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Summary

Brain edema is a common finding during forensic autopsies. The timely origins
are threefold: Firstly, it can develop ante mortem and be a part of the cause
of death. Secondly, it can arise during the agonal phase and accelerate death.
Thirdly, a post mortem fluid redistribution can appear like an edema. Beside
these differences, also various brain edema types exist, with the vasogenic and
cytotoxic edema being the most frequent ones. The current gold standard in
post mortem assessment of brain edema is the evaluation of the macroscopi-
cally visible signs by the forensic pathologists during autopsy. Although the
classification into edematous or nonedematous brain is a consensus decision of
several forensic pathologists, this assessment method is subjective and depends
on the experience of the raters. Thus, a quantitative and objective evaluation
method would help the forensic pathologists to make decisions. This evalua-
tion method should also be noninvasive in order to not impair further autopsy
results.

This thesis contains six post mortem assessment methods for brain edema:
the gold standard, a recently published mathematical formula, the normalized
cerebral weight (NCW), histology, the wet-dry weight (WDW) and magnetic
resonance imaging (MRI). At the beginning, the mathematical formula to clas-
sify brains as edematous or nonedematous was validated. As this method did
not show reliable results compared to the gold standard, the NCW method was
invented. With the NCW, account is taken for the individual skull sizes. This
method reveals results as reliable as the gold standard and, additionally, has
the advantage of being objective and quantitative. In several existing publica-
tions, the benefit of performing histology for the assessment of brain edema is
discussed and no clear conclusion can be drawn. Thus, the use of histology was
investigated in this thesis and compared to the gold standard and the NCW.
The routine hematoxylin and eosin (H&E) stain did not lead to reliable results,
neither compared to the validation methods, nor the interrater agreement. An-
other post mortem assessment method for brain edema with a long history is
the WDW method. Like the histology method, this method is as well critically
discussed in former publications. Applying the WDW method in this thesis
yielded inconclusive results when it was compared to the gold standard and
the NCW. Many studies were performed using MRI to determine brain edema
or the water content in the brain. However, they were not applied in situ on
human deceased yet. In this thesis, it is shown that the MRI parameters T2 and
fractional anisotropy (FA) are suitable to detect brain edema as these parame-
ters correlated significantly with the NCW. However, none of the examined
MRI parameters T1, T2, T∗

2, FA or mean diffusivity (MD) correlated with the
gold standard.

To conclude, the aim of this thesis was met by detecting the MRI parame-
ters T2 and FA as reliable biomarkers for the post mortem assessment of brain
edema. In addition, MRI offers the possibility to evaluate brain edema non-
invasively, quantitatively and objectively. However, further research will be
necessary to be able to differentiate vasogenic and cytotoxic edema.
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Zusammenfassung

Hirnödeme sind ein häufiger Befund bei Autopsien. Ihren Ursprung können
sie zu drei unterschiedlichen Zeitpunkten haben: Erstens kann sich ein Hirnö-
dem antemortal entwickeln und Teil der Todesursache sein. Zweitens kann es
in der agonalen Phase entstehen und den Tod beschleunigen. Drittens kann
eine postmortale Flüssigkeitsumverteilung wie ein Ödem aussehen. Neben
diesen zeitlichen Unterschieden gibt es auch verschiedene Hirnödemarten, von
denen das vasogene und das zytotoxische Hirnödem am häufigsten auftreten.
Der aktuelle Goldstandard in der postmortalen Beurteilung von Hirnödemen
ist die Bewertung der makroskopisch sichtbaren Anzeichen durch Rechtsmedi-
ziner*innen während der Autopsie. Obwohl die Einteilung in ödematöses und
nichtödematöses Hirn eine Konsensentscheidung von mehreren Rechtsmedi-
ziner*innen ist, ist diese Bewertungsmethode subjektiv und von der Erfahrung
der Bewertenden abhängig. Daher würde eine quantitative und objektive Beur-
teilungsmethode die Entscheidung für die Rechtsmediziner*innen erleichtern.
Diese Bewertungsmethode sollte ausserdem nichtinvasiv sein, um die weiteren
Autopsieergebnisse nicht zu beeinflussen.

Diese Arbeit enthält sechs postmortale Bewertungsmethoden für Hirnöde-
me: Den Goldstandard, eine kürzlich veröffentlichte mathematische Formel,
das normalisierte Hirngewicht (NCW), die Histologie, das Nass-Trocken-Ge-
wicht (WDW) und die Magnetresonanztomographie (MRI). Zunächst wurde
die mathematische Formel, die Hirne in ödematös und nichtödematös einteilt,
validiert. Nachdem diese Methode verglichen mit dem Goldstandard keine
verlässlichen Ergebnisse erzielte, wurde das NCW entwickelt. Das NCW
berücksichtigt die individuellen Schädelgrössen. Diese Methode stellte sich
als genauso verlässlich heraus wie der Goldstandard und hat darüber hinaus
den Vorteil, objektiv und quantitativ zu sein. In zahlreichen bisherigen Pub-
likationen wird der Nutzen der histologischen Bewertung von Hirnödemen
diskutiert, aber es kann keine eindeutige Schlussfolgerung gezogen werden.
Deshalb wurde in dieser Arbeit die Histologie angewandt und deren Ergebnisse
mit dem Goldstandard und dem NCW verglichen. Mit der Standardfärbung
Hämatoxylin-Eosin (H&E) gefärbte Schnitte führten weder im Vergleich zu
den Validierungsmethoden, noch zwischen den beiden Histologiebewertern zu
verlässlichen Einschätzungen. Eine weitere Hirnödembewertungsmethode mit
langer Geschichte ist die WDW Methode. Ebenso wie die Histologiemethode,
wurde diese in bisherigen Publikationen kritisch diskutiert. Die Anwendung
der WDW Methode in dieser Arbeit führte im Vergleich mit dem Goldstandard
und dem NCW zu keinen verlässlichen Ergebnissen. Viele Studien wendeten
MRI an, um Hirnödeme oder den Wassergehalt des Hirns zu bestimmen.
Jedoch wurden in diesen keine menschlichen Verstorbenen in situ untersucht.
In dieser Arbeit wurde gezeigt, dass die MRI Parameter T2 und fraktionelle
Anisotropie (FA) geeignet sind, um Hirnödeme zu detektieren, da diese
Parameter signifikant mit dem NCW korrelieren. Allerdings korrelierte keiner
der untersuchten MRI Parameter T1, T2, T∗

2, FA oder mittlere Diffusivität (MD)
mit dem Goldstandard.

Zusammenfassend kann festgestellt werden, dass das Ziel dieser Arbeit er-
reicht wurde, da die beiden MRI Paramter T2 und FA als verlässliche Biomarker
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für die postmortale Hirnödemsbewertung identifiziert wurden. Darüber hi-
naus ermöglicht MRI, Hirnödeme nichtinvasiv, quantitativ und objektiv zu be-
urteilen. Jedoch ist weitere Forschung nötig, um vasogene und zytotoxische
Hirnödeme unterscheiden zu können.
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1 Background

1.1 Brain Edema

1.1.1 Definition

Nomenclature

Brain edema is defined as a fluid accumulation in the brain tissue [1]. It
causes the tissue to expand, which results in a brain swelling and, therefore,
both terms are usually linked [1, 2]. A differentiation of brain edema and brain
swelling is important, as a brain swelling is not limited to fluid accumulation,
but the brain can also swell due to causes like tumors or hemorrhages and brain
edema can exist without brain swelling [3, 4, 5]. In early publications, both con-
ditions were differentiated [2]. Reichardt [6] defined these as follows: brain
edema shows a moist and soft cut brain surface and brain swelling shows a
swollen, but dry cut brain surface. In 1975, Fishman [2] stated that brain edema
and brain swelling are currently used synonymously. However, since then, dif-
ferences of these two conditions are emphasized again [5, 7, 8].

Brain edema and cerebral edema are synonyms, but cerebral edema is
literally speaking limited to the cerebrum and does not include the cere-
bellum or brainstem. As a brain edema does not only effect the cerebrum,
but also other parts of the brain, the term brain edema is more appropriate [2, 9].

Brain Edema Types

Generally, two major brain edema types are differentiated: Vasogenic (extra-
cellular) and cytotoxic (intracellular) edema [1, 2, 9]. A schematic explanation
of the development from the normal state to vasogenic and cytotoxic edema is
given in Figure 1.
Vasogenic brain edema is characterized by a disrupted blood-brain bar-
rier (BBB) [2, 9, 10]. This type of edema originates amongst others from
inflammations, infections, traumatic brain injuries, tumors of the central ner-
vous system or strokes [7, 9, 10]. The hyperpermeability of the BBB is provoked
by excitotoxic reactions, like inflammations, or oxidative stress, which cause a
disruption of the endothelial tight junctions of the BBB [7, 10]. This process is
accelerated by the release of vascular permeability and inflammatory factors
by glial cells [10]. Consequentely, intravascular fluid and proteins like albumin
extravasate, cause extracellular fluid to accumulate in the parenchyma and,
thus, lead to an increased brain volume [9, 10]. The edema fluid consists of cell-
free blood ultrafiltrate like plasma and affects mainly the white matter (WM)
[2, 5, 9]. The breakdown of the BBB is reversible, allowing a recovery from
vasogenic edema [10].
The cytotoxic edema is characterized by cell swelling due to a breakdown of
the sodium-potassium pump [7, 10]. This edema type can be seen in cases
of liver failure, hypoxia or intracerebral hemmorrhage [9, 10]. On the one
hand, a reduced blood flow can induce a decreased glucose supply and an
intracellular adenosine triphosphate (ATP) depletion [10]. On the other hand,
harmful products like ammonia can accumulate in the astrocytes and cause
mitochondrial dysfunction and oxidative stress [10]. Both impacts provoke
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Figure 1: Schematic representation of vasogenic (left) and cytotoxic (right)
edema developing from the normal state (middle). Image source: Michinaga
and Koyama [10].

a disruption of the sodium-potassium pump, which normally regulates the
intra-extracellular ion balance [7, 10]. Hence, extracellular fluid and sodium
accumulate within the cells, causing cell swelling [2, 7, 9, 10]. In this edema
type, the fluid consists of water and electrolytes like sodium and affects both
WM and gray matter (GM) [2, 9].

Brain edema are not limited to these major types. For example, the inter-
stitial edema can appear after cytotoxic edema due to the increased discharge
of sodium from blood vessels and compensation efforts of the body [10]. This
intravascular sodium outflow induces an extravasation of fluid with an intact
BBB (in contrast to vasogenic edema) and an accumulation of extracellular fluid
[7, 10]. It is considered to be an intermediate condition between cytotoxic and
vasogenic edema [11]. Also osmotic or hydrostatic edema are possible [9, 10].
Most commonly, several brain edema types occur simultaneously [5, 8, 9, 12].

1.1.2 Clinical Interest

Brain edema is an often occurring clinical symptom of other underlying dis-
eases and conditions like stroke, meningitis and liver failure [9, 13, 14]. It in-
creases the morbidity and mortality in these patients because of cerebral is-
chemia, which is a reduced or stopped blood supply of the brain [14]. Ischemia
occurs because of the expanding brain tissue, provoking intracranial compart-
ment shifts, compromised cerebral blood flow (CBF) and a high intracranial
pressure (ICP) with compressed vital brain structures [14].

Brain edema will only cause neurological symptoms if the ICP reaches a
level that causes ischemia [13]. These neurological symptoms include: reduced
consciousness level, slow heart rate, high blood pressure, abnormal breathing
and abnormal behavior of pupils [13]. Beside the evaluation of these neurolog-
ical conditions, diagnoses are currently performed using computed tomogra-
phy (CT), magnetic resonance imaging (MRI) or ICP monitoring [13, 14]. CT
and MRI scans are used to determine the brain water content and the brain
edema type [13]. (More detailed explanations of CT and MRI and their appli-
cations for brain edema evaluation in deceased are given in Chapters 1.2.5 and
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1.2.6.) The application of routine ICP monitoring is controversial and only justi-
fied in case of an uncertain neurological status or as a therapy guide, especially
when a surgical decompression, i.e. craniectomy, is necessary [13, 14].

In clinical practice, the aim of brain edema treatment is to maintain sufficient
CBF to supply the brain and to prevent secondary neuronal injuries [14]. The
treatment has to be adapted to the mechanisms causing the edema and, there-
fore, to the edema type [13]. General actions like patient positioning for opti-
mized cerebral venous outflow, sufficient hydration and ensuring of a normal
blood pressure can be implemented [13, 14]. Moreover, more specific measures
like controlled hypervention, osmotherapy, administration of certicosteroids or
diuretics and pharmacologic agents are possible [13, 14, 15]. Only in immediate
danger of life, craniectomy is recommended due to its higher risk of morbidity
and post operative brain edema [16]. For an appropriate treatment, the specif-
ical mechanisms of brain edema need to be understood [17]. As this knowl-
edge is currently still lacking, combinations of several treatments are applied
and a complete, specific and long-lasting therapy is still under development
[2, 13, 15].

1.1.3 Forensic Interest

Beside the diagnotics and treatment issues in living patients, brain edema is
also a common post mortem finding in the forensic context [3, 18]. There are
several stages during which a brain edema can occur in deceased: It can have
developed during life-time or agonal phase or, additionally, post mortem fluid
redistributions can look like a brain edema [12, 19, 20, 21].
Brain edema during lifetime can lead to death and still be visible post mortem
[22]. For example, strangulation, traumatic brain injuries or intoxication cases
are very likely to develop edema [9, 22]. During strangulation, ischemia and hy-
poxia affect the brain, which cause an ATP depletion and, thus, cytotoxic edema
[9, 10]. Vasogenic edema is finally provoked by a breakdown of the BBB due
to inflammations [9]. The mechanical impact of traumatic brain injuries cause
vascular, neuronal and axonal damages in the brain [9]. Immediately during the
impact, the shear stresses disrupt the BBB [9]. Later on, breakdowns of the BBB
can occur due to degradation of tight junctions and inflammations caused by
cell necrosis [9, 23]. This vasogenic edema increases the ICP, causing ischemia
and finally also cytotoxic edema [4, 9]. In intoxications, toxic substances like
drugs, alcohol, chemicals or gases, directly affect the nervous system depend-
ing on the lipophilia, molecular weight, transport mechanisms and capacity of
these substances [8]. Thus, the brain cell membranes, their enzymes or the ves-
sels can be damaged, leading to cytotoxic edema [8]. Equivalent to the strangu-
lation example, vasogenic edema will follow.
The changes occuring in the agonal phase are strongly connected to the cause
of death. The premise is a certain length of the agonal phase to develop brain
edema [24]. Due to ischemia, hypoxia or even anoxia of the brain, the brain is
not longer supplied with nutrients and oxygen, which results in brain edema
[21, 24, 25].
The post mortem processes causing fluid redistributions include autolysis, pu-
trefaction and decay [26]. Shortly after death, decomposition starts and the tis-
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sue liquefies increasingly [27, 28]. Autolysis is the degradation of cell mem-
branes and molecules by intrinsic enzymes of the body causing an increased
permeability of membranes and a breakdown of cell contents [27, 28]. This
faciliates further decomposition processes [28]. Putrefaction is an anaerobic de-
struction, while decay is the subsequent decomposition proceeding under aero-
bic condidtions caused by bacteria [27]. Signs of these processes are the genera-
tion of decomposition gases and – in smaller extent visible at the head – a green
color of the skin [28].

Depending on the nature of brain edema, it can be localized or generalized
[8, 29, 30]. Local (also called focal) edema occurs close to brain alterations like
tumors and hematomas while a general (also called global) edema appears in
conditions like traumatic injuries or intoxications [8, 30, 31]. The brain edema
in deceased is commonly affecting the whole brain, as not only the ante mortem
conditions, but also the post mortem processes contribute. In the publications
contained in this thesis, brain alterations were regarded as an exclusion criterion
and, therefore, investigations of local brain edema are not included.

The scanning for brain anomalies is always performed in forensic autopsies
[25, 32]. Routinely, the macroscopically visible signs are assessed by the foren-
sic pathologists during autopsy (see Chapter 1.2.1 for an explanation of this
evaluation method) [12, 32]. However, brain edema evaluation is a challeng-
ing task for forensic pathologists and, thus, further assessment methods, which
could facilitate the classification, are needed [33]. To investigate new methods,
many studies exists in which brain edema were purposely induced in animals
[34, 35, 36, 37, 38, 39, 40]. In noninvasive assessments of brain edema, the ani-
mals were kept alive after the induced edema [37, 38, 39, 40] while in invasive
assessment, the animals were killed after the manipulation [34, 35, 36]. The
advantage of such studies are that brain edema can be created in a controlled
way and animals with edema can be compared to animals without edema or
the unaffected brain hemisphere of the same animal. Although, reliable results
regarding the water content of edematous brains or hemispheres, respectively,
can be obtained, animal studies should be reduced to a minimum due to ethical
reasons [41, 42].

Several post mortem evaluation methods for brain edema are explained in
the following chapters. Historically, this is an invasive task, but more and more,
noninvasive evaluation methods are developed [32, 43, 44, 45]. In situ scans of
deceased exhibit the great advantage to depict the original state of the brain in
contrast to ex situ scans. Extraction and fixation of the brain may cause artefacts
due to tissue shrinking and gas inclusions in imaging and, additionally, may
change relaxation and diffusion properties of the tissue in MRI [46].

Performing post mortem investigations are also advantageous for living pa-
tients as they offer the possibility to verify the in vivo evaluation results [14].
Additionally, an ideal post mortem assessment method would be adaptable for
living patients in order to be also applied in the clinical context. Therefore, a
noninvasive, quantitative and objective rating method for brain edema is de-
sired. As in living patients, a local brain edema occurs, while in deceased a
generalized brain edema is developed, the suitability of the post mortem as-
sessment method needs to be proven precisely for living patients [31]. One
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issue is the identification of nonedematous brains. In living patients, this state
may appear different as in deceased and, therefore, a calibration is necessary.
Furthermore, the brain is usually divided in WM, GM and several subtypes for
the evaluation of brain edema in post mortem investigations. In living patients
instead, the focus should be on brain regions around a tumor or close to an
impact location.
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1.2 Post Mortem Evaluation Methods for Brain Edema

In the past, various post mortem methods have been developed and evaluated
for the assessment of brain edema. The methods and techniques applied in
this thesis are explained in detail in Chapter 1.2.1 to Chapter 1.2.6 and possible
further methods are shortly described in Chapter 1.2.7. Moreover, Table 1 gives
an overview of all assessment methods used in this work.

Method Macroscopic Histol- WDW Mathematical NCW MRI
Criteria signs ogy model
Objective no no yes no yes yes
Invasive yes yes yes yes yes no
Differentiation
of edema type

no yes no no no yes

Table 1: Properties of the assessment methods macroscopic signs, histology,
wet-dry weight (WDW), mathematical model by Radojevic et al. [47], normal-
ized cerebral weight (NCW) and magnetic resonance imaging (MRI).

1.2.1 Macroscopic Signs

The rating of the brain as edematous or nonedematous by the forensic pathol-
ogists during autopsy has a long history and still depicts the current gold stan-
dard [32, 48, 49]. The classification of the brain is mainly made from the macro-
scopic signs but also partly from the brain weight [3, 32, 50]. Several publi-
cations state that the brain weight is not a reliable criterion for brain edema
as the values show a great variability even in nonedematous brains [3, 18, 25].
Although, the brain weight might be beneficial in rating brain edema for the
forensic pathologists, this aspect was not part of the macroscopic signs and,
therefore, the gold standard in this thesis. Though the brain was weighed dur-
ing autopsy, its value was not included in the rating by the forensic pathologists
at our institute.

The following macroscopically visible signs for brain edema are included in
a typical evaluation [48, 49, 51]:

• Flattened gyri;

• Narrowed sulci;

• Narrowed ventricles;

• Pale cortex;

• Spurs at frontal lobes;

• Spurs at cerebellum;

• Tissue consistency and viscosity;

• Thin cortex;

• Increased brain volume.
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Figure 2: Schematic representation of macroscopic signs for a nonedematous
(left) and edematous (right) brain in caudal view. Image source: Saukko and
Knight [50].

Comparison of a nonedematous brain and the signs of brain edema in an ede-
matous brain are given in the schematic representation of Figure 2.

The rating of the macroscopically visible signs can be performed during an
autopsy in which the brain is extracted and evaluated for possible abnormali-
ties without performing additional procedures. Disadvantageously, the rating
of the macroscopic signs is subjective and depends on the experience of the
raters [12, 32]. Especially, when diseases or age-related brain alterations like at-
rophies cover the potential edema, the brain edema assessment may be difficult
[12]. Therefore, a high level teaching of forensic pathologists and a frequent
performing of the assessment is crucial to increase the accuracy and reliabil-
ity. Also the consensus decision of several forensic pathologists, which rate the
same brain, is advantageous in this aspect. The invasiveness of this method
limits the brain edema evaluation to those deceased for whom an autopsy is or-
dered and it can not be performed if the corpse has to be kept intact. Moreover,
a later re-evaluation of the brain is barely possible without taking photographs
of the intact brain and of the brain slices during autopsy. Furthermore, no def-
inition exists stating how many macroscopic signs need to be present in order
to rate the brain as edematous. Also the extent of every macroscopic sign can
vary as brain edema develops gradually. Thus, a clear classification of even one
of the signs might be difficult in extreme cases.
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1.2.2 Histology

In histology, the microscopic anatomy of tissues can be examined. The histolog-
ical assessment requires the following steps:

• Fixation:
The fixation preserves and hardens the structure of the tissue and has an
influence on the following processing steps [52]. As a fixative media, usu-
ally 10% buffered formalin is employed [52, 53].

• Trimming:
Mostly, not the whole fixed tissue can be further processed in one piece. It
will be trimmed to smaller sections, to fit into histology cassettes and the
remaining sections can be processed later or fit into other cassettes [54].

• Embedding:
Embedding is performed in order to give the tissue a harder surrounding,
which allows easier slicing into thin slices. Mainly, paraffin wax is used
as embedding medium [52]. For the embedding, first, the sample gets
dehydrated by using alcohol, then, a clearing agent replaces the alcohol
and, finally, melted paraffin wax infiltrates the specimen [53]. The paraffin
block solidifies by cooling [52, 53].

• Sectioning:
The paraffin block can be sliced into thin slices of about several µm by
using a microtrome. Microtomes operate a sharp knife, which allows the
slicing [53]. The thin slices are finally mounted on a glass objective slide
[53].

• Staining:
The staining colors the structures within the thin slices in different col-
ors. Depending on the research question, different stains are available.
One commonly utilized stain is the hematoxylin and eosin (H&E) stain,
which allows a differentiation of the general structures [53]: it colors the
cell nuclei blue, the cytoplasm pink and other structures have different
intensities of pink.

• Microscopy:
The thin slices are evaluated microscopically, usually by trained experts
or automatically by an algorithm [49]. Applying different levels of mag-
nification, the evaluation of varying structures is possible.

Common signs of brain edema in histology are [8, 30, 55, 56]:

• Swelling of glia cells like astrocytes and oligodendrocytes;

• Swelling of nerve cells;

• Sieve-like appearance of WM;

• Vacuolar appearance of GM neuropil;

• Watery spaces in choroid plexus ependyma or in meninges;

• Pallor of myelin;

• Enlargement of perineuronal, pericellular and perivascular spaces;
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• Enlargement of Virchow-Robin spaces;

• Rarefaction of subpial spaces;

• Contraction of arterioles and swelling of veins and capillaries;

• Pools of protein-rich fluid.

Examples of the appearance of a vasogenic and a cytotoxic brain edema
in histologiy are shown in Figure 3. The vasogenic edema is represented as
a widespread diffuse edema and in case of cytotoxic edema, spongious alter-
ations of the cortex can be seen [8].

By nature, this method is an invasive assessment method as tissue samples
have to be extracted. Besides, the evaluation of the histological slides is sub-
jective as usually humans rate them. The process of generating the histological
slides contains manual work and, therefore, the results are often hard to com-
pare. Manual cutting of thin sections and handling of the microscope slides
may lead to ruptures and artifacts in the stained sections. Moreover, the stain
intensities vary due to differing concentrations of used chemicals or varying
thicknesses of thin sections. Additionally, water will be washed out during
the fixation process with formalin and only indirect signs of edema are visible.
Furthermore, brain edema is difficult to differentiate from normal post mortem
processes in histology [8]. Thus, the evaluation of histological slices is very
challenging and trained raters are essential.

Figure 3: Examplary images of predominantly vasogenic (left) and cytotoxic
(right) brain edema; both H&E stain; magnification x200 (left) and x500 (right).
Image source: Oehmichen et al. [8].

1.2.3 Wet-Dry Weight

The wet-dry weight (WDW) method sets the weight of the freshly extracted wet
brain tissue into relation to the completely dried one. Usually, a drying oven
is employed to accelerate and standardise the fluid vaporisation. The tissue
sample is kept in the drying oven until its weight reaches a constant value.
The relative amount of water content can then be calculated by applying the
following formula:

water content =
wet weight − dry weight

wet weight
∗ 100. (1.1)
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The higher the difference between wet and dry weight, the more fluid was
present and the more likely brain edema existed. The values, which indicate
brain edema and the general water content of the brain vary between differ-
ent studies. Reulen et al. [57] identified the deep gray matter (DGM) as the
region with the highest increase in water content with 81.8%, compared to the
nonedematous hemisphere with 69.6%. In contrast, Madro and Chagowski [48]
determined a water content of 69.6 % in the edematous brain. No significant dif-
ferences of the water content found Lundesgaard Eidahl et al. [25] with a water
content of 81.8% for edematous brains and 81.37% for nonedematous brains.
Tani et al. [22] described a range of 72.95% to 87.20% for the water content in
the brain. Like these values for the water content already suggest, it is question-
able if a reliable classification into edematous and nonedematous brains can be
performed with the WDW [25, 58].

The WDW method is an objective evaluation method, which does not de-
pend on the experience of the rater. Furthermore, it is easily performed as just
a tempered environment and a scale is necessary. To directly obtain the wa-
ter content, also moisture analyzers can be utilized [22]. However, the WDW
method is invasive. Brain tissue samples need to be extracted from the brain by
opening the skull. Nonetheless, this is also possible in living patients by taking
just a small piece of tissue, a so-called biopsy. Another disadvantage is the lack
of differentiation of edema types with this method, as intra- and extracellular
fluid is dried simultaneously and the origin of the fluid is not pursuable [29].

1.2.4 Mathematical Model by Radojevic et al.

In 2017, Radojevic and colleagues published a study in which they performed
post mortem assessments of brain edema in 110 deceased by developing a math-
ematical model [47]. The objective of the publication was to eliminate the neces-
sity to rely on the current subjective evaluation of brain edema. Histology was
chosen as validation method. The criteria for brain edema in the H&E stained
thin sections were paler appearance of the stained tissue, halos around cells in
GM and looseness of WM.

The developed mathematical model consists of the longitudinal distance
(LD) and transversal distance (TD) of the cranial cavity, the measured cerebral
weight (BWM) and a factor of 5.79. This factor includes the mean skull height,
the mean density of nonedematous brains, the mean ratio of the brain within the
skull and the volume of the skull. With all these parameters and the formula

ε =
5.79 · LD · TD

BWM

(1.2)

the coefficient ε can be calculated for every deceased undergoing autopsy. If the
value is smaller than 0.9484, brain edema is present with a reliability of 98.5%
as was shown in a receiver operating characteristic (ROC) test.

The skull dimensions and the brain weight can be measured during autopsy
where the skull is regularly opened. Other influencing factors like the skull
height are included in the factor 5.79 and, therefore, no additional measure-
ments or manipulations are required additionally to routine autopsy.
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Although this formula is objective, the measurements of the longitudinal
and transversal distances is still subjective and may vary from person to per-
son. These measurements are performed at the widest distance, but the exact
position of the distances as well as the level of the skull opening remain subjec-
tive and may vary from case to case. However, the authors checked the vari-
ability of the measured longitudinal and transversal distances and came to the
conclusion that three different measurements resulted in the same value. Still
disadvantageous with this evaluation method is its invasiveness as the skull
dimensions and the brain weight are measured during autopsy at the opened
skull.

1.2.5 Computed Tomography

Computed tomography (CT) is an imaging technique, which employes ionizing
radiation. The CT scanner consists of a gantry, a patient table and a computer.
Within the gantry, X-ray tubes rotate around the examined object and pene-
trate it under multiple angles [59]. Detectors are placed in the gantry to detect
the emitted and attenuated photons. Different tissue types have varying radio-
opaquenesses, which result in varying attenuations of the photons and, thus,
signal variations [59, 60]. The structures of the examined object can be recon-
structed from the received signals using mathematical backprojections based on
the Radon transform [59, 60]. With the backprojections, cross sections of the ex-
amined structure can be recreated, consisting of voxels. The values of the voxels
are in Hounsfield units (HUs) lying between about -1000 and 3000 [59]. The HU
of water is defined as 0 and all HUs of other structures are calculated in relation
to this value with less dense material having lower values and more dense ma-
terials higher values [59, 60]. Therefore, scans are quantitatively comparable by
their voxel values.

For the evaluation of brain edema, qualitative and quantitative examinations
are possible.
The qualitative signs include [12, 61, 62]:

• Decreased size of third ventricle;

• Decreased width of central sulcus;

• Tonsillar herniation;

• Decreased width of CSF spaces.

Quantitative markers that were evaluated are [12, 61, 62, 63]

• Increased HUs of WM (see Figure 4);

• Increased HUs of GM (see Figure 4).

An advantage of using CT for the assessment of brain edema is its nonin-
vasiveness as it is an imaging technique. However, ionizing radiation is used,
which is harmful for the human body. In post mortem scans, the duration and
radiation doses are not critical, while a CT scan of a living patient always has
to be justified. Advantageously, CT scans are rapidly performed in some min-
utes and the resulting images can be evaluated immediately. The strong asset
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Figure 4: Examplary images with selected regions for GM and WM for the dif-
ferentiation of nonedematous case (A) and edematous case without intoxica-
tion(B) and edematous case with intoxication (C). In the GM (top regions), the
regions have 47.0 (A), 49.7 (B) and 50.8 (C) HUs and in the WM (bottom regions),
34.4 (A), 36.6 (B) and 28.7 (C) HUs. Image source: Berger et al. [12].

of CT, compared to other imaging techniques, lies in the visualization of differ-
ent radiodensities. Thus, bone is clearly differentiable from soft tissue. In brain
edema, the quantitative evaluation of the HUs of GM and WM is limited as both
tissue types have very similar attenuation coefficients [64].

1.2.6 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) is an imaging technique based on the mag-
netic properties of protons of hydrogen nuclei within strong magnetic fields.
In an external magnetic field, a proton experiences a torque and can not align
exactly to the field, causing a precession around the direction of the external
field [65, 66]. The precession frequency of the spin (i.e. the average magnetic
moment of a large group of protons processing with the same frequency) is pro-
portional to the external magnetic field and called Larmor frequency [65, 67].
The spins of protons can only precess in two orientations in an external mag-
netic field: parallel or anti-parallel to the field [65]. A slight excess of spins will
be in the parallel state because it is the lower energy state [65, 66]. The mag-
netization of the spins is low compared to the external magnetic field, but can
be measured by tipping it into transverse plane using a radio frequency pulse
at Lamor frequency [67]. Besides, the pulse caused the spins to be phase co-
herent [65, 67]. After the pulse is switched off, the magnetization returns to its
original state by precessing around the main magnetic field direction and the
spins dephase again [65, 67]. To excite the spins, gradient echo (GRE) and spin
echo (SE) sequences are applied [66]. Based on varying pulse sequences, several
tissue contrasts can be generated by measuring for example the relaxation times
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of the tissues [65, 67]. Images can be reconstructed from the received signals in
k-space by applying the inverse Fourier transform [67].

Amongst others, the following parameters can be determined using MRI
data:

• T1:
T1 is the spin-lattice relaxation time and describes how fast the longitu-
dinal magnetization recovers. It can be determined by applying SE se-
quences with short repetition times (TRs) and echo times (TEs) or GRE
sequences with short TEs and large flip angles.

• T2:
T2 is the spin-spin relaxation time and describes how fast the transverse
magnetization decays. It can be determined by applying SE sequences
with long TRs and TEs.

• T∗
2:

T∗
2 is the effective T2, resulting from inhomogeneities in the main magnetic

field. It can be determined by applying GRE sequences with long TEs and
small flip angles.

• Apparent diffusion coefficient (ADC):
With diffusion-weighted imaging (DWI), the ADC can be calculated,
which describes the mobility of water molecules.

• Fractional anisotropy (FA):
With diffusion tensor imaging (DTI), the FA can be determined, which
describes the degree of anisotropy of the diffusion. It is defined in terms
of the diffusion eigenvectors.

• Mean diffusivity (MD):
With DTI, the MD can be determined, which describes the magnitude of
diffusion within one voxel. It is defined as the average of the trace of the
diffusion tensor and matches the ADC of DWI.

The concept of intravoxel incoherent motion (IVIM) describes the movements
within one voxel during the diffusion MRI sequence at multiple b-values [68].
In one voxel, different diffusion processes occur simultaneously during the
scan. IVIM helps to differentiate perfusion in tissues from CBF in capillaries,
which look like pseudo-diffusion [68]. Different models like the stretched ex-
ponential, kurtosis or sinc model have been developed [69]. The biexponential
model

S/S0 = fIV IMexp(−b(D∗ +Dblood)) + (1− fIV IM)exp(−bD) (1.3)

is a widely used model with S/S0: signal attenuation, fIV IM : flowing blood
fraction, b: b-value, D∗: pseudo-diffusion, Dblood: water diffusion coefficient in
blood, D: water diffusion coefficient in tissue [69].

MRI has been applied to determine brain edema and the water content of
brain tissue in many studies: the relation of the magnetic resonance (MR) pa-
rameters T1 [37, 70, 71], T2 [70, 71, 72, 73] and T∗

2 [74, 75] on the water con-
tent and brain edema was investigated and diffusion imaging was performed
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Figure 5: Exemplary T2-weighted MR images of papilledema (marked with red
arrows). Image source: Neumann et al. [32].

[32, 38, 39, 40, 76]. With diffusion imaging, a differentiation of brain edema
types is possible by calculating the ADC [38, 39, 40]. An increased ADC sug-
gest a vasogenic edema, while a decreased ADC refers to a cytotoxic edema
[38, 39, 40]. All studies mentioned in this paragraph were performed on phan-
toms, animals or living subjects. Post mortem evaluation of brain edema using
MRI on humans is sparse: Neumann et al. [32] investigated papilledema as a
sign for brain edema on T2-weighted images (see Figure 5).

Like CT, MRI is noninvasive, but, additionally, it does not apply harmful
radiation to the scanned object. This provides the possibility to use this assess-
ment method not only in the forensic, but also in the clinical context on living
patients, who suffer from brain edema. Moreover, MRI is the imaging method
of choice for soft tissue like the brain due to the high abundance of protons in
this tissue. Disadvantageously, MRI scans need a long scan time, which can be
critical for living patients, who need to lie calmly in the scanner for the mea-
surement. Another drawback is the expensive setting and/or the limited access
to an MRI scanner. Similar to CT based evaluations, expertise in MR planning,
scanning and processing is necessary to perform this assessment method.

1.2.7 Further Methods

Beside the aforementioned methods, further methods exists to evaluate brain
edema in deceased. Some of them are explained here.

Alexander and Looney [58] defined a differential ratio of skull capacity to
brain volume and brain weight, respectively, to quantitatively differentiate ede-
matous from nonedematous brains. The difference between the skull capacity
and the brain volume or brain weight, respectively, is expressed as the per-
centage of the skull capacity. For the calculation with the brain volume, any
differential ratio below 4% is considered as an edematous brain.

The sodium and potassium content of brain tissue can be determined using
a flame-photometer [34]. The contents of these chemical elements differ in ede-
matous and nonedematous brains due to physiological processes especially in
cytotoxic edema, where the sodium-potassium pump is disrupted [10]. Pap-
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pius and Gulati [34] showed with this method that edematous brains have a
high sodium and a low potassium content.

Röthig and Schaarschmidt [77] developed a formula for the theoretical brain
weight as a linear function of the body height. If the actual brain weight is
higher than the theoretical brain weight plus the standard deviation for the spe-
cific body height, it is considered as edematous.

The gravimetric method is applied by placing small tissue samples into col-
umns containing a known linear density gradient and recording their specific
gravity [10, 78]. Hereby, the percentage of water within this sample can be de-
termined. Thus, Marmarou et al. [78] were able to determine the water content
of tissue samples of less than 2 mm3 size with an accuracy of more than 1%
within a few minutes.
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2 Goals and Approach

The main goal of this thesis was the improvement of the assessment method for
brain edema in deceased. Up to date, the rating of macroscopically visible signs
is the current gold standard. However, this method is invasive, subjective and
depends on the experience of the rater. Therefore, a noninvasive, objective and
quantitative evaluation method should be preferred. In this thesis, already ex-
isting post mortem assessment methods for brain edema were validated, while
also new ones were developed.

The first publication in Chapter 3 deals with a validation of a recently pub-
lished post mortem evaluation method for brain edema. Radojevic et al. [47]
published a study in which they developed a mathematical model to rate brains
as edematous or nonedematous based on the skull dimensions of the cut surface
and the brain weight. The dimension measurements were performed manually
at the opened skull with a calliper and, for comparison reasons, in CT images in
this publication. Furthermore, the normalized cerebral weight (NCW) method
was developed as a new assessment method by dividing the brain weight by
the skull volume. Thus, the skull dimensions were determined more accurately
than in the former method and individual skull sizes could be taken into ac-
count, which bias the brain weight. Both rating methods were compared with
the gold standard.

In the second publication included in Chapter 4, two standard evaluation
methods for brain edema in deceased were applied and validated: histology
and WDW. For both methods, samples were taken from the subcortical white
matter, capsula interna, cortex, thalamus, cerebellum and mesencephalon. Two
raters independently assessed the histological slides stained with H&E. For the
WDW, the sample weight was measured right after cutting of the specimen
and after drying to an constant weight in a drying oven. With the wet and the
dry weight, the water content could be calculated. The results of the histology
assessment and of the WDW method were compared to the gold standard, as
well as to the NCW method.

The third publication in Chapter 5 examines the suitability of the MR pa-
rameters T1, T2, T∗

2, FA and MD for the rating of brain edema as this allows
a noninvasive assessment. For this, post mortem in situ MRI scans were per-
formed with a 3 T system including a protocol of an inversion recovery (IR)-
SE, a multi-contrast SE and a multi-echo GRE sequence and diffusion-weighted
single-shot echo-planar imaging. The quantitative MRI parameters were deter-
mined for the cortex, WM and DGM separately. The results were validated once
again with the gold standard and the NCW method.

In Chapter 6, a conference abstract about IVIM and its application on post
mortem diffusion data is given. This abstract deals not with the assessment
of brain edema, but is a preliminary study for a better understanding of the
behavior of perfusion, diffusion and pseudo-diffusion in deceased. Using a 3 T
MRI, an in situ IVIM sequence with 6 repetitions at 16 b-values was applied.
A two-step biexponential fit was performed on the data segmented in WM and
GM.
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3 Publication 1: Analysis of Different Post Mortem
Assessment Methods for Cerebral Edema

In the first publication, a mathematical model for brain edema assessment of
deceased is validated by comparing this method to the gold standard. The gold
standard consists of the evaluation of the macroscopically visible edema signs
by forensic pathologists during autopsy. As the mathematical model was not
satisfactory, the evaluation method NCW was developed.

Status: Published
Forensic Science International 308 (2020) 110164
DOI: https://doi.org/10.1016/j.forsciint.2020.110164
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Abstract

While cerebral edema is a live-threatening condition in living persons, also an
edema-like fluid redistribution can occur post mortem. In deceased, usually
macroscopic signs are evaluated during autopsy in order to determine the pres-
ence or absence of cerebral edema.

As a quantitative and objective classification is beneficial, an already exist-
ing method (Radojevic et al., 2017), which is based on a mathematical formula
using the intracranial dimensions and the cerebral weight, was compared to
the evaluation of macroscopic signs in 31 cases. The results showed an excel-
lent agreement for the comparison between the raters as well as the measure-
ment methods (at opened skull or in CT images). However, both measurement
methods only poorly agree with the macroscopic edema evaluation.

In order to find a more concordant method, the normalized cerebral weight,
which puts the cerebral weight in relation to the intracranial volume, was cal-
culated for 115 cases. This method resulted in an excellent agreement with the
macroscopic rating and showed a clear numerical difference between the ede-
matous and nonedematous group. While the influence of the post mortem time
and the cooling time was found to be negligible, the age at death might con-
found the edema classification due to pre-existing cerebral atrophy leading to
lower cerebral weights.

In summary, the present study compared different assessment methods to
classify cerebral edema and developed a rater independent, objective and quan-
titative classification method, which was as reliable as the rating of the forensic
pathologists.

Introduction

Cerebral edema is a fluid accumulation in the tissue which results in a swollen
brain. As the non-deformable skull restricts the cerebral tissue from expanding,
intracranial pressure increases and tissue gets irreversibly injured at a certain
point, resulting in a life-threatening condition. Reasons for the development of
a cerebral edema include: traumatic brain injury, intoxication or inflammation
[23, 79]. However, post mortem fluid redistributions can occur in the brain that
resemble an edema [12, 61, 62]. Thus, cerebral edema is a common finding when
examining deceased.
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Based on their pathophysiological mechanism, different types of cerebral
edema exist. The intracellular edema is defined as an edema resulting from a
malfunctioning sodium and potassium pump in the cell membrane, leading to
an increased sodium amount and, consequently, an increased water amount in
the cell [1, 29]. The extracellular edema, in contrast, is caused by a disturbed
blood-brain barrier and a subsequent flow of intravascular water into the extra-
cellular space [1, 79]. In many cases, a combination of both edema types occurs
[12].

The assessment of cerebral edema in deceased usually takes place during
autopsy by forensic pathologists by grading macroscopic signs. These signs
include narrowed ventricles, flattened gyri, elapsed sulci, prominent cerebellar
tonsils, furrowed temporal lobes and spurs at frontal lobes [48, 49]. However,
this method is observer dependent and an objective post mortem method to
differentiate edematous from nonedematous brains is preferred.

One possible objective method is the histological examination. The signs for
cerebral edema in histology include a paler myelin staining, a spongy appear-
ance of myelinated areas and a peri vascular and –cellular distention [20, 49, 55].
However, the usefulness of histology in detecting cerebral edema has to be con-
sidered critically, because several studies expressed doubt that there is a correla-
tion between histological findings and water content [20, 48]. Another method
is the evaluation of radiological signs in computed tomography (CT) images.
In existing studies, the Hounsfield units (HUs) of gray and white matter were
related to the presence of edema, and radiological signs similar to the macro-
scopic signs were described [12, 61]. However, no additional value was gained
by performing a CT scan compared to the autopsy.

Another recently published assessment method was proposed by Radojevic
et al. [47] who developed a mathematical model to evaluate cerebral edema.
This model is based on the measured cerebral weight (BWM) during autopsy,
the maximal intracranial distance of the opened skull in longitudinal (LD) and
transversal (TD) direction and a factor consisting of averaged values for cerebral
density and skull height:

ε =
5.79 · LD · TD

BWM

(3.1)

The threshold for the edema classification was set to 0.9484 with calculated
ε-values lower than this limit indicating cerebral edema and higher values in-
dicating no edema.

The first goal of the present study was to validate the formula of Radojevic
et al. [47] by comparing the resulting ε-values to the evaluation of the macro-
scopic signs being rated at autopsy. Furthermore, this work aimed at develop-
ing an objective assessment method for cerebral edema by using the cerebral
weight and the segmented intracranial volume based on CT datasets to calcu-
late the normalized cerebral weight. With this method, the individual skull size
is taken into account and can be used for differentiating between edematous
and nonedematous cases.
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Materials and methods

Analysis phase 1: comparison of the Radojevic method to the macroscopic
signs

To determine the suitability of the mathematical model developed by Radojevic
et al. [47] (Equation 3.1) for rating cerebral edema, 31 deceased from the years
2017 and 2018 were prospectively examined according to this method and the
results were compared to the macroscopic signs of cerebral edema which were
evaluated during autopsy. Besides performing the manual measurements of the
intracranial dimensions at the opened skull with a ruler, the assessment of the
intracranial dimensions was repeated on the corresponding CT images at the
same level of the head. The CT images were acquired by a 16 slice CT scanner
(Siemens Somatom Emotion, Siemens Healthineers, Erlangen, Germany) based
on a head imaging protocol with slice thicknesses varying between 1.5 mm and
2 mm, tube voltage of 130 kV and H31S, respectively H70S convolution kernels.

Inclusion criteria for this study were the request for a forensic autopsy by the
responsible prosecutor, a post mortem CT conducted right before the autopsy
(maximum 1 h to 2 h earlier) and a minimum subject age of 18 years. Cases with
traumatic brain or skull injuries or advanced decomposition of the brain were
excluded. A detailed list of the subjects is given in Table 2. The post mortem
time describes the time between death and the start of the autopsy.

During autopsy, the forensic pathologists measure the cerebral weight with
a scale (SB 16001 Delta Range, Mettler Toledo, Columbus, OH, United States;
Linearity: ±0.3 g) and examine the brain externally as well as by manually cut-
ting it to coronal slices of around 15 mm thickness. The macroscopic signs in-
dicating cerebral edema include flattened gyri, elapsed sulci, narrowed ventri-
cles, prominent cerebellar tonsils, furrowed temporal lobes and spurs at frontal
lobes [48]. According to standard procedures, the forensic pathologists rate the
brain as edematous in case one or more macroscopic signs are present. In this
phase, 7 varying forensic pathologists did the macroscopic rating and each rat-
ing was based on a consensus decision by 2–3 forensic pathologists (in mini-
mum 1 forensic pathologist plus 1 board certified forensic pathologist with at
least 17 years of experience).

In order to calculate the ε-values, the measurements of the maximum lon-
gitudinal and transversal intracranial distance of the opened skull and in the
CT datasets were performed by two random raters for each case. For all cases
investigated in this study, the skull was opened by the same dissector. For the
measurements in the CT images, the raters selected the layer of the widest in-
tracranial dimension parallel to the cranial base and above the frontal sinuses
(Figure 6(a)) corresponding to the level at which the skull is opened at autopsy
(Figure 6(b)). All raters evaluated independently and blinded to the results of
the other raters.

According to the conclusion of the paper by Radojevic et al. [47], the thresh-
old for the classification as edematous or nonedematous brain was set to 0.9484.
Cases with a lower ε-value were classified as edematous and values equal or
higher as nonedematous.
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Table 2: Overview of included subjects in analysis phase 1. Classification of
edema based on the macroscopic rating.

Cause of death Cases Gender Age [y] Post mortem
(f/m) time [h]

Edema Heart failure 6 4/2 47 (29-56) 20.8 (3.8-79)
N = 20 Intoxication 6 0/6 35 (20-69) 10.3 (1.8-24.4)

Hanging 5 1/4 51 (22-74) 8.5 (5.5-11)
Exsanguination 1 0/1 32 3.3
Cerebral hemorrhage 1 0/1 39 10.8
Pneumonia 1 0/1 65 14.8

No Heart failure 5 0/5 54 (43-79) 22.8 (5-61.5)
edema Intoxication 1 0/1 28 10.3
N = 11 Hanging 1 1/0 58 5

Exsanguination 1 0/1 70 14.5
Multi-organ failure 3 1/2 78 (72-86) 9.2 (7-13.5)

Total 31 7/24 50 (20-86) 12 (1.8-61.5)

All statistical analyses were performed using MATLAB R2018b (The Math-
Works, Inc., Natick, MA, United States). To determine the reliability of the
raters, the intraclass correlation coefficient (ICC) ((1,1), [80]) was calculated. ICC
values were scaled according to Cicchetti [81], who categorized values smaller
than 0.40 as poor, between 0.40 and 0.59 as fair, between 0.60 and 0.74 as good
and between 0.75 and 1.00 as excellent agreement. To compare methods, calcu-
lations of the interrater reliability Fleiss’ kappa [82] were performed. Kappa val-
ues lower than 0.00 are defined to represent a poor agreement, values between
0.00 and 0.20 a slight agreement, values between 0.21 and 0.40 a fair agreement,
values between 0.41 and 0.60 a moderate agreement, values between 0.61 and
0.80 a substantial agreement and values between 0.81 and 1.00 an almost perfect
agreement [83].

Normal distribution for the edematous and nonedematous group was anal-
ysed with the Shapiro-Wilk and Shapiro-Francia normality test [84] in order
to decide whether to apply the Mann-Whitney U or Welch test. With these
tests, the difference between the values of the measurement methods for the
two groups was calculated, taking the macroscopic rating as gold standard.

Analysis phase 2: development of a new assessment method

A new approach to objectively assess cerebral edema was developed by calcu-
lating the quotient of the cerebral weight and the intracranial volume. Since
the cerebral weight does not only depend on the water content in the brain,
but also on the individual skull size, the cerebral weight was normalized by di-
viding it by the intracranial volume. While the cerebral weight is measured at
every autopsy, the intracranial volume was determined on the CT data sets by
modifying and applying the segmentation bash script from Breakey et al. [85]
written for FSL 6.0.0 (FMRIB Software Library, Analysis Group [86]).
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Figure 6: Example CT images of the head for intracranial distance measure-
ments. (a) Image in sagittal plane with selected level for axial plane (purple
line). (b) Image in axial plane with longitudinal (LD) and transversal (TD) dis-
tance measurements (green lines).

This script is based on code developed by Muschelli et al. [87] who were the
first to publish a segmentation algorithm for the intracranial volume. Breakey
et al. [85] compared different segmentation techniques and optimised the per-
formance of the code. In a first step, thresholding the original CT images to
a range from 5 HU to 100 HU leads to a higher contrast within the head. In
the second step, a 3D Gaussian kernel is used to smooth the images. As the
values may have changed and may exceed the aforementioned range, the same
thresholding is repeated in the third step. The fourth step consists of the brain
extraction. Here, a fractional intensity of 0.35 was used to detach the intracra-
nial volume and create a binary mask of this volume with the foramen magnum
as the inferior limit of the intracranial volume. In the last step, the volume of the
generated mask was calculated and returned in mm3 and the number of voxels.
Three steps of this procedure are displayed in Figure 7.

In order to check the applicability of the new method, the same sample size
as mentioned in analysis phase 1 was examined. As this showed promising
results, the sample size was enlarged to 115 cases, of which - according to the
macroscopic rating - 56 cases had a cerebral edema and 59 cases did not (Ta-
ble 3). The brains were macroscopically rated as edematous or nonedematous
by 13 forensic pathologists as a consensus decision of 1–2 forensic pathologists
plus 1 board certified forensic pathologist with at least 17 years of experience.

The same inclusion criteria as in the analysis phase 1 were applied with cases
from the years 2016–2019 included.
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Table 3: Overview of included subjects in analysis phase 2. Classification of
edema based on macroscopic rating.

Cause of death Cases Gender Age [y] Post mortem
(f/m) time [h]

Edema Intoxication 17 4/13 34 (20-58) 31.6 (6.6-60.3)
N = 20 Cardiac failure 15 7/8 46 (19-66) 41.8 (8.8-97.5)

Suffocation 14 4/10 38 (21-68) 35.7 (15-77.1)
Pulmonary failure 5 2/3 71 (53-83) 33.1 (145-50.8)
Exsanguination 1 0/1 32 28.8
Regulatory failure 2 0/2 27 (25-28) 40.6 (18.8-62.5)
Shock 1 0/1 39 37.0
Cerebral hemorrhage 1 0/1 39 29.3

No Intoxication 2 0/2 36 (27-44) 19.6 (18-21.3)
edema Cardiac failure 20 3/17 66 (43-98) 46.1 (12-138.3)
N = 11 Suffocation 7 4/3 53 (28-92) 34.8 (21-71.5)

Pulmonary failure 8 2/6 73 (34-87) 45.1 (20.3-136.3)
Exsanguination 9 1/8 52 (32-75) 36.8 (0.8-78.5)
Regulatory failure 1 0/1 70 18.8
Trauma 8 3/5 59 (32-75) 36.8 (0.8-78.5)
Multi-organ failure 2 0/2 74 (72-75) 24.9 (15.5-34.3)
Heat cramp 1 0/1 77 17.6
Cancer 1 1/0 86 90.0

Total 115 31/84 54 (19-98) 36.6 (0.8-136.3)

Additionally, information about the cooling time of the body, the post mor-
tem time and the age of the deceased were collected in order to evaluate their
influence on the classification of cerebral edema.

The normalized cerebral weight was compared to the macroscopic rating.
Therefore, the Shapiro-Wilk test [84] was applied to check for normal distribu-
tion of the values and, accordingly, the Mann-Whitney U or Welch test was used
to determine - in terms of p-value - the suitability of the classification in com-
pliance with the new parameter. Moreover, the effect size was calculated with
Cohen’s d [88] to obtain results independent of the sample size. The effect size
is defined as very small for absolute values of Cohen’s d between 0.01 and 0.19,
small between 0.20 and 0.49, medium between 0.50 and 0.79, large between 0.80
and 1.19, very large between 1.20 and 1.99 and huge starting from 2.00 [89, 90].
In addition, the influence of the age at death, the post mortem time and the
cooling time was examined by the same tests.

By calculating the ROC curve, the critical value for the limit of the normal-
ized cerebral weight to distinguish edematous from nonedematous cases could
be determined. First, a generalized linear regression model was used to classify
the data. Then, the performance of this classifier was evaluated by the ROC as
for each threshold the true positive ratio (sensitivity) and the false positive ratio
(1-specifity) was calculated.
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Figure 7: Example of image processing with FSL to calculate the intracranial
volume. Left: sagittal plane, middle: coronal plane, right: axial plane. (a) Orig-
inal CT images. (b) Thresholded and smoothed images. (c) Segmentation of the
intracranial volume.

Results

Phase 1 analysis results

Of the included 31 cases, 20 cases were classified as edematous and 11 as
nonedematous according to the macroscopic signs.

The ICC results for the determination of the reliability of the raters and of
the measurement method of the ruler and of the CT images show an excellent
agreement (Table 4(a)). The Fleiss’ kappa values exhibit bad agreements when
comparing both measurements methods to the macroscopic signs (Table 4(b)).
However, the agreement between the two measurement methods is excellent as
also shown by the ICC.
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Phase 2 analysis results

Comparing the group of cerebral edema and no cerebral edema (based on the
macroscopic rating) using the proposed normalized cerebral weight, a clear sep-
aration of the groups is observed (Figure 8). The correlation of cerebral weight
and intracranial volume is illustrated by the least squares regression lines for
the edematous and nonedematous group separately which show a distinct dis-
tance. The p-value (Welch test) was < 0.001 and the effect size d was 0.88 (Co-
hen’s d), both indicating a significant difference with a large effect between the
two groups (Table 5). For the cerebral weight alone, the p-value was < 0.001
and a medium effect size was found. Similar results were exhibited when look-
ing at the age at death (p-value: < 0.001; large effect). The time from death to
autopsy and the time in the cooling chamber have a negligible influence on the
edema classification (p-values: 0.960 and 0.998; very small effect). The maxi-
mum post mortem time was 138 h during which the body was cooled for 117 h.
The longest time outside the cooling chamber was 79 h.

The optimal threshold for the normalized cerebral weight to differentiate
between edematous and nonedematous cases is 0.9332 and has an area under
the curve of 0.79, a sensitivity of 0.84 and a false positive rate (1-specificity)
of 0.32 (Figure 9). When applying this threshold to the normalized cerebral
weight, it is localized in the center of the mean lines for the edematous and
nonedematous group (Figure 10).

Figure 8: Scatter plot of cerebral weight and intracranial volume with regression
lines for each group. Cerebral weight in g, intracranial volume in mm3.
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Figure 9: ROC curve of the normalized cerebral weight.

Discussion

The main purpose of this study was to validate the suitability of an existing
assessment method and to develop a new objective method to differentiate be-
tween edematous and nonedematous post mortem brains.

The used skull opening technique is highly reproducible and reliable as the
results of both measurement methods – with the ruler and in CT images –
showed an excellent agreement. Thus, the manual measurement during au-
topsy could be replaced by a retrospective measurement in the corresponding
CT images.

Furthermore, as the measurements of any two raters agreed excellently only
a single rater is needed to accurately measure the skull dimensions. This corre-
sponds well with the results from Radojevic et al. [47] who proposed to reduce
their 3 measurements of the same dimension to only 1 measurement.

The bad agreement between the calculated ε-values for the manual mea-
surements and the macroscopic signs evaluated during autopsy reveals that the
formula developed by Radojevic et al. [47] cannot accurately be applied for our
examined cases. Reasons could be that the averaged skull height and cerebral
density in the formula affect the resulting ε-value or that Radojevic et al. [47]
had used histology for differentiating between edematous and nonedematous
cases while here macroscopic signs served as reference. Similarly, Lundesgaard
Eidahl et al. [25] were unable to get reliable results with the formula of Radoje-
vic et al. [47] as all of their cases were incorrectly rated as edematous.
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Figure 10: Scatter plot for the normalized cerebral weight with lines at mean
values for the edematous and the nonedematous group, respectively, and the
calculated threshold of 0.9332.

The normalized cerebral weight was shown to be a reliable parameter to
classify edematous and nonedematous cases. The determined threshold for the
classification of cerebral edema according to the normalized cerebral weight
allows determination of cerebral edema cases with a sensitivity of 0.84 and a
specificity of 0.68. While the weight alone can serve as an objective indicator, it
is statistically less significant than the normalized cerebral weight and its effect
size is only medium compared to the high effect size of the normalized cerebral
weight. The advantage of using the normalized cerebral weight for edema clas-
sification is certainly the incorporation of the individual cerebral volume, as its
high statistical significance and its large effect size stand for a precise classifier.

In accordance with expectations, the age at death is a major confounding
factor for edema classification as the results suggest that older people are less
likely to develop a cerebral edema. The main reason for this bias is cerebral
atrophy, an ordinary tissue loss commonly associated with ageing [91]. The re-
duction of cerebral volume goes along with a decrease of cerebral weight which
can compensate the weight increase due to cerebral edema. Consequently, cases
with significant cerebral atrophy are likely to be not correctly classified using
the method presented here. Berger et al. [12] came to the same conclusion as
they observed a higher incidence of nonedematous cases in the age group > 51
years.
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Post mortem time and cooling time had a negligible influence on the classi-
fication of cerebral edema for the cases examined in this study. This is in agree-
ment with Yates et al. [20] who did not observe any differences regarding the
wet-dry weight and sodium and potassium content of specimens between 4 h
and 27 h post mortem. Also Shirota et al. [24], Flach et al. [43] and Schmierer
et al. [92] did not find a time dependency in their post mortem CT and MRI
studies, respectively.

The sample size in the first prospective study part showed a great difference
between the edematous group (n = 20) and the nonedematous group (n = 11).
This unequal group size is developed due to the prospective case recruitment
as the post mortem presence of cerebral edema is frequent. Therefore, in the
second analysis phase that was completely retrospective, special attention was
payed to collect the same amount of cases for both groups to avoid possible
systematic statistical bias.

In this work, macroscopic signs were taken as reference to which the other
methods were compared. However, the evaluation of the macroscopic signs,
which can be rated well qualitatively but not quantitatively, is dependent on
the experience of the forensic pathologist. Although this fact might have biased
the analysis, the agreement of the objective normalized cerebral weight method
with the subjective evaluation of macroscopic signs proves that both methods
are reliable for the assessment of cerebral edema.

Conclusion

In this study, different assessment methods for classifying cerebral edema
were compared. The newly proposed method of using the normalized cerebral
weight showed the best agreement with the evaluation of the macroscopic
signs performed during autopsy. Using the normalized cerebral weight is as
reliable as the rating of the forensic pathologists, but has the advantages of
being rater-independent, objective and reproduceable.
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4 Publication 2: Tissue Sample Analysis for Post
Mortem Determination of Brain Edema

The second publication covers two standard post mortem evaluation methods
for brain edema: histological and WDW assessment. These methods were
compared to the gold standard as well as to the NCW. Although both methods
were well-described in the past, their reliability is critically discussed in the
literature, which is further examined in this publication.

Status: Published
Forensic Science International 323 (2021) 110808
DOI: https://doi.org/10.1016/j.forsciint.2021.110808
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Abstract

The post mortem evaluation of a brain edema is routinely performed by pathol-
ogists based on the macroscopic signs during autopsy. This method represents
the current gold standard, but is subjective and observer dependent. Therefore,
three post mortem evaluation methods of brain samples were analyzed in this
work: histology, wet-dry weight and normalized cerebral weight, which was
described in 2020 by Bauer et al.

Tissue samples from six different regions of 34 brains were collected and ex-
amined both by rating of histological slides and by measuring the water content
by using a drying oven. The rating of the histological slides, stained with hema-
toxylin and eosin, was performed by two pathologists independently. For the
water content, the wet weight and the dry weight of each sample were set in
relation. The normalized cerebral weight was calculated by dividing the brain
weight by the brain volume, which were both determined during autopsy and
in computed tomography images, respectively.

A fair to moderate interrater agreement was obtained for the histologic eval-
uation and a significant correlation was present between one rater and the wet-
dry weight and the normalized cerebral weight method. When classifying ac-
cording to the gold standard, a significant difference was detected between the
edematous and nonedematous cases by using the wet-dry weight method in the
cerebral cortex and by using the normalized cerebral weight method. However,
the significant correlations and group differences were limited to the aforemen-
tioned results.

In conclusion, both the histological and the wet-dry weight method show
limited benefits for the classification of brain edema and the histology anal-
ysis is highly observer dependent. The normalized cerebral weight method,
however, reveals a significant effect between the edematous and nonedematous
cases when classifying according to the gold standard. Therefore, we suggest
to apply this method for the assessment of brain edema since it is objective and
rater independent. Nevertheless, the exact evaluation of brain edema remains a
challenging task, especially due to the continuous transition between no edema
and edema.
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Introduction

Brain edema is a relevant and frequent finding in both forensic and clinical au-
topsies. It can occur ante mortem, might still be present after death and could
have even been the cause of death. Furthermore, common post mortem fluid
redistributions within the brain might appear similar to a brain edema as well
[12, 19, 20, 21]. During autopsy, it can not be distinguished between the ante
mortem brain edema and the post mortem fluid redistribution.

During life, brain edema can be caused by ischemia, traumatic brain injury,
hemorrhage, stroke, tumor, infection or inflammation, mainly due to a distur-
bance of the blood-brain barrier (vasogenic edema) or of the sodium-potassium
pump (cytotoxic edema) leading to an accumulation of fluid in the extracellu-
lar space [1, 2, 93]. In vasogenic edema, which mainly appears in the white
matter, the protein-rich plasma fluid from blood vessels accumulates in the in-
terstitial fluid around cells as the capillary permeability is increased, whereas in
cytotoxic edema, which appears both in white and gray matter, the disrupted
sodium-potassium pumps provoke an influx of ions and water into the cells
and, hence, causes the intracellular fluid and cell volumes to expand [9, 23].
In general, if the intracranial pressure raises above the perfusion pressure, the
blood supply in the brain is suspended. The increase in volume of the brain tis-
sue can result in brain mass shifts with herniation and often fatal outcomes [14].
Additionally, post mortem fluid redistribution is a common process and occurs
because of cell decompositions allowing the fluid to redistribute according to
the diffusional gradients [26, 94].

During autopsy, pathologists routinely extract the brain from the skull, de-
termine its weight and inspect it for possible abnormalities. Several macro-
scopic signs serve as indicators for brain edema: Flattened gyri, narrow sulci
and pressure signs on both the cerebellum and the frontal lobes visible on the
intact brain, while a pale cortex and narrow ventricles are apparent on coronal
brain slices [48, 49, 51]. The rating of these macroscopic signs by the patholo-
gist in correlation with signs of brain atrophy is the current gold standard to
evaluate the presence and extent of brain edema.

Another method to assess brain edema is to perform histology of samples
from different regions of the brain. The following histological signs have been
proposed as parameters indicating brain edema: Pallor of myelin, distention of
perivascular and pericellular spaces, sieve-like appearance of myelinated areas,
rarefaction of subpial spaces, vacuolar appearance of the gray matter neuropil
and pools of protein-rich fluid [8, 20, 29, 30, 51]. However, several publications
question the use of histology for rating brain edema due to its doubtful infor-
mative value [20, 49]. Nonetheless, histological evaluation became a standard
procedure for rating brain edema particularly in pathology in addition to the
gold standard.

An observer independent method to evaluate brain edema is to calculate
the weight loss due to fluid vaporization. For this, a sample is placed in a
drying oven at a certain constant temperature until the sample reaches a con-
stant weight. Thus, the ratio of the dried sample weight and the initial sam-
ple weight can be determined, which represents the relative amount of water
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content. Some authors emphasize the informative value of this wet-dry weight
method [20, 29, 95], while in other studies, there was no difference between ede-
matous and nonedematous cases [25, 58]. Additionally, the water content can
also be an evidence of the cause of death according to Tani et al. [22]. Similar
to the histology method, the region of the examined brain tissue sample has an
influence on the extent of brain edema [48].

Another objective rating method for brain edema is to determine the normal-
ized brain weight, which is calculated by dividing the measured brain weight
at autopsy by the intracranial volume segmented from computed tomography
(CT) data. It was shown in a study by Bauer et al. [96] that the rating of brain
edema with this method is in excellent agreement with the evaluation of the
macroscopic signs performed by the forensic pathologists during autopsy. Sev-
eral further studies used CT to assess brain edema [12, 61, 63]. Ito et al. [63] dis-
tinguished brain swelling from brain edema by performing repeated CT scans
of survivors of head injuries. They considered brain swellings as isodensity or
slightly hyperdensity areas and brain edema as hypodensity areas in CT im-
ages. Similar to the water content, the Hounsfield values were employed as
indications of the cause of death by Berger et al. [12].

The goal of this study was to compare the histology, wet-dry weight and nor-
malized cerebral weight method and to validate their results with the current
gold standard to assess brain edema.

Material and methods

Subject overview

For rating brain edema with the histology and wet-dry weight methods and
comparing the results to the rating of the forensic pathologists, 34 deceased
from the years 2019 and 2020 were examined. An overview of age at death,
post mortem interval, brain weight and cause of death of all included subjects
is given in Table 6. Inclusion criteria were the order of a forensic autopsy by the
local prosecutor, a minimum subject age of 18 years, an intact brain and absence
of decomposition. All procedures of this study were performed according to
national ethical standards. Besides the information given in Table 6, all tissue
samples and corresponding data were anonymized for ethical reasons, thereby
leaving no possibility to trace back specific deceased subjects.

Macroscopic evaluation

During regular forensic autopsy, the brain was extracted from the skull,
weighted with a scale (SB 16001 Delta Range, Mettler Toledo, Columbus, OH,
United States; Linearity: ± 0.3 g) and examined externally and internally by
manually cutting it to coronal slices of about 10–15 mm thickness. The forensic
pathologists evaluated the brain as edematous or nonedematous according to
the macroscopic signs, which depicts the current gold standard for evaluating
the presence of brain edema. The rated macroscopic signs were: flattened gyri,
narrowed sulci, narrowed ventricles, spurs at frontal lobes or cerebellum and
pale cortex. This rating was performed by 10 varying forensic pathologists
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Table 6: Subject overview with mean values and standard deviations for age
at death, post mortem interval, brain weight and number of cases per cause of
death.

Age at death (in y) 55.4 ± 15.3
Post mortem interval (in h) 35.3 ± 17.6
Brain weight (in g) 1400.2 ± 150.3
Cause of death Number of cases
Heart failure 18
Exsanguination 3
Intoxication 3
Multi-organ failure 2
Asphyxia 2
Cerebral hemorrhage 1
Liver failure 1
Pneumonia 1
Pneumothorax 1
Pulmonary embolism 1
Unclear 1

as a consensus decision of 2–3 forensic pathologists (at least by 1 forensic
pathologist plus 1 board certified forensic pathologist with a minimum of 3
years of experience).

Histological and water content evaluation

For this study, a set of brain samples was collected from the subcortical white
matter, capsula interna, cortex and thalamus of 1 coronal brain slice (Figure 11),
from the cerebellum and from the mesencephalon (inspired by [30, 48, 49]).
The cerebrum samples were harvested from the right and left hemisphere al-
ternately. All 6 samples were bisected and one half was stored immediately in
formalin (ROTI®Histofix 4.5%-acid-free (pH 7), phosphate-buffered formalde-
hyde solution 4.5%, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) to fix
it for the histological examination and the other half was used for the wet-dry
weight analysis.

The samples for the histology study remained in formalin for at least 1 week,
before they were cut to appropriate sizes to fit in biopsy cassettes (universal
cassettes with hinged lid, Biosystems, Muttenz, Switzerland). All samples were
concurrently dehydrated, embedded in paraffin, sliced to thin sections, placed
on histological slides and stained automatically with a standard hematoxylin
and eosin stain in order to minimize possible staining effects. The histologic
slides were evaluated independently by two pathologists (one senior resident
in neuropathology and surgical pathology, MD PhD, and one board certified
forensic pathologist, MD, with both at least 6 years of experience in pathol-
ogy; both blinded to autopsy results) according to a criteria list of possible signs
for brain edema using two Zeiss Axioskop microscopes (Carl Zeiss, Jena, Ger-
many). The criteria list included 4 generally accepted criteria for every sample
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Figure 11: Coronal brain slice at the slice level used for sampling tissues from
the subcortical white matter (green), capsula interna (red), cortex (yellow) and
thalamus (black) at their representative sampling location for the histology and
wet-dry weight method.

[8], namely pale myelin, sieve-like appearance of myelinated areas, dilation of perivas-
cular and –cellular spaces and vacuolar appearance of the neuropil of gray matter,
which could be rated as present, somewhat, absent or not applicable. Additionally,
every case, which consisted of 6 samples of different regions, was rated as heavy,
moderate, slight or no edema by each rater. These evaluations of the raters were
based on their personal estimation and rating experience. Additionally, histo-
logical slides of cases with a concordant classification of the 2 raters as well as of
the gold standard were scanned using a slide scanner (Ventana DP 200, Roche
Diagnostics, Rotkreuz, Switzerland).

The samples for the wet-dry weight analyses were placed on small, labeled
cardboards that were weighted right before usage and in the following together
with the samples to calculate the original wet weight of the sample. Subse-
quently, the cardboards with the samples were stored in a drying oven (ULE
400, Memmert GmbH + Co. KG, Schwabach, Germany) at a constant temper-
ature of 80 ◦C and weighted multiple times until the individual weights were
stable, thereby representing the dry weight. The brain water content was then
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calculated based on the following equation: water content = (wet weight −
dry weight)/wet weight × 100. The used scale had a readout of 0.01 g and a
linearity of ± 0.02 g (Kern Precision Balance, Balingen, weighting range: 200 g,
reproducibility: 0.01 g) being suitable for our original sample weights of about
1.16 g.

Normalized cerebral weight evaluation

A post mortem CT scan was performed before autopsy in order to obtain images
for the segmentation of the intracranial volume. The head imaging protocol
was performed with a 16 slice CT scanner (Siemens Somatom Emotion, Siemens
Healthineers, Erlangen, Germany) with a slice thickness of 2 mm, a tube voltage
of 130 kV and a H31S convolution kernel. The segmentation was done with FSL
6.0.0 (FMRIB Software Library, Analysis Group, [86]) by applying the analysis
pipeline mentioned in [96]. Thus, the normalized cerebral weight is the brain
weight measured at autopsy divided by the segmented CT volume.

Statistical analysis

All statistical analyses were performed using MATLAB R2018b (The Math-
Works, Inc., Natick, MA, United States). The interrater reliability of the
histological evaluation was calculated with the quadratic weighted Cohen’s
κ, with the definition of a poor agreement for values lower 0.00, slight agree-
ment between 0.00 and 0.20, fair agreement between 0.21 and 0.40, moderate
agreement between 0.41 and 0.60, substantial agreement between 0.61 and
0.80 and an almost perfect agreement between 0.81 and 1.00 [82, 83]. With the
Shapiro-Wilk and Shapiro-Francia test [84] , respectively, the data were tested
for normal distribution. Group significance between edematous and nonede-
matous cases when classifying according to the gold standard was calculated
in terms of p-value with the Mann-Whitney U or Welch test, depending on the
result of the normality test. The effect size of these two groups was calculated
with Cohen’s d [88], which is defined for absolute values as very small between
0.01 and 0.19, small between 0.20 and 0.49, medium between 0.5 and 0.79, large
between 0.80 and 1.19, very large between 1.20 and 1.99 and huge starting from
2.00 [89, 90]. A method correlation, which is independent of the gold standard
and which allows to compare each method with every other method, was
determined in terms of the correlation coefficient r and the p-value by using the
point biserial [97], Spearman or Pearson correlation. The correlation coefficient
r is defined to be negligible for absolute values between 0.00 and 0.30, low
between 0.30 and 0.50, moderate between 0.50 and 0.70, high between 0.70 and
0.90 and very high between 0.90 and 1.00 [98]. P-values below or equal 0.05
were regarded as significant.
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Results

Macroscopic evaluation

Among the 34 included brains, 15 were rated as edematous and 19 as nonede-
matous according to the rating of the macroscopic signs by the forensic pathol-
ogists, which serves as the gold standard in the assessment of brain edema. The
most common macroscopic sign in the brain edema cases were flattened gyri
with a nomination of 93.3%, followed by prominent cerebellar tonsils (73.3%)
and spurs at frontal lobes (53.3%).

Histologic evaluation

Histology rater 1 assessed 5 cases as nonedematous, 19 as slightly, 9 as moder-
ately and 1 as heavily edematous while 8 cases were rated as nonedematous, 12
as slightly, 11 as moderately and 3 as heavily edematous by histology rater 2. A
fair interrater agreement was achieved for comparing the single evaluations for
every sample of both raters (κ = 0.40) and a moderate agreement for comparing
the final decisions for every case of both raters (κ = 0.41).

Exemplary histological images of the cortex and the subcortical white matter
for one edematous and one nonedematous case, according to the classification
of both raters of the histological slides as well as of the rating of the forensic
pathologists, is given in Figure 12.

Water content evaluation

The mean water content of the examined samples differed per brain region,
but was similar for edematous and nonedematous brains if categorized accord-
ing to the gold standard (Table 7). Comparing the groups of edematous and
nonedematous cases of the different regions of the wet-dry weight analysis, a
significant difference and a large effect size (p = 0.031, d = 0.83) were obtained
for the cortex when classifying according to the gold standard. For all other re-
gions, no statistical significant difference of the edematous and nonedematous
groups was found.

The average water content over all regions for each case did not show a
significant difference (p = 0.148) and a medium effect size (d = 0.50) was found
between the edematous and nonedematous cases.

Method comparison

When classifying according to the gold standard into edematous and nonede-
matous cases (see Table 4), a medium effect size (d = 0.68) and a significant
p-value (p = 0.045) was detected between the two groups for the normalized
cerebral weight method. The further methods showed no statistically signifi-
cant effect sizes.

The correlation coefficients r and their corresponding p-values for the com-
parison of each method with each other, independent of the gold standard, are
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Figure 12: Exemplary images of histological slides scanned with a slide scan-
ner. Top row: Cortex; Bottom row: Subcortical white matter; Left: Edematous;
Right: Nonedematous.

given in Table 5. Significant but low correlations between the histology rating of
rater 2 and the wet-dry weight method (r = 0.39; p = 0.024) and the normalized
cerebral weight method (r = 0.47; p = 0.005) were present. All further correla-
tions were not significant, but for the correlations with the gold standard, the
lowest p-value was determined for the normalized cerebral weight method.
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Discussion

The rating of histological slides of different brain regions is an error-prone meth-
od with many parameters that are difficult to standardize. On one hand, the
assessment of histology is fundamentally subjective and on the other hand, his-
tological quality including staining intensity is difficult to standardize despite
automatic staining. Therefore, in order to allow for an optimal starting position,
two raters performed the histologic evaluation in this study and all slides were
processed concurrently to minimize varying staining effects. Despite these ef-
forts, we deduce that rating of histological slides is not a suitable method for
reliably assessing brain edema as there were no significant effect sizes between
the edematous and nonedematous cases when classifying according to the gold
standard and no significant correlations with the gold standard present in this
work. To the same conclusion came Hausmann et al. [49] when they compared
automatically analyzed histological slides with the reference brain weight. Only
one of the histology raters had a significant but low correlation with the wet- dry
weight and normalized cerebral weight methods. Supporting these results, only
a fair to moderate interrater agreement was found with this method. However,
several publications extensively described histological changes in brain edema
[30, 51, 55]. Despite differing conclusions and a lack of consensus, the histolog-
ical assessment criteria for brain edema were the same in the aforementioned
studies as well as in our work.

The wet-dry weight method is a highly quantitative and objective evalua-
tion method, but did not yield reliable results for brain edema. A significant
difference between edematous and nonedematous cases was found only in the
cortex when classifying according to the current gold standard. Several pub-
lications investigated the wet-dry weight evaluation method and stated a dif-
ference between white matter water content of normal and edematous brain
[20, 55, 58, 95]. These four studies consistently showed that white matter is
a better marker for brain edema than gray matter which is in contrast to our
results, as we determined the cortex as the region with the highest water in-
crease in brain edema cases. In some studies, the wet-dry weight method did
not show any differences between an edematous and a nonedematous group
[25, 58]. Lundesgaard Eidahl et al. [25] assumed that sampling from deeper
brain regions instead of superficial tissue and evaluating a larger sample size
may lead to more meaningful results in their study. In this study, sampling
from different brain regions of the brain with differing water content did not
lead to unambiguous results. A reason for this might be that the analyzed sam-
ples and the investigated regions, e.g. white matter of the capsula interna, were
relatively small and other or larger regions, i.e. deep white matter might show
more significant results [95].

In this work, the correlation between the histological evaluation and the wet-
dry method was very low and exclusively present for one of the histological
raters. To a similar result came Yates et al. [20] as they did not observe a correla-
tion between water content and histologic evaluation of brain edema. However,
the authors concluded that the determination of water content of white matter
could be beneficial in identifying brain edema while the histologic evaluation
could be reliable in unambiguously severe cases of brain edema.
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The normalized cerebral weight method was the only examined method,
which showed a significant difference between the edematous and nonedema-
tous cases when classifying according to the gold standard. This is in accor-
dance with the results of Bauer et al. [96]. However, the correlation of the
normalized cerebral weight and the gold standard was not significant, even
though it showed the lowest p-value and the best correlation of all methods
which were correlated with the gold standard. The different results for the nor-
malized cerebral weight method regarding the significance may originate from
the distribution of the data, as the edematous and nonedematous groups were
separately normally distributed, in contrast to the unseparated data which was
used for the correlation calculation. This feature is conclusive, as two normally
distributed datasets with different means form a non-normal distribution when
merged. Additionally, the dichotomous data of the gold standard is less refined
than the continuous data of the normalized cerebral weight which may cause
worse p-values for the correlation than for the group comparison.

For an overview of the behavior of different structures, various areas of
the brain were examined. However, these regions may not be representative
enough for the transfer of the respective results to the whole brain using the
histological or wet-dry weight methods because relatively small samples from
mainly one coronal slice of the cerebrum were analyzed. One also has to keep in
mind that in the present work, the classification into brain edema and no brain
edema is based on the rating of the macroscopic signs by the forensic patholo-
gists during autopsy. Although the decision for or against an edema is made by
consensus of several pathologists, this method is still subjective and dependent
on the raters’ experience. Taking the rating of the pathologists as the ground
truth and hence as the gold standard, no other method can be evaluated as per-
forming the classification of brain edema better than this. Additionally, only the
vasogenic edema can be identified macroscopically, as in this case more fluid
is accumulated within the brain tissue, contrary to cytotoxic edema where the
water amount stays the same but changes its location. In contrast, both edema
types are detectable with the histology, the wet-dry weight and the normalized
cerebral weight methods. Despite its subjective characteristic, the identifica-
tion of the underlying pathology causing brain edema is a big advantage of the
histology method. While the wet-dry weight and normalized cerebral weight
methods are beneficial because they are observer independent and easily ex-
ecutable, they also have the disadvantage of not differentiating brain edema
types. However, the current gold standard remains the fastest and simplest
way for post mortem brain edema detection. Nevertheless, an important gen-
eral drawback of analyzing brain edema is its slow and gradual development,
which complicates the classification into edematous or nonedematous.

Although the histological and the wet-dry weight method show limited ben-
efits for the classification of brain edema, an objective and rater independent
evaluation method was developed by Bauer et al. [96] with the normalized
brain weight. This method showed a significant difference between the edema-
tous and nonedematous cases when classifying according to the gold standard.
Independently of the evaluation method, the classification into edematous and
nonedematous cases is a challenging task, as the development of brain edema
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is a continuous process. Therefore, establishing an objective and reproducible
evaluation method for brain edema stays challenging.

Conclusion

In this study, we evaluated three assessment methods for brain edema, namely
histology, wet-dry weight and normalized cerebral weight analysis. The
interrater agreement of the two raters for histology was fair to moderate and
this method did not correlate with the macroscopic evaluation by the forensic
pathologists, which represents the current gold standard. The wet-dry weight
method is objective, but did not show any significant correlation with the gold
standard either. Comparing the histological and wet-dry weight evaluation,
only a low correlation was determined. However, a significant effect size
between the edematous and nonedematous group of the normalized cerebral
weight method was found when the classification was performed according
to the gold standard. Therefore, we suggest to calculate the normalized brain
weight as an objective method for the classification of brain edema, as previ-
ously described [96]. In consideration of the obtained results, we conclude that
the evaluation of brain edema remains a challenging task, especially because of
the continuous transition between no edema and edema.
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5 Publication 3: Post Mortem Evaluation of Brain
Edema Using Quantitative MRI

This manuscript is about the suitability of the MRI parameters T1, T2, T∗
2, FA

and MD for the post mortem assessment of brain edema in in situ MRI scans.
The quantitative MRI parameters were correlated to the gold standard as
well as to the NCW, as this proved to be a quantitative evaluation method as
reliable as the gold standard in publication 1 and 2. Using the MRI parameters
as biomarkers for brain edema would allow a noninvasive, quantitative and
objective evaluation.

Status: Submitted to Forensic Science International on 18th of January 2022
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Abstract

The post mortem assessment of brain edema is routinely performed during au-
topsy by forensic pathologists who evaluate the macroscopically visible signs.
In this study, the suitability of magnetic resonance imaging (MRI) for a differ-
entiation between edematous and nonedematous brains was examined as an
objective, noninvasive and quantitative rating method.

In this study, 22 deceased underwent post mortem in situ MRI prior to regu-
lar autopsy. Acquired MRI sequences allowed the computation of the quantita-
tive MRI parameters T1, T2, T∗

2, fractional anisotropy (FA) and mean diffusivity
for the cortex, white matter and deep gray matter separately. Beside the au-
topsy results, which represent the gold standard for rating brain edema, also
the normalized cerebral weight (NCW) was determined by dividing the brain
weight by the intracranial volume as developed by Bauer et al. in 2019. For fur-
ther examining the relation of MRI parameters with the NCW, linear regression
models were calculated.

The results revealed highly significant correlations of the MRI parameters T2

and FA with the NCW in the cortex. These combinations additionally showed
the best results for fitting of the linear regression models.

In conclusion, quantitative MRI is suitable for differentiating edematous
from nonedematous brains by calculating T2 and FA in the cortex. A post
mortem in situ MRI scan of the brain can, besides delivering morphological
information, add relevant and objective information on the edema status of the
brain prior to autopsy or when autopsy is not ordered.

Introduction

Brain edema is a water accumulation within the brain tissue and represents
a severe condition in living people and a common finding in deceased. Not
only ante mortem brain edema, which is still present after death, may be visible
but also post mortem fluid redistributions, which are caused by normal post
mortem processes, may look like a brain edema [12, 61, 62]. Different brain
edema types exist with vasogenic and cytotoxic edema being the two main
types [1]. In vasogenic edema, the capillary permeability is increased due to
a disruption of the blood-brain barrier because of conditions like inflammation,
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infection or tumor [1, 5, 9]. This causes the accumulation of fluid from the blood
vessels in the interstitium. The cytotoxic edema is characterized by the break-
down of the sodium-potassium pumps in the cell membrane and, therefore, an
influx of fluid into the cell, causing the cell volumes to expand [1, 5, 9]. This
can be caused by ischemia, trauma or hepatic failure [9]. The vasogenic edema
is mainly present in the WM, while the cytotoxic edema occurs also in GM [9].
However, both edema types often occur simultaneously [12].

The current gold standard to assess brain edema after death is the evalu-
ation of macroscopic signs on the brain by pathologists during autopsy [49].
Routinely, the brain is extracted from the skull and examined for abnormali-
ties. The following macroscopic signs indicate brain edema: pressure signs like
flattened gyri, narrowed sulci and spurs at the frontal lobes and cerebellum are
visible externally on the whole brain, while on coronal brain slices, a pale cortex
and narrow ventricles are detectable [48, 49, 51].

An objective rating method for brain edema is the determination of the nor-
malized cerebral weight (NCW), calculated by dividing the measured brain
weight at autopsy by the intracranial volume segmented from computed to-
mography (CT) images., which has been shown in two studies by Bauer et al.
[96, 99] to be in good agreement with the gold standard.

Imaging methods like CT or magnetic resonance imaging (MRI) are advan-
tageous for diagnostic purposes because of their noninvasive characteristics,
and especially MRI exhibits a great potential for evaluating the brain in general
and also more specifically for edema. The advantages of MRI - mainly due to
its sophisticated contrast behavior in soft tissues but also due to the absence of
ionizing radiation - promote its application not only post mortem but also in
the living. Hence, the results from a post mortem validation study could also
be applied for brain edema diagnostics in clinical patients.

Several studies have already been performed using CT [12, 61, 62, 63, 100]
and MRI [32, 37, 38, 40, 70, 72, 74, 75, 76] to detect brain edema and the wa-
ter content within the brain tissue. In CT images, mainly the differences in
Hounsfield units (HUs) of GM and WM are compared [12, 61, 62, 63], but also
morphological of signs like narrowed ventricles and invisible gyri are evaluated
[12, 62, 63, 100] or manual measurements of dimensions like the cerebrospinal
fluid (CSF) spaces are performed [12, 61]. In their MRI study on bovine and cat
brains, Kamman et al. [70] found a linear relation between R1 and R2 of GM,
respectively, and the inverse of the water content. However, this was not found
for T2 of WM. Fatouros et al. [37] developed a model to calculate the water
content based on T1 while Meyers et al. [72] calculated the water content us-
ing T2. Using T∗

2, Neeb et al. [74] and Oros-Peusquens et al. [75] developed a
method to determine the absolute water content. In order to differentiate cy-
totoxic and vasogenic brain edema in living subjects, diffusion MRI is applied,
with an increased apparent diffusion coefficient (ADC) being an indicator for
vasogenic and a decreased ADC for cytotoxic edema [38]. Yet, Lu et al. [40]
question the validity of this statement as in their study on rats, the uninjured
side of experimentally induced traumatic brain injury on one hemisphere lead
to false-negative results. Testing different mathematical models for diffusion
imaging, Masjoodi et al. [76] was able to differentiate between edematous and
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normal WM by using the diffusion tensor imaging (DTI) parameters fractional
anisotropy (FA), mean diffusivity (MD), axonal or radial diffusivity as well as by
using the neurite orientation dispersion and density imaging (NODDI) param-
eter for the intracellular volume fraction. All aforementioned MRI publications
were performed in phantoms [37, 72, 74], animals [37, 38, 40, 70] or living hu-
mans [74, 75, 76]. There is only one post mortem study on humans, performed
by Neumann et al. [32], in which they compared the presence of papilledema
on T2-weighted images as a possible criterion for brain edema with the autopsy
results. They concluded that MRI-based papilledema can help in evaluating
brain edema. However, as in the gold standard, this method also depends on
the investigator’s experience and, thus, is not objective.

Hence, the goal of this study was to evaluate different quantitative MRI pa-
rameters for the differentiation of edematous and nonedematous brains post
mortem by validating the results with the current gold standard and the NCW
method developed by Bauer et al. [96].

Materials and Methods

Subject overview

This study was performed according to ethical standards and the Swiss human
research act (HRA, SR 810.30) with a positive evaluation of the institutional re-
view board (project-ID: 2017-02117). The following inclusion criteria were ap-
plied for an inclusion of deceased for this study: forensic autopsy order by the
local prosecutor, majority age at death, absence of decomposition or putrefac-
tion (green coloration of the skin, ablation and vesicle formation of the skin
[101], intact brain and MR safety of the body.

In total, 22 deceased were included from 2019 to 2021. An overview of the
subjects is given in Table 10, where sex, age at death, core temperature and
post mortem interval (PMI) immediately prior to the MRI scan, brain weight
as well as the cause of death as determined by autopsy are indicated. The core
temperature was measured by using a rectal temperature probe.

CT imaging

A post mortem whole body and head CT scan was performed prior to the MRI
scan using a 16 slice CT scanner (Siemens Somatom Emotion, Siemens Healthi-
neers, Erlangen, Germany) in order to detect exclusion criteria of brain anoma-
lies and MR unsafe bodies, as well as to generate data for the segmentation of
the intracranial volume, necessary for the NCW method [96]. For the head, a
slice thickness of 2 mm, a tube voltage of 130 kV and a H13S convolution kernel
were applied.
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Table 10: Distribution of sex, mean ± standard deviation (minimum value –
maximum value) of age, core temperature, PMI and brain weight as well as
causes of death of all examined subjects.

Sex (female/male) 5/17
Age at death (in y) 57.7 ± 16.7 (26 – 88)
Core temperature (in °C) 16.1 ± 8.3 (4.2 – 33.5)
Post mortem interval (in h) 37.2 ± 20.4 (10.5 – 82)
Brain weight (in g) 1420.1 ± 156.6 (1145 – 1710)
Cause of death Number of cases
Cardiac failure 12
Intoxication 3
Asphyxia 2
Respiratory failure 2
Regulatory failure 1
Exsanguination 1
Unclear 1

MRI acquisitions

The MRI scans were performed using a 3 T scanner (Siemens Magnetom Prisma,
Siemens Healthineers, Erlangen, Germany) and a 20-channel head and neck
coil. For this examination, the deceased were wrapped in two artefact-free body
bags to prevent body fluid leakage and guarantee anonymity. The following
MRI protocol was acquired:

- Inversion recovery spin echo (IR-SE) sequence with 6 different inversion
times (TIs) for quantification of relaxation time T1 (TIs = 30, 80, 200, 400,
700, 1200 ms, echo time (TE) = 12 ms, repetition time (TR) = 7060 ms,
40 slices, slice thickness = 4 mm, in-plane resolution = 1x1 mm2)

- Multi-contrast spin echo (SE) sequence with 12 different TEs for quantifi-
cation of the relaxation time T2 (TEs = 9.8, 19.6, 294, 39.2, 49.0, 5.8, 68.6,
78.4, 88.2, 98, 107.8, 117.6 ms, TR = 5720 ms, 44 slices, slice thickness =
4 mm, in-plane resolution = 1x1 mm2)

- Multi-echo gradient echo (GRE) sequence with 12 different TEs for quan-
tification of the relaxation time T∗

2 (TEs = 5.79, 10.34, 14.40, 18.46, 22.52,
26.58, 30.64, 34.70, 38.76, 42.82, 46.88, 50.94 ms, TR = 68 ms, 44 slices, slice
thickness = 4 mm, in-plane resolution = 1x1 mm2)

- Diffusion-weighted single-shot echo-planar imaging: DTI sequence for
quantification of FA and MD (b = 2000 s/mm2, 64 isotropically distributed
diffusion directions, 3 b = 0 s/mm2, TE = 109 ms, TR = 18700 ms, 100 slices,
isotropic resolution = 1.8 mm3).

Macroscopic evaluation

During the subsequent forensic autopsy, the brain was extracted from the skull
and weighted (scale SB 16001 Delta Range, Mettler Toledo, Columbus, OH,
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United States; Linearity: 0.3 g). The forensic pathologists examined the brain
externally and by cutting coronal slices of approximately 10 to 15 mm thickness.
Thereafter, the whole brain was rated as either edematous or nonedematous ac-
cording to the presence of macroscopic signs. The rating was a consensus deci-
sion of at least 2 forensic pathologists of whom 1 was board certified in forensic
pathology with a minimum experience of 5 years. The assessed macroscopic
signs were flattened gyri, narrowed sulci, spurs at frontal lobes and cerebel-
lum, pale cortex and narrowed ventricles. This evaluation method depicts the
current gold standard for the post mortem assessment of brain edema.

NCW evaluation

Segmentation of the CT data was performed by applying the analysis pipeline
described by Bauer et al. [96] and by using FSL 6.0.0 (FMRIB Software Library,
Analysis Group, [86]). To obtain the NCW, the measured brain weight was
divided by the respective intracranial volume with the inferior limit at the fora-
men magnum. With this normalization, account is taken of individual skull
sizes.

MRI analysis

The image analyses were performed using FSL 6.0.0 and 6.0.3, respectively
(FMRIB Software Library, Analysis Group, [86]) and MATLAB R2018 (The
MathWorks, Inc., Natick, MA, United States) according to processing pipeline
explained in detail in Berger et al. [102]. An automatic segmentation of brain
extracted T1-weighted IR-SE images with TI = 200 ms into WM, cortex and
deep gray matter (DGM) was performed [103, 104, 105]. The masks of the
different regions were corrected for partial volume effects by excluding voxels
based on the FSL partial volume maps and by thresholding using the Otsu
method [105, 106, 107]. Poor CSF segmentation was improved by manual
segmentation. All data were registered to the IR-SE images in order to allow for
the application of the segmented masks [108, 109]. A voxel-wise computation
of T2 and T∗

2 was performed using a two-parameter mono-exponential single
decay fit [65]. Based on a three parameter biexponential fit and the correspond-
ing voxel values of T2, T1 was determined voxel-wise [102, 110]. The DTI data
were corrected for eddy current distortions prior to registration and processed
with the FMRIB’s diffusion toolbox [111].

Statistical analysis

All statistical analyses were performed using MATLAB R2018 (The MathWorks,
Inc., Natick, MA, United States). The correlation coefficient r between the gold
standard and the NCW, as well as the MRI parameters, respectively, and the
corresponding p-values were determined by applying the Spearman, Pearson
or point biserial [97] correlation (two-tailed) depending on the scale and distri-
bution of the underlying data (Shapiro-Wilk test for test of normality). Also the
dependence of the gold standard, the NCW and the MRI parameters on the age
at death and the PMI was determined in this way. The correlation is defined as
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being negligible for the absolute value of r between 0 and 0.3, low between 0.3
and 0.5, moderate between 0.5 and 0.7, high between 0.7 and 0.9 and very high
between 0.9 and 1 [98]. The influence of temperature on the gold standard was
calculated with a statistical hypothesis test and the effect size: According to the
underlying distribution calculated with the Shapiro-Wilk test, the Welch’s t test
(two-tailed, unequal variances) was applied and the effect size was determined
with Cohen’s d [88] in order to determine the significance and magnitude of the
difference between the mean of the two groups. The absolute of d is defined
to be very small between 0.01 and 0.19, small between 0.20 and 049, medium
between 0.50 and 0.79, large between 0.80 and 1.19, very large between 1.20 and
1.99 and huge above 2.00 [89, 90]. For evaluating the linear dependence of the
MRI parameters on the NCW, a linear model (y = a + bx) was fitted to the mean
values of every parameter to obtain linear regression models. Beside the origin
(a) and the slope (b) of the model, also the coefficient of determination adjusted
R2 was calculated in order to describe how well the linear model fits the data. In
this context, the p-value describes if the chosen linear model fits the data better
than a degenerate model based on a constant term. For all p-values, a statistical
significance level of 0.05 was applied.

Results

Macroscopic evaluation

Of the 22 examined brains, 13 were rated as edematous and 9 as nonedematous
according to the rating of the macroscopic signs by the forensic pathologists
during autopsy which is the gold standard.

Influence of core temperature

A group comparison between the edematous and nonedematous cases, classi-
fied according to the gold standard, revealed no significant differences for the
temperature (p = 0.243) and a medium effect size (d = 0.521) (Figure 13). Con-
cordantly, no temperature correction of the MRI parameters was performed.
Besides, the core temperature showed no significant correlations with the NCW
(r = 0.180; p = 0.421) or the gold standard (r = 0.254; p = 0.385).
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Figure 13: Violin plots [112] of the temperature distribution for the edematous
and nonedematous groups according to the gold standard. Mean value: Star;
Median: Line; 1st / 99th percentile: Lower/upper boundary of brightest area;
1st /3rd quartile: Lower/upper boundary of darkest area; Mean -/+ standard
deviation: Lower/upper boundary of rectangle; Kernel density (probability
density of temperature): Shape of brightest area; 95% of confidence interval:
Notches of darkest area.

Method comparison

Representative IR contrasts, segmented brain regions and maps of the different
MRI parameters are shown in Figure 14 for one edematous and one nonedema-
tous case.

The p-values and correlation coefficients for the correlation between the MRI
parameters on one hand and the gold standard and the NCW, respectively, on
the other hand are depicted as heat maps in Figure 15 for the different brain
regions. High and significant correlations exist in the cortex between both, T2

and FA with the NCW. Additional significant, but not high correlations with the
NCW were found for T1 and FA in the cortex. However, no significant or high
correlations were detected between the gold standard and any of the examined
MRI parameters in any region.

In Figure 16, the mean values and standard deviations of every case are il-
lustrated against the corresponding NCW values for all MRI parameters sepa-
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Figure 14: Exemplary MRI data for an edematous (top row) and a nonedema-
tous (bottom row) case; IR contrast (TI = 200 ms) (a), segmented DGM (in blue),
WM (in red), and cortex (in yellow) pixels (b) as well as T1 (c), T2 (d), T∗

2 (e), FA
(f) and MD (g) maps.

Figure 15: Heat maps of p-values and correlation coefficients r for correlations
between GS and NCW, respectively, and the MRI parameters T1, T2, T∗

2, FA and
MD in the cortex, WM and DGM. Significant p-values are color-coded in green,
not significant p-values in yellow (≤ 0.1) or red (> 0.1). The coloring for r starts
with red at low correlations and becomes more green for higher correlations.

rately. Additionally, the linear regression models and the corresponding confi-
dence intervals are presented color-coded for the cortex, the WM and the DGM.
The cortex visually exhibits a stronger dependence on the NCW for T1, T2 and
MD than the other regions, which only vary for FA. Table 11 lists the calculated
values of the estimated linear model coefficients a (origin) and b (slope), as well
as the model statistics adjusted R2 and the p-value for all examined regions and
MRI parameters. This overview reveals the highest adjusted R2 and the most
significant p-values for the combinations of T2 and FA with the NCW in the
cortex, which can also be seen in Figure 16.

The age at death influenced all examined MRI parameters, except MD, in
the cortex and T2 even revealed a high correlation (r = 0.73; p = <0.001) with
the age in this region. Also an age dependence of the gold standard (r = -0.482;
p = 0.025) and the NCW (r = -0.726; p = <0.001) were detected. The PMI had an
influence on MD in all examined regions, on FA in WM and on T∗

2 in DGM. The

51



correlations of PMI and MRI parameters were high for MD in WM (r = -0.70;
p = <0.001) and DGM (r = -0.80; p = <0.001). The PMI did neither influence the
gold standard (r = -0.006; p = 0.947) nor the NCW (r = 0.045; p = 0.842).

Figure 16: MRI parameters T1 (a), T2 (b), T∗
2 (c), FA (d) and MD (e) in relation

to the NCW differentiated for cortex (blue triangles), WM (red dots) and DGM
(gray squares). The linear regression lines are shown as solid lines. The shaded
areas indicate the 95% confidence interval of the fits.
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Table 11: Fitted linear model (y = a + bx) for T1, T2, T∗
2, FA and MD differentiated

for cortex, WM and DGM. The regression coefficients origin (a), slope (b) as well
as the adjusted R2 value and p-value of the chosen model are given. Coefficients
and adjusted R2 values are highlighted in bold in case of significant p-values.

a (in ms, -, mm2/s) b (in ms/g/cm3, Adjusted R2 p-value
-/g/cm3,

mm2/s/g/cm3)
Cortex
T1 2680.6 ± 708.6 -1910.9 ± 763.7 0.20 0.021
T2 630.4 ± 68.7 -544.3 ± 74.1 0.72 <0.001
T∗
2 86.7 ± 23.7 -54.4 ± 25.6 0.14 0.046

FA -0.3 ± 0.1 0.6 ± 0.2 0.37 0.002
MD 1.1E-3 ± 3.8E-4 -9.9E-4 ± 4.1E-4 0.18 0.027
WM
T1 638.3 ± 120.1 -89.0 ± 129.5 -0.03 0.500
T2 139.4 ± 28.7 -42.7 ± 30.9 0.04 0.183
T∗
2 49.1 ± 20.7 -13.5 ± 22.4 -0.03 0.553

FA -0.1 ± 0.2 0.4 ± 0.2 0.15 0.041
MD 7.3E-5 ± 2.2E-4 7.2E-5 ± 2.4E-4 -0.05 0.763
DGM
T1 1126.7 ± 274.6 -585.7 ± 296.0 0.12 0.062
T2 141.2 ± 47.4 -56.2 ± 51.1 0.01 0.285
T∗
2 12.3 ± 21.0 16.1 ± 22.6 -0.02 0.484

FA -0.1 ± 0.2 0.6 ± 0.3 0.15 0.043
MD 1.9E-4 ± 3.0E-4 -2.0E-5 ± 3.3E-4 -0.05 0.951

Discussion

In this study, the suitability of various MRI parameters for the assessment of
post mortem brain edema was examined. Thereby, the MRI parameters T2 and
FA showed the highest correlations with the NCW in the cortex and, thus, can
be used for the evaluation of brain edema. Also in WM and DGM, the pa-
rameter FA correlated significantly with the NCW. In the cortex, reliable linear
models describing the dependence of the MRI parameters on the NCW were
determined for all MRI parameters, and in WM and DGM for FA. However, the
current gold standard did not correlate with any MRI parameter.

While most clinical MRI studies in patients investigated localized brain
edema, for example close to tumors [74, 76] or in the affected hemisphere
[38, 39, 40, 70], post mortem examinations focus on generalized brain edema.
However, MRI studies investigating in which structure or tissue type a
generalized brain edema is best detected are sparse. Kamman et al. [70]
investigated T1 and T2 as potential indicators for brain edema in WM and
GM and concluded that brain edema can be detected in GM, but not in WM.
According to the existing literature, a vasogenic edema is more present in WM,
while a cytotoxic edema can be detected both in WM and GM [9, 23]. Therefore,
the results of Kamman et al. [70] would mean that only cytotoxic edema could
be observed using T1 and T2. In this study, GM was divided into cortex and
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DGM, and, similar to the conclusions of Kamman et al. [70], the cortex was the
most suitable structure for detecting generalized brain edema. This is also in
agreement with the results of the wet-dry weight method applied in Bauer et
al. [99].

In this study, it was shown that FA and T2 are the most suitable MRI param-
eters for evaluating brain edema, as these revealed the highest correlations with
the NCW. Many publications applied diffusion MRI for the assessment of local-
ized brain edema in living subjects [38, 39, 40, 76], while other studies used the
MRI parameters T1 [37, 70], T2 [70, 72] or T∗

2 [74, 75] to calculate the water con-
tent. Linear relationships of the inverse of the water content and 1/T1 [37, 70]
and 1/T2 [70], respectively, were described. Moreover, the water content was
determined from a T2 relaxation decay curve [72], from T∗

2 maps acquired with
a combination of two multi-slice and multi-time point sequences [74] and by
applying a long TR multiple-echo gradient echo sequence so that the signal at
zero TE is proportional to the water content [75]. By applying induced edema
models [39], validations with histology [40] or water maps based on T1 [38],
it was shown that the ADC increases in vasogenic and decreases in cytotoxic
edema. However, Lu et al. [40] highlighted that ADC can lead to false-negative
results by declaring a brain as nonedematous although an edema exists. After
inducing traumatic brain injuries on one hemisphere of rats, they were able to
describe the generalized brain edema histologically, but not with ADC on the
uninjured hemisphere. The poor correlations of the MD values with the gold
standard and the NCW may be caused by the same bias in this study.

In comparison with the NCW, the correlation of the investigated MRI pa-
rameters with the gold standard are much lower. This can partially be explained
by the underlying data structure. Both the MRI parameters and the NCW are
continuous data, while the gold standard is based on rough dichotomous data
with a classification into two states only. This is one reason why the correlations
with the gold standard are lower and less significant. Another reason could be
the possibly subjective nature of the current gold standard. Although it is a
consensus decision of several forensic pathologists, it is still dependent on the
rater experiences and, thus, error-prone. Also Neumann et al. [32] highlighted
in their study on the evaluation of brain edema by detecting papilledema us-
ing MRI that autopsies are rater dependent and – compared to medical imag-
ing – not re-evaluable, as the autopsy results are often documented in written
form only and photographs of organs are not performed routinely. This caused
the authors to reconsider autopsies as the gold standard for the rating of brain
edema.

As shown in the recent publication of Berger et al. [102], MRI scans are sen-
sitive to the tissue temperature. Scanning bodies of different temperatures with
the same MRI sequences results in biased MRI parameters. In post mortem
imaging, this is especially important as the temperature range to be taken into
account is high. The body temperature in deceased at the beginning of the MRI
scan can range from about 4°C (= temperature of the cooling chamber) to 40°C
(for example a deceased subject with an inflammation or fever prior to cooling).
In this study, the difference in temperature distribution between the edematous
and the nonedematous group was not significant. Therefore, the influence of
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temperature was assumed very limited such that a temperature correction was
not considered necessary. Naturally, the temperature does neither influence
the NCW nor the gold standard as their underlying measures brain weight,
intracranial volume and macroscopically visible signs are not affected by the
tissue temperature.

Another influencing factor may be the age at death and the associated brain
atrophy. The extent of brain atrophy often increases with the age of a person
and may compensate for an existing brain edema due to the tissue decline [91].
The prefrontal cortex was shown to be most affected by atrophy, causing a thin-
ning cortex [91]. Our results indicate the magnitude of water diffusion to be
constant as MD is not affected, while the water content, which can be seen in
the values of T2, is increasing in the cortex during adult life span (maximum
age in this study: 88 years). In a recent review publication by MacDonald et
al. [113], the authors described the age related changes of every quantitative
MRI parameter in detail and concluded that T1, T2, T∗

2, FA and MD are all age
dependent. This is also valid for the NCW and the gold standard in this study.
The tissue decline of brain atrophy results in a lower brain weight. In a case
of brain edema, the excessive water accumulation may be compensated by the
lowered weight, resulting in a low value for the NCW indicating a nonede-
matous brain. Furthermore, the tissue decline of brain atrophy can lead to an
absence of macroscopically visible pressure signs in edematous cases, as both
processes cancel each other out. Hence, the gold standard may classify an ede-
matous brain as nonedematous. In this work, all methods applied are sensitive
to the age at death and might influence the evaluation of brain edema.

Furthermore, also the PMI may have an influence on the assessment of brain
edema, as the body decomposes and liquefies with increasing post mortem time
[26]. Thus, a brain with a long PMI is more likely to be rated as edematous
due to increased liquefaction. To prevent this influence, only deceased with-
out visible decomposition signs of the brain were included in this study and
the maximum PMI was 82 hours. The fact that the NCW is not dependent on
the PMI indicates that these applied PMI were small enough to ensure nonde-
composed brains, as the brain weights were unaffected. Besides, in these time-
frames, the macroscopically visible signs could still be described for the gold
standard, which requires well preserved brains. MD was the only MRI parame-
ter showing a high correlation with the PMI. Decreasing diffusion with increas-
ing PMI is described in several publications and as driving factors, temperature,
cause of death, autolysis and protease activities are mentioned [114, 115, 116].

In this study, standard MRI sequences were applied and standard calcula-
tions of MRI parameters were performed. With this setting, brain edema cases
of deceased could be detected. Eventually, applying more sophisticated models
like NODDI [117] and the further refined NODDI-DTI [118] or CHARMED [119]
could also be useful for describing the pre- or absence of brain edema based on
diffusion MRI characteristics. The differentiation of vasogenic and cytotoxic
edema was shown to be possible in some publications using a rat model by cal-
culating the ADC [38, 39]. With specialized MRI sequences [74, 75, 76, 120, 121],
the absolute water content could be calculated in living patients. However,
these methods were not tested in this study, as no validation of the differen-
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tiation of edema type could be performed. The edema type was not described
during autopsy for the gold standard and its differentiation is not possible us-
ing the NCW. For a reliable classification based on the MRI parameters without
a validation, a higher sample size would be necessary.

In summary, the application of MRI in deceased subjects has several advan-
tages for the assessment of brain edema: MRI is a noninvasive technique, the
evaluation of the obtained images is reproducible and the results of the calcu-
lated quantitative parameters are objective and independent of the experience
of the rater. However, there are also drawbacks of this method: Often, the nec-
essary infrastructure is not or restrictedly available in forensic institutes, the au-
topsy has to be postponed for several hours up to one day and MRI scans need
long acquisition times compared to other imaging methods like CT. However,
with MRI becoming more and more applied in forensic science, the availabil-
ity of or access to MRI scanners increases and it is expected that MRI scans of
deceased will become a routine procedure in the future.

Conclusion

In this study, the benefit of post mortem MRI scans for the assessment of gen-
eralized brain edema was examined. Especially T2 and FA in the cortex corre-
lated significantly with NCW and the dependence of the MRI parameters on
the NCW could be described with linear regression models. No MRI parameter
correlated significantly with the current gold standard. Although post mortem
MRI scans are not routinely used in forensic medicine and a special infrastruc-
ture is necessary, we recommend to determine at least the MRI parameters T2

and FA in the cortex as this is a noninvasive, objective and rater-independent
evaluation method and may represent a reliable biomarker for the presence of
brain edema.
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6 IVIM Project: Effect of Intravoxel Incoherent Mo-
tion on Post Mortem Diffusion Parameters

This conference abstract shows the preliminary results of the application of
brain IVIM on post mortem diffusion parameters. Using IVIM, diffusion
processes occurring in one voxel can be distinguished and quantified. This
allows a better understanding of the post mortem diffusion properties and may
be advantageous in evaluating brain edema.

Status: Published
Magnetic Resonance Materials in Physics, Biology and Medicine, Oct; 33
(Suppl 1): 69-23
DOI: 10.1007/s10334-020-00876-y
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Effect of intravoxel incoherent motion on post
mortem diffusion parameters

Melanie Bauera,b, Celine Bergera,b, Eva Scheurera,b, Claudia Lenza,b

a Institute of Forensic Medicine, Department of Biomedical Engineering,
University of Basel, Basel, Switzerland
b Institute of Forensic Medicine, Health Department Basel-Stadt, Basel, Switzer-
land

Introduction:

Intravoxel incoherent motion (IVIM) magnetic resonance imaging (MRI) allows
quantification of different diffusive processes according to varying molecule
speeds. Its signal decay depends on the perfusion fraction (f) and coefficients for
diffusion (D) and pseudo-diffusion (D∗) [68, 69]. To consider the non-Gaussian
behavior of the diffusion, several models, e.g. the kurtosis (K) model, exist
[69, 122]. In this study, the effect of brain IVIM on post mortem (PM) diffusion
parameters was analyzed to enhance the insight into the underlying properties.

Subjects/Methods:

For this study, 5 deceased and 2 living volunteers underwent 3T MRI scans.
An overview of the subject characteristics is given in Table 12. The IVIM se-
quence consisted of a diffusion-weighted single-shot-echo-planar imaging se-
quence with 6 isotropically distributed directions acquired at 16 b-values (0, 20,
40, 60, 80, 100, 120, 140, 160, 180, 200, 500, 1000, 1500, 2000, 2500 s/mm²). A two-
step kurtosis model was applied for IVIM analysis: D and K were determined
for high b-values (>200 s/mm²) at first and thereafter kept constant to calcu-
late f and D∗ for all b-values. The calculations were performed after automatic
segmentation into white matter (WM) and gray matter (GM) separately.

Results/Discussion:

Lower values for f and D were obtained for the PM cases than for the controls
and they are higher in the gray matter than in the white matter (see Table 13).
The fits for the PM cases show a slower decay than those for the volunteers with
good intra-group congruence and a clear inter-group difference (see Figure 17).
Although PM 4 was scanned with a higher forehead temperature, a slight dif-
ference to the cooled bodies is only visible in the white matter fit. The product
of D, K and b-value is less than 3 in all cases, indicating a successful fitting with
the kurtosis model [69].

Though expected due to the missing blood flow, f does not level to 0 % PM.
D∗ is almost the same for dead and living people. The IVIM parameter results
for the volunteers correspond well with the already published results [123]. The
steeper curve for PM 4 regarding the WM can be explained by its higher fore-
head temperature of 18.8°C (mean of other deceased: 8.0°C). A PMI in our range
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does not seem to have an influence on the IVIM parameters. However, the in-
toxication of PM 2 followed by a fatal cytotoxic cerebral edema causes an in-
creased D∗ (see high standard deviation for D∗ in Table 13). Even though the
sample size is low in our study, the acquired results are stable and show a clear
trend.

Figure 17: IVIM fits for gray (top) and white (bottom) matter for all investigated
subjects. In addition, data points are illustrated with their standard deviations.
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7 Discussion, Outlook and Conclusion

Discussion

The purpose of this thesis was to establish a noninvasive, quantitative and ob-
jective assessment method for brain edema in deceased. Currently, the gold
standard is the evaluation of macroscopically visible signs during autopsy by
forensic pathologists. This kind of rating is invasive, subjective and dependent
on the experience of the raters. In order to facilitate and standardize the post
mortem assessment of brain edema in a forensic context, a new objective evalu-
ation method as reliable as the gold standard needed to be developed.

All applied assessment methods are discussed individually in the follow-
ing sections. In summary, MRI proved to be a reliable assessment method for
brain edema in deceased with the potential to replace the current gold standard.
The mathematical model by Radojevic et al. [47], the histology and the WDW
method did not agree with the gold standard and the NCW is invasive. With
MRI, the desired properties of noninvasiveness, objectiveness and quantitative-
ness are met. Adapted MRI examinations could further be performed on living
patients, as MRI is harmless to the human body.

Macroscopic Signs

In the first publication, the gold standard was tested against the influencing
factors age at death, PMI and cooling time. The age at death influenced the
classification with the gold standard, probably due to the development of brain
atrophies in older brains. To the same conclusion came Berger et al. [12] in a post
mortem CT study in which they determined that brains of deceased older than
51 years are less likely to be rated as edematous due to atrophy. The PMI (mean
value: 35.6 hours) did not have an influence on the gold standard as brains
showing decomposition signs were excluded. Also Flach et al. [43] concluded in
their MRI study that a PMI of average 39.1 hours does not influence the results
regarding brain edema. Therefore, as long as the brain is not decomposed, the
assessment of the brain concerning edema is not affected. Similarly, the cooling
time did not affect the assessment based on the gold standard. In the second and
third publication, the gold standard did not correlate significantly with other
assessments methods. This may be due to the rough classification into the two
states edematous and nonedematous by the gold standard and its subjective
evaluation, which might lead to varying results. Generally, the gold standard is
an invasive and subjective assessment method and depends on the experience
of the raters. These properties initiated the examinations of further assessment
methods for brain edema this thesis.

Mathematical Model by Radojevic et al.

The mathematical model developed by Radojevic et al. [47] to evaluate brain
edema in deceased was tested in the first publication. Although the authors
were in principle able to classify brains according to a threshold with this for-
mula, the classification results were poor for our cases. The reason for the dis-
agreement may be the averages of the skull height, brain density, ratio of brain
within the skull and skull volume contained in the formula, which resulted in
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a too imprecise representation of our cases. Furthermore, Radojevic et al. [47]
used histological evaluation as validation method, while we compared the re-
sults to the gold standard. Also Lundesgaard Eidahl et al. [25] came to the con-
clusion that this formula does not classify their cases correctly as all cases were
rated as edematous, but the macroscopic evaluation uncovered 16 edema cases
out of 54. As reasons for this disagreement, the authors name that they used CT
images for the skull measurements instead of performing the measurements
with a calliper during autopsy and that the populations differ, which has an in-
fluence on the skull dimensions. In our publication, we performed the distance
measurements of the skull using both a calliper, as explained in the publication
of Radojevic et al. [47], and CT images. We showed that these two measuring
methods were in excellent agreement, which speaks for a highly reproducible
skull opening technique during autopsy. For both measurement methods, the
determination of the skull distances were performed by two raters indepen-
dently and these values additionally showed excellent agreement. Thus, as
proposed by Radojevic et al. [47], only one rater is necessary for the distance
measurements.

Normalized cerebral weight

With the NCW, a post mortem assessment method for brain edema was in-
vented in the first publication. This method was shown to be as reliable as the
gold standard. Advantageously, the NCW is an objective assessment method
for brain edema, which takes account of the individual skull size by calculat-
ing the intracranial volume in CT images. Equivalent to the gold standard, the
NCW is affected by the age at death, but not by the PMI. Due to age-related
atrophy, the brain weight is reduced and, hence, also the NCW. Like it was
shown for the gold standard, also the NCW dependences point out that the
here examined PMI range and exclusion criteria were appropriate for the assess-
ment of brain edema. Alexander and Looney [58] invented a similar assessment
method like the NCW. To determine their differential ratio of skull capacity to
brain weight, the authors filled the skull with water to determine the skull ca-
pacity and immersed the brain in a water tank to determine the brain volume.
Such elaborate measurements are not convenient in routine forensic investiga-
tions. Unfortunately, the NCW is still an invasive evaluation method, as the
brain weight needs to be weighed. However, this method was applied in fur-
ther studies as a validation method as it is objective and its values are finer than
the dichotomous classification into edematous and nonedematous brains based
on the gold standard. Thus, the gradual development of brain edema can be
represented in more detail.

Histology

The histological assessment of brain edema in deceased was investigated
in the second publication. Our results showed that the rating of histological
slides is a challenging task and needs experience, as the interrater agreement
was fair to moderate. Furthermore, the evaluation of neither of the raters cor-
related with the gold standard, but one rater had a significant correlation with
the NCW. Rating histological slides contains several prior processing steps,
which are partly performed manually. Thus, not only the microscopic evalu-
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ation, but also the antecedent tasks are error-prone. Therefore, we concluded
that histology is not a reliable assessment method for brain edema. To a sim-
ilar conclusion came Hausmann et al. [49] in their publication in which they
compared histological findings with the difference between actual brain weight
and calculated normal brain weight. The calculated normal brain weight is a
method developed by Röthig and Schaarschmidt [77] and is based on the body
height. Hausmann et al. [49] considered this method as the most reliable one
and concluded that the microscopic evaluation is not suitable for the classifica-
tion of brain edema, although they increased the repeatability of the histological
assessment by performing an automatic evaluation. Yates et al. [20] compared
water content and histology of tissue samples and found no correlations. Taking
the water content as the reliable assessment method, they concluded that his-
tology of brain edema is of limited benefit. However, several studies [30, 51, 55]
describe the histological changes of edematous brain tissue. Scheinker [30] state
parenchamal changes in slides stained with routine H&E stain, while Feigin
and Popoff [55] obtained limited results with H&E stained slides in a study
using varying stains for the evaluation of brain edema. Therefore, applying
other stains than the examined H&E stain could be taken into consideration in
further investigations of brain edema. Nonetheless, histology is invasive and
subjective and, hence, does not meet the desired properties of the assessment
method looked for in this thesis.

Wet-dry weight

The WDW method was tested in the second publication for brain samples
from the same regions as for the histology method for the post mortem assess-
ment of brain edema. We found a significant correlation of the WDW with the
evaluation of one of the histology raters. As described previously, based on our
results, we did not consider the histology method as reliable. The WDW and
the gold standard did not correlate, however, an agreement was found in the
cortex. Although the WDW method is based on physical properties, it did not
show to be more suitable than the gold standard. A reason for the negative re-
sults might be the choice of region or size of the tissue samples. Drying bigger
samples of other brain regions or even the whole brain could be more impactful.
However, extraction of the whole brain for the determination of brain edema
prevents the execution of further brain examinations. Lundesgaard Eidahl et
al. [25] performed the WDW method and did not find a difference in edema-
tous and nonedematous brains. They assumed that the small sample size and
the location of the tissue samples on the surface impaired their results. Also
Alexander and Looney [58] could not correlate the water content with brain
edema or atrophy. However, some studies describe the possiblity to distinguish
edematous from nonedematous brains by applying the WDW method [20, 55].
This theoretically would make sense from a physical point of view and examin-
ing bigger samples might be beneficial in a further study. However, similar to
histology, the WDW does not meet the desired criteria for a noninvasive assess-
ment method.
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Magnetic resonance imaging

MRI was considered to be an ideal assessment method for brain edema in
deceased right from the beginning, because of its advantages of being nonin-
vasive, quantitative and objective. In the third publication, the results revealed
that the MRI parameters FA and T2 highly correlate with the NCW in the cortex.
As for the WDW method, the cortex was the brain region, which showed the
most distinct differences between edematous and nonedematous brains. How-
ever, none of the examined MRI parameters correlated with the gold standard.
The effects of the age at death and PMI were investigated and a significant in-
fluence of the age on FA and T2 were obtained in the cortex. An older brain is
more likely to develop a brain atrophy, which results in a loss of tissue. The age
at death also influences the NCW and the gold standard, as atrophic brains are
lighter and the tissue loss can compensate for a brain edema. Therefore, spe-
cial attention has to be paid on the age at death when evaluating brains post
mortem. Contrary, the PMI affected neither FA nor T2 nor the NCW nor the
gold standard.
In previos studies, diffusion imaging was applied to differentiate vasogenic
from cytotoxic edma based on the ADC [38, 39, 40]. Higher ADC values than
normal indicate a vasogenic edema while lower values than normal refer to cy-
totoxic edema [38, 39, 40]. In the third publication, a differentiation of edema
types was not performed by using the examined MRI parameters, as our vali-
dation methods (gold standard and NCW) do not identify the edema type. The
forensic pathologist do not determine the edema type during autopsy when
they perform the rating of the macroscopically visible signs and the NCW is
not affected by differing brain edema types. A higher sample size than in pub-
lication 3 would be important for a reliable differentiation of edema types us-
ing these MRI parameters without a validation method. However, performing
IVIM measurements already looked promising for the identification of brain
edema types in a study presented as a conference abstract. This IVIM study
revealed clear trends for the behavior of the pseudo-diffusion in a cytotoxic
edema case and for the temperature dependence of WM. These results have
to be handled with caution as the sample size was very small. However, fur-
ther examinations using IVIM should be performed to support the preliminary
results.

Outlook

The assessment of post mortem brain edema using MRI proved to be suitable
for the parameters T2 and FA. Applying MRI, a bunch of possibilities are possi-
ble and promising.
The NODDI model is a mathematical model for DWI and assumes that the dif-
fusion signal origins from an intracellular , extracellular and CSF compartement
[117]. Thus, the complex microstructure of axons and dendrites can be assessed
[117]. Masjoodi et al. [76] revealed that the NODDI parameters intracellular
volume fraction (ficvf) and orientation dispersion index (odi) can differentiate
edematous from normal WM fibers when examining living patients with brain
tumors. The suitability of the NODDI model to detect brain edema post mortem
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and to differentiate brain edema types should be tested in the future.
While NODDI is designed for the investigation of WM, diffusion kurtosis imag-
ing (DKI) is suitable for the evaluation of GM due to its isotropic structure [124].
The mathematical model of kurtosis can also be adapted in the IVIM concept,
which was already promising to detect cytotoxic edema. This would be another
starting point for further research of brain edema.
Beside these models, specialized MRI sequences could be beneficial in the iden-
tification of brain edema. Oros-Peusquens et al. [75] and Neeb et al. [120, 121]
were able to determine the absolute water content in brains of living patients
by applying multiple-echo GRE sequences with a long TR and two fast multi-
slice and multi-time point sequences, respectively. With an adoption of the MRI
sequences to post mortem applications and adapted water content values for
edematous and nonedematous brains, a classification of future cases could be
possible.

Another possible assessment method would be the chemical examination
of the brain edema fluid. As Pappius and Gulati [34] already showed in their
publication, the sodium and potassium content of edematous brain is different
from nonedematous brain. However, they used an invasive method with flame-
photometry. Performing an imaging technique to characterize the content of
the brain fluid would be an optimal evaluation method as the fluid contents of
vasogenic and cytotoxic edema vary, but are known [2, 9].

Conclusion

In conclusion, the aim of this thesis was achieved: a noninvasive, quantitative
and objective assessment method for brain edema in deceased was developed
by applying in situ MRI. The MRI parameters FA and T2 showed to be reliable
biomarkers for the evaluation of brain edema, as they were proven to agree
with the NCW. Based on these results, further examinations using MRI should
be performed to additionally differentiate between brain edema types.
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