneho tlaku (ICP).

ICP je klinicky parameter, ktory je mozné merat iba ante mortem. Pri pitve mbZeme zistit len ucinky zvy$eného
ICP na mozgové tkanivo a vyskyt sekundarnych poraneni mozgu: priznaky vnutornej herniacie ako nasledky
-zvyseného intrakranidlneho tlaku a hypoxicko-ischemické poskodenie mozgu ako vysledok znizeného ce-
rebralneho perfizneho tlaku (CPP).

Praca diskutuje zistenia nasledkov zvy$eného intrakranialneho tlaku (priznaky internej herniacie) a diftizneho
hypoxicko-ischemického pogkodenia mozgu na zaklade neuropatologického vySetrenia (makroskopické
a mikroskopické vySetrenie vratane imunohistochemického) 80 forenznych pripadov uzavretého poranenia
hlavy s prezitim do 1,5 mesiaca. Nage zistenia ukazuju, Ze ischemické Iézie mozno identifikovat makroskopic-
kym vySetrenim 6 — 7 hodin po Uraze a histopatologickym vy$etrenim uz tri hodiny po Uraze. Najvhodnej$ou
metodou na detekciu vEasnej ischémie (3 hodiny po poraneni) je imunohistochemické vySetrenie na B-amyloid
precursor protein.

Kracové slova: ischémia, herniacia, sekundarne poskodenie mozgu, f-amyloid precursor protein
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Introduction

With the introduction of the concept of primary
and secondary brain injuries, it became clear that
primary brain injuries (focal and diffuse brain injuries
inflicted directly by forces of impact) are not decisive
for the outcome of one particular cranial-cerebral in-
jury, but greatly depend on the secondarily initiated
mechanisms. The latter are actually responsible for
the occurrence of secondary brain injuries: signs of
internal herniation and hypoxic-ischemic brain injury
which develop as a result of raised intracranial pre-
ssure (ICP) (1-5) and decreased cerebral perfusion
pressure (CPP). The forensic relevance of the se-
condary brain damage results from the pointing to the
survival time.

The intracranial cavity is a space of limited volu-
me, where three main contents are present: the brain
80%; the blood 2 — 11%; and the cerebrospinal liquor
10%. When the equilibrium of these contents is im-
paired, an increase in ICP occurs. The ICP is a clini-
cal parameter which can be measured only ante mor-
tem. Normal values are below 2 kPa (1 kPa = 7,5
mm Hg), elevation to 3 kPa is considered mild, to 4
kPa moderate, and values exceeding 5 kPa are con-
sidered as severe intracranial hypertension (6). The
lethal upper limit of ICP is of 8 — 10 kPa.

During the post-mortem examination, what we
can conclude about the increased ICP is only by its
effects on the brain tissue and the occurrence of se-
condary brain damage: signs of internal herniation (3,
4, 6) and diffuse hypoxic-ischemic brain injury.

The herniation of the brain represents the move-
ments of particular parts of the brain, from one com-
partment to another. The increased pressure in the
supratentorial region leads to herniation against the
edge of the tentorium cerebelli i.e. transtentorial her-
niation where the most exposed part is the temporal
lobe uncus, including the hippocampus and the para-
hippocampal region. The increased pressure in the
infratentorial compartment leads to herniation
through the foramen magnum i.e. infratentorial her-
niation. This is associated with brainstem compressi-
on and death. The midline shifts of the medial parts
of the brain hemispheres (gyrus cinguli) to the left or
right under the falx cerebri is known as subfalcine
herniation (5,6).

In addition to herniation, increased ICP results in
decreased cerebral perfusion pressure (CPP is the
difference between the middle arterial blood pressure
and the intracranial pressure) and consequential oc-
currence of diffuse hypoxic-ischemic brain injury.
Hence, every situation of increased ICP causes
a decrease in CPP and subsequent ischemia. It has
been shown that immediately after the impact, some
increase in the blood flow occurs, but several minu-
tes later the blood flow decreases to the level of one
third of the normal, and the normalization process
starts 40 minutes after (7). After a certain period of
decreased CPP (under the 6 kPa), reperfusion of the
brain tissue does not occur leading to hypoxic-is-
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chemic changes of the brain tissue. In case of the
most severe, extreme and irreversible form of global
hypoxia, with irreversible cessation of the cerebral
blood flow, brain death occurs (8).

Brain ischemia is very diverse in its appearance.
By pathological examination, it can be seen as global
(diffuse) or local; it may be obvious by macroscopic
examination or it can be documented only by histopa-
thological examination; it might initially occur in some
predilection regions that are particularly vulnerable to
hypoxia and ischemia (the cerebral neocortex, the
hippocampus, the basal nuclei and also the Purkinje
cells in cerebellum). Therefore, in order to properly
confirm ischemic lesion, systematic and methodolo-
gical brain examination approach is required. Here,
the employment of complete forensic neuropatholo-
gical examination is essential (9, 10). Generally, it
has been accepted that ischemia is visible by gross
examination 12 to 24 hours after cessation of the
blood flow (11). The brain that suffered severe is-
chemic injury may show none or minimal changes, if
there is not enough time for the pathological feature
to develop (12). Ischemic brain is soft and friable,
with discoloration of the grey matter to dusky grey
and elements of violet discoloration (8). Sometimes
the dusky discoloration is more prominent in the dep-
ths of the sulci, particularly seen in the regions which
are known as watershed areas of the anterior and
middle cerebral arteries (8). Another important finding
of ischemia is the cortical laminar necrosis, necrosis
and disintegration of the cortical ribbon with a subse-
quent separation from the underlying white matter.

In fact, ischemia develops much earlier when it
can only be diagnosed using proper microscopic
examination. The degeneration of the neurons i.e.
eosinophil neuronal degeneration begins to be visible
at least 6 to 12 hours post injury and the reactive cel-
lular response (hypertrophy and proliferation of
microglia and astrocytes) occurs even later (11).

Studies based on the expression of B-APP positi-
vity in the last 30 years have shown that axonal da-
mage (degeneration of the axons) sometimes occurs
as a result of ischemia. It has been reported that the-
re is a difference in the histopathological findings in-
dicative of the origin of the axonal damage: traumatic
or ischemic (13, 14). Based on those descriptions,
the finding of single or small groups of scattered and
diffusely arranged B-APP positive axons, seen as
“varicosity-like” swollen axons or as “retraction balls”,
is considered as traumatic aetiology of axonal dama-
ge. The finding of circumscribed foci of -APP accu-
mulation, or linear and geographical patterns, fre-
quently described as a “zig-zag” or “Z-shaped” pat-
tern, is considered as hypoxic-ischemic finding (15).
Hence, the B-APP has been found to be another tool
for the detection of early ischemia.

In this study, the sequelae of increased intracra-
nial pressure i.e. signs of internal herniation and hy-
poxic-ischemic brain injury have been analysed from
the aspect of time of survival, particularly the follo-
wing issues: how early after initial injury can ischemia
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be visible by macroscopic examination; which histo-
logical methods, especially those involving immuno-
histochemistry are of best relevance for the early de-
tection of ischemic changes; we explored the correla-,
tion between herniation and survival time to see
when herniation is most probable to occur; and fina-
lly, the mutual correlation between hypoxic-ischemic
brain damage and the signs of internal herniation.
The overall purpose of this study has been to contri-
bute to the neuropathological criteria for determining
the secondarily occurred brain changes.

Material and methods

The study included 80 cases with fatal closed
head injury (57 males, 23 females, age ranged from
5 to 94 years), already presented in another study
(15), have been now analysed for the appearance
and distribution of hypoxic-ischemic brain injury and
the signs of internal herniation.

The inclusion criteria included post-mortem inter-
val up to 24 h and the availability of data concerning:
clear evidence of the type of the traumatic event (15),
the known time of survival and full autopsy informati-
on. Clinical information was obtained for cases that
survived long enough to be clinically investigated.

The survival period ranged from instantaneous
death to 1.5 months (12 of the examined cases died
quickly after the traumatic event, 25 of them survived
24 hours, 22 cases survived 1 week and the rest 21
cases survived more than 1 week, the longest survi-
ved 1,5 month).

All cases have been subjected to a forensic neu-
ropathological examination of fixed brains in 10%
buffered formalin (9, 10, 15, 16).

Finding uncal notching or haemorrhages and
necroses in the hippocampus and the parahippo-

" campal area and infarctions of the inferior surfaces of

both occipital lobes resulting from posterior cerebral
artery compression have been considered to be
a sign of transtentorial herniation. The characteristic
finding of the cerebellar tonsillar notching and the
secondary brainstem haemorrhages which typically
occur in the midline of the midbrain and pons (the so
called Duret haemorrhages) have been considered to
be a sign of infratentorial herniation (8).
Finding of a soft and friable brain tissue, with discolo-
ration of the grey matter and areas with cortical lami-
nar necrosis has been regarded as the finding of is-
chemic lesion (8).

In addition to the conventional haematoxylin—eos-
in staining, immunohistochemical reaction was per-
formed with the application of the following antibo-
dies: antibody against B—APP (15, 16, 17) for visuali-
zation of the axonal damage; antibody against CD-68
for visualization of the microglia reaction (18, 19),
and also the method for visualization of the glial reac-
tion using GFAP (glial fibrillary acidic protein)
(19, 20). By employing the B-APP immunohistoche-
mistry, only the pattern and the distribution of the B-
APP positive axons suggestive for hypoxic-ischemic
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finding (15, 16, 21-23) has been taken as proof of an
existing ischemia.

Statistical evaluation was made using Pearson
Chi-Square test of independence and Kaplan-Mayer
procedure for the analysis of the survival time.

Results
Using the criteria given above, signs of the inter-

nal herniation have been perceived in 46 (57,5%) of
the cases (Tab. 1).

L e No.of cases | %
Type of internal herniation T 575
Transtentorial herniation 16 20
Infratentorial herniation 9 11.25
Subfalcine herniation 1 1:25
Transtentorial and infratentorial herniation 12 15
Transtentorial and subfalcine herniation 2 2.5
Infratentorial and subfalcine herniation 3 3.75
Transtentorial, infratentorial and subfaicine herniation 3 3.75

Tab. 1 Finding signs of herniation in the examined
cases

Table 2 presents the time of survival for all cases
diagnosed with internal herniation.

Case | Type of the herniation | Time of survival

1 Transtentorial herniation 9 days
2 Infratentorial herniation 10 days
3 | Subfalcine and transtentorial herniation 2 days
4 infratentorial herniation | 2-4 hours
5 Infratentorial herniation | 6days
6 Transtentorial herniation untit 1 hour
7 | Subfalcine and infratentorial herniation 2 days
8 | Infratentorial herniation | untit 1 hour |
9 | Transtentorial and infratentorial herniation 3 days |
10 | Transtentorial and infratentorial herniation | 12 days |
11| Transtentorial and infratentorial herniation | 10 days |
12 | Transtentorial and infratentorial herniation | 10 days
13 | Transtentorial herniation immediately
14 | Transtentorial and infratentorial herniation 2 days
15 | Transtentorial and infratentorial herniation | 1,5 month
16 | Subiaicine herniation | 3 weeks

| 17 | Subfalcine and infratentorial herniation | 3days
18 | Subfaicine herniation, transtentorial and infratentorial herniation | 8 days
19 | Transtentorial herniation until 1 hour
20 | Transtentorial herniation | immediately
21 | Transtentorial herniation | immediately
22 | Transtentorial herniation | 15 days
23 | Subfalcine herniation, transtentorial and infratentorial herniation | 4 days
24 | Transtentorial and infratentorial herniation 5 days

| 25 | Subfalcine and iniratentorial herniation | 7 days
26 | Transtentorial herniation | 4 hours

27 | Subfalcine herniation, transtentorial and infratentorial herniation | 8 hours
|28 | Transtentorial herniation immediately
29 | Transtentorial herniation 6 hours

30 | Transtentorial herniation | immediately
31 | Transtentorial herniation until 1 hour
| 32 | Infratentorial herniation 10 days
|33 | Transtentorial and infratentorial herniation | 24 hours
34 | Infratentorial herniation 4 days
| 35 | Transtentorial and infratentorial herniation | 7 hours
|36 | Infratentorial herniation | 10 days
37 | Infratentorial herniation | 2 days
38 | Transtentorial herniation 6 days
39 | Transtentorial herniation 6 days
| 40 | Transtentorial and infratentorial herniation | 24 hours
41 | Subfalcine and transtentorial herniation | 7 days
|42 | Transtentorial herniation 2 days
| 43 | Infratentorial herniation 3 days
44 | Transtentorial and infratentorial herniation minutes
| 45 | Transtentorial and infratentorial herniation 8 days
| 46 | Transtentorial heriation 2 days

Tab. 2 Time of survival for all cases diagnosed
with internal herniation

Upon the data from the Table 2, it has been explc-
red the interdependence between the occurrence o
any type of herniation in the 46 of the examined cz=-
ses and the survival time, presented on Table 3.
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No. of cases in total Cases with herniation | Percentage
Until 10,5 days 42 91 %
Until 2 days and 6 hours 23 50 %
Until 24 hours 14 30 %

Tab. 3 The interdependence of survival time with
the occurrence of the herniation in 46
of the examined cases.

The results shown on Table 3 demonstrate that:

- in 91% of the cases with herniation, the herniation
occurred within the first 10,5 days after the injury;

- in 50% of them, the herniation occurred in less than
two days and 6 hours;

- in 30% of the cases, the herniation occurred within
in the first 24 hours.

Regarding the hypoxic-ischemic lesion, from
a total of 80 examined cases it was diagnosed in 42
(52,5%) of the cases. All cases with diagnosed is-
chemic lesion commonly had oedema of the brain
and in all but one case some type of intracranial ha-
emorrhage was present. Hence, all of those cases
had raised ICP while alive. In order to objectively
demonstrate the correlation between the occurrence
of the hypoxic-ischemic lesion and the raised ICP
expressed by signs of herniation, a statistical analy-
sis was undertaken showing a strong association
between the hypoxic-ischemic lesion and the hernia-
tion (Chi square = 11,10; ss = 1; p = 0,0009<0,01)
(Tab. 4).

Hypoxic-ischemic Non
lesion*Herniation correlation | Herniation | herniation | Total
Ischemia 31 1 42
Non ischemia 15 23 38
Total 46 34 80

Tab. 4 Correlation between hypoxic-ischemic
lesion and herniation

Discussion

Object of this study was analysis of 80 cases of
fatal closed head injury for the occurrence of secon-
dary brain changes resulting from the increased ICP.

Signs of internal herniation as the sequelae of the

raised ICP were present in 57,5% of the examined
cases, which is in accordance with other studies:
56% by Adams et al. (24) and 55% of 85 examined
cases by Adams et al. (25).
Signs of transtentorial herniation have been found in
33 (41,25%) of the cases (Fig. 1). Signs of infratento-
rial herniation have been found in 27 (33,75%) of the
cases (Fig. 2), whereas signs of subfalcine herniation
have been found in 9 (11,25%) of the examined ca-
ses. In a study with 434 analyzed cases, signs of
transtentorial herniation have been found in two
thirds of the cases, and signs of infratentorial hernia-
tion in 68% of cases (4).

Fig. 1 Transtentorial herniation. Case with survival
time of 3 — 4 hours and the brain weight
of 1.503 grams. On the section of the level
of mammilary bodies have been seen
haemorrhages in the hippocampus
and the parahippocampal region
on both sides.

Fig. 2 Infratentorial herniation. The secondary Duret
haemorrhages which are typically midline
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located in the midbrain and pons can be
seen.

a. Case with a survival of 7 hours

and the weight of the brain of 1.487 grams;
b. Case with a survival of 8 days

and the brain weight of 1.512 grams.

In 91% of the cases with internal herniation, as
shown by the results in this study, herniation occu-
rred within the time frame of 10.5 days post injury,
implying that the threat of internal herniation is
highest in the first 10 days after injury. Accordingly, in
50% of the cases, the herniation occurred in less
than 2 days and 6 hours and in 31% of the cases it
occurred in the first 24 hours. This analysis is mostly
of clinical importance, obtaining information about the
occurrence threat of internal herniation in cases with
closed head injuries and possible time window for
therapeutic intervention. From a forensic neuropatho-
logical point of view, besides the correlation with the
survival time and proof for the existence of raised
ICP ante mortem, this study emphasizes the morpho-
logical feature of herniation as it has been classically
outlined.

Regarding the diffuse hypoxic-ischemic lesion, in
our case material the most frequent macroscopic
finding was found to be the “dusky” discoloration of
the grey brain matter (Fig. 3 a). It was present on the
brain surface, especially in the transition zones bet-
ween the anterior and middle cerebral arteries, and
also in the subcortical grey matter: basal nuclei, es-
pecially the putamen and the hippocampus (Fig. 3 b).
Finding of cortical laminar necrosis was another sign
of a prolonged ischemia (Fig. 4).

Fig. 3 Appearance of the global brain hypoxia
a. Case of a 20 years old female, injured

44 | © 2023 Slovenska stdnolekérska spolocnost SLS

as a pedestrian and with a survival time of 7
days: global and severe hypoxic-ischemic
lesion with the typical ,dusky” discoloration
of the grey matter can be seen and

the expansion of the left hemisphere;

b. Case with a survival of 7 hours, the case
with the shortest survival time where
ischemia could be seen by macroscopic
examination. ,Dusky" discoloration

of the grey brain matter in the transition
zones between the anterior and middle
cerebral arteries can be perceived

-

Fig. 4 The cortical laminar necrosis as a finding
in brain ischemia. A case with a survival time
of 10 days

According to the aforementioned criteria, the dif-

fuse hypoxic-ischemic lesion was found in 42
(52,5%) of all cases and in 85% of the cases that
survived more than three hours in our case material.
In a study with cases of closed head injury that survi-
ved more than a month, diffuse ischemic lesion ca-
ses were found in 67% of the cases (25). The fre-
quency of 91% has been published in another similar
study, which greatly depends on the survival time of
the included cases (3).
It is generally accepted that the ischemic lesion be-
comes visible 12 to 24 hours following the injury
event. That was the reason why we paid particular
attention to the correlation between the ischemic le-
sion and the survival time. As demonstrated on Figu-
re 3 b, a clear macroscopic finding of ischemia was
perceived 7 hours post injury in our case material.
Earlier, it could be confirmed only by microscopic
examination. When employing the classical H&E
staining, the ischemic area showed pallor and eosi-
nofile (acidophilic) neuronal degeneration, but it isnt
likely to occur until 6 — 7 hours post injury (26). Th=
neurons started to shrink after the first 24 — 36 hours
and after 36 to 48 hours the neurons began to disac-
pear except for the parts of the incrustrated nuclei.

The cellular reaction occurred even later. At least
1 — 2 hours after the necrosis some emigration of th
neutrophils can be perceived. The activation of -
first microglia (CD 68 immunoreactive) is starting =:
least 24 hours post injury (27) and a typical or
microglia stellate grupations could be deteci=z

P
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around the focuses of damage approximately on 10th
— 11t day post injury (18). Seemingly, the presence
of the first reactive astrocytes could be seen at the
edge of the necrotic focus after 4 — 6 days (7, 28)
and astroglial reactivity is visible even several mon-
ths following injury.

Hence, the visualization of the ischemic axonal
damage in the first 6 hours after the injury is possible
only by using the R-APP immunohistochemistry
(15, 16, 21-23). In our examined material the most-
early R-APP immunoreactivity with the typical ische-
mic pattern and distribution has been evidenced in
two cases, the one with 3-hours survival and the ot-
her with 4-hours survival (Fig. 5). This makes the R-
APP immunohistochemical method a powerful tool
for the evidencing ischemic changes in the early
hours after injury (29). The most sensitive region
where the axonal damage of ischemic origin can be
manifested most-early was found to be the pons (16).

. -

Fig. 5 Ischemic axonal injury expressed by B-APP
immunoreactivity
a. Case with 3 hours of survival;
b. Case with 4 hours of survival

There is a feature of linear and geographical pattern
of B-APP positive axons, which are densely distribu-
ted on wide planes. The positive axons are rather
with a granular appearance than neatly shaped
axons which can be seen in traumatically damaged
tissue.

As a conclusion, the results of the present study
indicate that ischemic lesions can be found by ma-
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croscopic examination up to 6 — 7 hours post injury
and by histological examination they may be percei-
ved even three hours after the injury. The most con-
venient method for detection of early ischemia (3
hours post injury) is 3-APP immunohistochemistry.

Finally, the diffuse brain hypoxia and the internal
herniation are associated processes, both of them
occurring as a result of the raised ICP.
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