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A B S T R A C T

Introduction: After cardiac arrest and successful resuscitation patients often present with hypoxic-ischemic brain
injury, which is a major cause of death due to poor neurological outcome. The development of a robust histo-
pathological scoring system for the reliable and easy identification and quantification of hypoxic-ischemic brain
injury could lead to a standardization in the evaluation of brain damage. We wanted to establish an easy-to-use
neuropathological scoring system to identify and quantify hypoxic-ischemic brain injury.
Methods: The criteria for regular neurons, hypoxic-ischemic brain injury neurons and neurons with ischemic
neuronal change (ischemic change neurons) were established in collaboration with specialized neuropatholo-
gists. Nine non-specialist examiners performed cell counting using the mentioned criteria in brain tissue samples
from a porcine cardiac arrest model. The statistical analyses were performed using the interclass correlation
coefficient for counting data and reliability testing.
Results: The inter-rater reliability for regular neurons (ICC 0.68 (0.42 – 0.84; p < 0.001) and hypoxic-ischemic
brain injury neurons (ICC 0.87 (0.81 – 0.92; p < 0.001) showed moderate to excellent correlation while
ischemic change neurons showed poor reliability. Excellent results were seen for intra-rater reliability for regular
neurons (ICC 0.9 (0.68 – 0.97; p < 0.001) and hypoxic-ischemic brain injury neurons (ICC 0.99 (0.83 – 1; p <

0.001).
Conclusion: The scoring system provides a reliable method for the discrimination between regular neurons and
neurons affected by hypoxic/ischemic injury. This scoring system allows an easy and reliable identification and
quantification of hypoxic-ischemic brain injury for non-specialists and offers a standardization to evaluate
hypoxic-ischemic brain injury after cardiac arrest.

Introduction

Cardiac arrest, independent of its causes, has a high mortality rate.1

Despite improved survival rates, the probability for a return of sponta-
neous circulation (ROSC) after cardiac arrest remains low, with a global
rate of about one-third for out-of-hospital cardiac arrest (OHCA).2 When
ROSC is achieved, hypoxic-ischemic brain injury (HIBI) emerges as the

primary cause of death3. This is often attributed to the withdrawal of
care due to an expected poor neurological outcome.3 It accounts for
more than two thirds (73 %) of deaths following OHCA and ROSC.4

HIBI is a multifactorial process and the topic of ongoing research. In
2017, Sekhon et al.5 proposed a “two-hit” model with a primary injury
mechanism, also called ischemic injury, which occurs during the cardiac
arrest phase. It is caused by the immediate cessation of cerebral blood
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flow due to cardiac arrest.3,5 The secondary injury, also called reperfu-
sion injury, occurs mainly in the period following cardiac arrest5. This
phase encompasses the pathophysiological reperfusion processes
including the disruptions in calcium homeostasis, immune system acti-
vation and tissue inflammation3,5. The causal therapy of HIBI is difficult.
There are emerging therapeutic approaches, such as targeting metabolic
factors and pharmacologic interventions.6–7 For neuroprognostic pur-
poses, biomarkers8 and various neuromonitoring instruments9 can be
used in patients with HIBI after cardiac arrest. To evaluate the neuronal
damage in an experimental setting, the histopathological evaluation of
neurons is a common approach. To especially evaluate HIBI, previous
data indicate that cell counting is a valid method.10

Traditionally, the death of neurons is classified into passive oncosis
and programmed apoptosis. Pyroptosis is a newly described type
induced by the inflammasome. Acute ischemia is mainly leading to
oncosis (swelling of cells and organelles) and the subsequent necrotic
cell death of neurons which is both in contrast to the programmed
neuronal cell death such as apoptosis and pyroptosis. Ischemia disrupts
homeostasis resulting in cytotoxic oedema, breakdown of the neuronal
energy metabolism. Necrotic neurons show cytoplasmic shrinkage,
intense eosinophilia and a shrinkage and basophilia of the nucleus. As
necrotic neurons are easy to identify in their early stages, HIBI can be
exactly quantified in brain sections. As there is a poor neurological
outcome and death due to HIBI as well as only limited therapeutic op-
tions, we aimed to create and validate a histopathological scoring sys-
tem that would allow to identify and quantify HIBI after cardiac arrest.
Moreover, the scoring system aimed to provide an easily applicable
method for non-specialists to be used independently of experienced
neuropathologists. This would potentially expand the opportunities for
analyses in research groups beyond the neuropathological profession
and would refine and standardize the distinct evaluation. For the crea-
tion of the scoring system, we collaborated with specialized
neuropathologists.

Methods

HIBI-score

In order to be able to quantify regular neurons and neurons which are
damaged due to hypoxia (HIBI), we set up a score of precise rating
criteria. These criteria should enable an examiner to identify and count
regular neurons and HIBI neurons in haematoxylin–eosin-stained brain
tissue samples with high accuracy. The criteria were created with the
help of experienced neuropathologists (Institute of Neuropathology,
University Medical Center Johannes Gutenberg University Mainz,

Germany) and are shown in Table 1. Regular neurons are unaffected
neurons which do not show any morphological signs of damage. Those
regular neurons demonstrate a clearly delimitable round to oval nucleus
with a sharp nucleolus and a visibly separated cytoplasm from the sur-
rounding tissue by a smooth membrane (Fig. 1). We employed criteria
proposed by Hoque et al.10 and Stummer et al.11 with slight modifica-
tions to define regular neurons (Table 1). HIBI neurons are neurons
which got damaged by hypoxia and reperfusion as suggested by the
aforementioned two-hit model.5 Their nucleolus and nucleus are not
clearly delimitable. Furthermore, the nucleus is hyperchromatic (darker
than the cytoplasm) and shrunken (pyknotic). The cytoplasm and cell
boundary of a HIBI neuron is hypereosinophilic and deformed. Those
cells typically become triangular and may show signs of cell homoge-
nization and a shrinkage border (Fig. 1). As we put up the criteria for
regular neurons and HIBI neurons, we realized that there is a third
category of neurons. These were neurons which in part met both the
criteria of regular neurons and of HIBI neurons. They exhibited HIBI
criteria, yet the nucleolus remained clearly delimitable (Fig. 1). Conse-
quently, no clear assignment to one of the two categories was possible.
Hendrickx et al.12 described neurons in an intermediate stage and
defined them as “ischemic neuronal change (INC) neurons” which are
characterized by increased nuclear and cytoplasmic density. We classi-
fied those ischemic neuronal change (INC) neurons as ischemic change
neurons which made up a third category (Table 1).

Sample collection

After setting up the criteria we progressed to validate them. Conse-
quently, we used the brain tissue samples of pigs who underwent cardiac
arrest and cardiopulmonary resuscitation (CPR). The trial was approved
by the State and Institutional Animal Care Committee Rhineland
Palatinate, no. G16-1–04213. The trial protocol has been described in
detail before.13–14 In short, piglets, aged between 12 - 16 weeks and
weighing between 29 - 34 kg, were administered an anxiolytic medi-
cation at a local farm prior to their transfer to our Large Animal Research
Facility. Subsequently, they underwent anaesthesia, and standard
monitoring was implemented. The airway was secured with an endo-
tracheal tube. They were instrumented with arterial and venous sheaths
and catheters. Afterwards, ventricular fibrillation was induced. The no-
flow time was 4 or 8 min, respectively, followed by 8 min of basic life
support which then was followed by advanced life support (low-flow
time). We used different ventilation strategies during CPR. The no– and
low-flow times as well as different ventilation strategies lead to variable
oxygenation.13 If a ROSC was reached, the animals were monitored for
22 h and then euthanized using high doses of propofol and potassium
chloride. After euthanization, the brain was removed immediately and
fixed in a 4 % formaldehyde solution. The brain was sectioned using a
pig brain atlas15 to access the regions of interest: the cornu ammonis
(CA) 2 and 3 and the dentate gyrus (DG) of the hippocampus as well as a
cortical area next to the corpus callosum (cingulate cortex). The
paraffin-embedded tissue was cut into 2–5-μm-thick sections on a
microtome, mounted on glass slides, followed by routine haematox-
ylin–eosin staining (Fig. 2).

Validation

We used nine non-specialists in the field of neuropathology as ex-
aminers after a short training course for the histopathological analysis
(Table 1 supplemental), who performed cell counting of HE-stained
sample images using the mentioned criteria (Table 1). As to our
knowledge there was no data available on which we could have based
our assumptions for a formal examiner number calculation, we searched
the literature for similar experiments. García-Cabezas et al. who con-
ducted a comparable study which included 8 raters was used as a
guideline.16 The sample images were generated by photographing the
brain tissue samples using a light microscope (CX43RF, Olympus

Table 1
Criteria for regular neurons, ischemic neuronal change neurons (INC) and
hypoxic ischemic brain injury neurons (HIBI).

Regular neurons 1) Nucleolus clearly delimitable
2) Nucleus clearly delimitable, round/oval
and/or cytoplasm visible and delimitable
from the surrounding tissue by a smooth
membrane

Ischemic change neurons (neurons
with signs of ischemic neuronal
change (INC))

Criteria met partly by regular neurons and
partly by HIBI neurons, so that no clear
assignment to a category is possible. The
neurons often show HIBI criteria, but the
nucleolus can still be clearly defined.

Neurons with signs of hypoxic
ischemic brain injury
(HIBI)

1) Nucleolus: not clearly delimitable
2) Nucleus not clearly delimitable and/or
hyperchromatic (darker than cytoplasm),
pyknotic (shrunk)
3) Cytoplasma/cell boundary is deformed:
unrounded or triangular and/or
hypereosinophilic and/or signs of cell
homogenization, shrinkage border
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Cooperation, Tokyo, Japan) and the CellSens Software (CellSens Entry.
lnk, creation date 3 December 2018). Lighting conditions were kept
constant for all images. The sample images were taken in the three
mentioned regions of interest. Each examiner received a set of 8 sample
images for each region of interest (CA, DG, cortex), totaling 24 sample
images (Fig. 2). Afterwards, cell counting was conducted by each
examiner and the inter-rater reliability was assessed. Prior to the cell
counting, all nine examiners received an approximately 30-minute
introduction explaining the criteria and aiding decisions using stan-
dardized images for regular neurons, ischemic change neurons and HIBI
neurons as examples. To evaluate the intra-rater reliability, five exam-
iners (randomly chosen from the initial nine) performed a second round
of cell counting after a three-month interval. The criteria and the set of
24 sample images remained the same without repeated introduction.

Statistics

The cell-counting results were statistically evaluated via an
interclass-correlation coefficient (ICC) for the estimation of reliability,
adapted to count data.17 The ICC serves as a reliability index in the
analyses of test–retest, intra-rater and inter-rater reliability18. It is sug-
gested that ICC values less than 0.5 indicate poor reliability, values
between 0.5 and 0.75 indicate moderate reliability, values between 0.75
and 0.9 indicate good reliability, and values greater than 0.90 indicate
excellent reliability.18

The ICC (adapted to count data) used the variance components of a

generalized mixed model to estimate the ICC. The images were then
entered as random effects into the model to account for the repeated
assessments. The neuron counting results were assumed to be Poisson
distributed; p-values were obtained by a z-approximation using the
standard errors of the ICC. The analysis was conducted using R (version
4.2.1,19and the R package iccCount20. Additionally, the ICC (2,1) (two-
way mixed-effect, single rater type, absolute agreement) was based on
the proportion of HIBI neurons and compared to the number of regular
neurons plus HIBI neurons.21

Results

In the first cell counting round we had nine examiners who counted
neurons according to the criteria. As a mean, 627.6 regular neurons and
475.2 HIBI neurons (across all images and regions) were counted
(Table 2). There were only 40.7 ischemic change neurons identified,
which are 3.6 % of all neurons counted. Similar numbers were seen in
the second counting round (Table 2).

Our analyses revealed a varying reliability across different neuron
types and brain regions during the cell counting assessments. The
“overall” category indicates that all three regions of interest are being
considered simultaneously.

In the first round of cell counting, inter-rater reliability for regular
neurons (overall) was moderate, with an overall ICC of 0.68 (CI 0.42 -
0.84), p < 0.001 (Table 3). HIBI neurons (overall) demonstrated good
reliability, showing an ICC of 0.87 (CI 0.81 - 0.92), p < 0.001 (Table 3).
Conversely, ischemic change neurons (overall) exhibited poor reli-
ability, with an ICC of 0.12 (CI − 0.02 - 0.24), p = 0.082 (Table 3).
Notably, the CA region displayed the highest ICC: regular neurons with
0.88 (CI 0.63 - 0.96), p < 0.001, and HIBI neurons with 0.93 (CI 0.87 -
0.97), p < 0.001 (Table 3) indicating good or even excellent reliability.

In the second round of cell counting, inter-rater reliability for regular
neurons (overall) remained at 0.68 (CI 0.41 - 0.84), p< 0.001, with HIBI
neurons (overall) also showing good reliability with 0.84 (CI 0.74 -
0.91), p < 0.001 (Table 3). Regular neurons merely showed a lower ICC
in the DG region of 0.59 (CI 0.34 - 0.76), p < 0.001 (Table 3), still
indicating moderate reliability. Ischemic change neurons continued to
demonstrate poor reliability with an ICC of 0.12 (CI 0.05 - 0.29), p =

0.158 (Table 3). Once again, the CA region exhibited the highest ICC:
regular neurons with 0.98 (CI 0.78 - 1), p < 0.001, and HIBI neurons
with 0.89 (CI 0.78 - 0.95), p < 0.001 (Table 3).

Intra-rater reliability assessments indicated good to excellent reli-
ability for regular neurons and HIBI neurons. The lowest ICC for regular
neurons was observed in the Cortex of 0.92 (CI 0.68 - 0.98), p < 0.001
(Table 3). Regular neurons (overall) had an ICC of 0.9 (CI 0.68 - 0.97), p
< 0.001, and HIBI neurons (overall) had an ICC of 0.99 (CI 0.83 - 1), p<

0.001 (table 3). Ischemic change neurons consistently showed poor
reliability with an ICC (overall) of 0.3 (CI − 0.01 - 0.56), p = 0.045 and
the highest ICC in the CA region with 0.57 (CI − 0.09 - 0.88), p = 0.024
(Table 3).

Regarding the percentage of HIBI in the total neuron count (regular
neurons + HIBI neurons) we excluded ischemic change neurons due to

Fig. 1. Haematoxylin-Eosin (HE) staining. Neurons are labeled with an arrow. A: Three regular neurons. B: Two ischemic change neurons. C: Two neurons with
hypoxic-ischemic brain injury (HIBI).

Fig. 2. Sample image within the hippocampus as a region of interest. Neurons
are seen in the stratum pyramidale of the cornu ammonis (CA) of the hippo-
campus (marked with yellow boxes). Haematoxylin-Eosin (HE) staining. Scale
bar = 50 μm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the low absolute number of ischemic change neurons (Table 2). A good
and mainly excellent reliability for regular neurons and HIBI neurons
(overall) was found with an ICC (overall) of 0.87 (CI 0.79 - 0.93), p <

0.001 (Table 4) in the first round and an ICC (overall) of 0.92 (CI 0.86 -
0.96), p < 0.001 (Table 4) in the second round. Intra-rater reliability

assessments showed an ICC (overall) of 0.95 (CI 0.93 - 0.96), p < 0.001
(Table 4).

Discussion

To assess the poor neurological outcome and high mortality
following HIBI after cardiac arrest and CPR with ROSC,2–4 we developed
a robust scoring system for the histopathological identification and
quantification of HIBI neurons and regular neurons by non-specialists.
The criteria were established in collaboration with neuropathologists
(Table 1), and validation involved nine examiners performing cell
counting on haematoxylin–eosin-stained porcine brain tissue samples.
The statistical analysis showed moderate/good to excellent reliability
for regular neurons and HIBI neurons.

When defining our criteria for regular neurons and HIBI neurons, we
leaned on the definition of Hoque et al.10 and introduced slight adap-
tations (Table 1). Hoque et al. suggested a quantitative scoring system to
evaluate regional and global brain injury in a perinatal and global
hypoxia–ischemia pig model.10 To achieve this, they used a score
adapted from Thoresen et al. in which the extent of the regional damage
(from individual necrotic neuron to total disintegration of a region of
interest) was graded with 0.5-intervals on a 9-step scale22. They then
correlated the counted number of viable neurons with the

Table 2
Observations of regular neurons, ischemic change neurons and neurons with hypoxic-ischemic brain injury (HIBI), as well as the % of HIBI versus regular neurons +
HIBI, across all images and regions (absolute and relative frequencies) by examination.

Examiner Regular neurons Ischemic change neurons Hypoxic ischemic brain injury neurons (HIBI)

n % n % n % % of HIBI vs. regular neurons + HIBI

 First examination 
Examiner 1  574 57.8 %   17 1.7 %  402 40.5 % 41.2 % 
Examiner 2  873 58.7 %   40 2.7 %  573 38.6 % 39.6 % 
Examiner 3  1031 60.5 %   25 1.5 %  647 38.0 % 38.6 % 
Examiner 4  598 44.8 %   9 0.7 %  728 54.5 % 54.9 % 
Examiner 5  445 58.3 %   27 3.5 %  291 38.1 % 39.5 % 
Examiner 6  677 52.1 %   42 3.2 %  581 44.7 % 46.2 % 
Examiner 7  567 59.5 %   95 10.0 %  291 30.5 % 33.9 % 
Examiner 8  500 52.3 %   69 7.2 %  387 40.5 % 43.6 % 
Examiner 9  383 47.8 %   42 5.2 %  377 47.0 % 49.6 % 
Mean  627.6 54.9 %   40.7 3.6 %  475.2 41.6 % 43.1 % 

 Second examination 
Examiner 1  547 56.2 %   17 1.7 %  409 42.0 % 42.8 % 
Examiner 4  542 53.1 %   59 5.8 %  419 41.1 % 43.6 % 
Examiner 6  650 50.3 %   34 2.6 %  608 47.1 % 48.3 % 
Examiner 7  845 53.2 %   16 1.0 %  727 45.8 % 46.2 % 
Examiner 8  363 54.0 %   21 3.1 %  288 42.9 % 44.2 % 
Mean  589.4 53.1 %   29.4 2.7 %  490.2 44.2 % 45.4 % 

Table 3
Inter-rater and Intra-rater reliability by examination and region. Abbreviations: neurons with hypoxic-ischemic brain injury (HIBI), cornu ammonis (CA), dentate gyrus
(DG), interclass correlation coefficient (ICC).

Regular neurons Ischemic change neurons Hypoxic ischemic brain injury neurons (HIBI)

Region ICC p-value ICC p-value ICC p-value

Inter-rater reliability 1st examination (9 examiners)
CA  0.88 (0.63 - 0.96) < 0.001  0.2 (− 0.08 - 0.45) 0.156  0.93 (0.87 - 0.97) < 0.001
Cortex  0.66 (0.36 - 0.84) < 0.001  0.1 (− 0.03 - 0.23) 0.141  0.82 (0.67 - 0.91) < 0.001
DG  0.61 (0.37 - 0.77) < 0.001  0.12 (− 0.07 - 0.31) 0.208  0.84 (0.8 - 0.88) < 0.001
Overall  0.68 (0.42 - 0.84) < 0.001  0.12 (− 0.02 - 0.24) 0.082  0.87 (0.81 - 0.92) < 0.001
Inter-rater reliability 2nd examination (5 examiners)
CA  0.98 (0.78 - 1) < 0.001  0.17 (− 0.1 - 0.41) 0.207  0.79 (0.7 - 0.86) < 0.001
Cortex  0.81 (0.51 - 0.93) < 0.001  0.19 (− 0.11 - 0.46) 0.197  0.89 (0.78 - 0.95) < 0.001
DG  0.59 (0.34 - 0.76) < 0.001  0.2 (− 0.14 - 0.5) 0.233  0.83 (0.75 - 0.89) < 0.001
Overall  0.68 (0.41 - 0.84) < 0.001  0.12 (− 0.05 - 0.29) 0.158  0.84 (0.74 - 0.91) < 0.001
Intra-rater reliability (5 examiners)
CA  0.98 (0.77 - 1) < 0.001  0.57 (− 0.09 - 0.88) 0.024  >0.99 (0.69 - 1) < 0.001
Cortex  0.92 (0.68 - 0.98) < 0.001  0.28 (− 0.05 - 0.55) 0.075  0.99 (0.79 - 1) < 0.001
DG  0.96 (0.82 - 0.99) < 0.001  0.37 (− 0.08 - 0.69) 0.076  >0.99 (0.87 - 1) < 0.001
Overall  0.9 (0.68 - 0.97) < 0.001  0.3 (− 0.01 - 0.56) 0.045  0.99 (0.83 - 1) < 0.001

Table 4
Inter-rater and Intra-rater reliability of the percentage of HIBI neurons versus
RN+HIBI neuron counts i.e., exclusion of ischemic change neurons. Abbrevia-
tions: cornu ammonis (CA), dentate gyrus (DG), interclass correlation coefficient
(ICC).

Analysis Region ICC (95 %-CI) p

Inter-rater reliability CA 0.87 (0.72 - 0.97) < 0.001
1st examination Cortex 0.82 (0.63 - 0.95) < 0.001
 DG 0.94 (0.85 - 0.98) < 0.001
 Overall 0.87 (0.79 - 0.93) < 0.001
Inter-rater reliability CA 0.86 (0.68 - 0.96) < 0.001
2nd examination Cortex 0.95 (0.88 - 0.99) < 0.001
 DG 0.96 (0.9 - 0.99) < 0.001
 Overall 0.92 (0.86 - 0.96) < 0.001
Intra-rater reliability CA 0.92 (0.85 - 0.95) < 0.001
 Cortex 0.98 (0.96 - 0.99) < 0.001
 DG 0.96 (0.93 - 0.98) < 0.001
 Overall 0.95 (0.93 - 0.96) < 0.001
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neuropathology score.10 Our scoring system aims to simply identify
regular neurons, ischemic change neurons, and HIBI neurons, to serve
investigators with a limited neuropathology expertise. It is designed for
any examiner conducting cell counting to identify and quantify HIBI
neurons based on our criteria (Table 1). Moreover, no previous experi-
ence in microscopy is required.

While our statistical analyses showed a moderate/good to excellent
reliability in the category of regular neurons and HIBI neurons, the
category of ischemic change neurons only showed a poor reliability
(Table 3). Ischemic change neurons or INC neurons were first described
by Hendrickx et al.. To our knowledge, the reversibility of ischemic
change neurons in this stage is unknown.12 Hendrickx et al. investigated
a rat model of cerebral insult due to asphyxia and CPR. Following
several hours of reperfusion lasting up to 24–28 h, an intermediate stage
of neurons emerged, characterized by increased density of the nucleus
and the cytoplasm.12 In our scoring system, ischemic change neurons
were defined as not meeting the criteria for either regular neurons or
HIBI neurons (Table 1). During the validation, both the inter- and intra-
rater reliability for ischemic change neurons were found to be poor
(Table 3), likely due to the challenge in an accurate identification.
Throughout our post-ROSCmonitoring period, regular neurons and HIBI
neurons were predominant, while ischemic change neurons were fewer.
In the first round, one rater counted 9 ischemic change neurons (over-
all), while another counted 95 (Table 2). This large difference inad-
vertently lowered the ICC. Given their infrequent occurrence and small
proportion of total neurons (Table 2), alongside the aforementioned
criteria to identify them (Table 1), it is expected that the reliability was
lower (Table 3). However, their clinical relevance still remains unclear
according to the available research.

For our scoring system, we validated the neuron criteria in three
different regions of interest: CA (CA2 and CA3), DG and cingulate cortex
(near the corpus callosum). We selected these regions of interest ac-
cording to their known and increased sensitivity to hypoxia3,5,23–24.
Studies using a pig cardiac arrest-model have shown significant HIBI-
like changes in the hippocampus, specifically in the CA1, cortex, thal-
amus and striatum10,25–26 mirroring the regions of interest in human
brains. Following cardiac arrest, HIBI occurs in similar brain regions of
pigs and humans.3,5,24–26 This similarity highlights the potential use-
fulness of the model for translational studies. The brain of pigs is gyr-
encephalic and identification of cortical and subcortical structures is
enabled.27–28 Therefore, those post-cardiac arrest models have a very
high translational potential.

Högler et al. evaluated 22 brain regions reported to be vulnerable to
global ischemia in a pig cardiac arrest-model25. They established a semi-
quantitative histopathological scoring system: the regions of interest
were examined and assigned weighting factor, for example edema
(weighting factor 1), eosinophilic neuronal necrosis (weighting factor 2)
or infarction (weighting factor 4), and rated on a 5-point scale. The final
score for each region of interest was calculated by multiplying the WF
for each lesion type with the corresponding WF for extent, considering
both hemispheres. They mainly detected neuronal necrosis and
edema.25 To use this score, the examiner must understand complex
categories like edema and eosinophilic neuronal necrosis, as a precise
identification is essential. In contrast, our score is much easier to use
and, as stated before, also usable for any non-specialist. Högler et al.
correlated the histological damage with neurological deficits 72 h post-
ROSC. Using neurological deficit scores and overall performance cate-
gories, they detected a highly significant correlation.25 While Högler
et al. primarily observed neuronal necrosis, which closely resembled the
HIBI neurons defined in our scoring system and established a strong
correlation between those histopathological findings and neurological
deficit scores, it is plausible to infer that our results may also be appli-
cable to the neurological outcomes of our experimental animals. Un-
fortunately, in our setting, clinical testing of neurological outcome was
not possible due to local regulations and limited observation capabil-
ities. Högler et al. examined their animals 72 h post-ROSC.25 It is

important to consider that our post-ROSC monitoring period was only
22 h. The correlation between histopathology and clinical testing was
not only examined by Högler et al.. Another porcine cardiac arrest-
model also demonstrated, that histopathological HIBI-like changes are
associated with pathological neurocognitive testing26. Moreover, in
humans who died due to cardiac arrest a correlation between the his-
topathological evaluation of hypoxic-ischemic encephalopathy (evalu-
ated according to the selective eosinophilic neuronal death
classification) and current methods for assessing neurological outcomes
(such as brain CT imaging or serum Neuron-specific enolase levels) has
also been observed.29

When developing such an evaluation system, the question naturally
arises as to the context in which it could be applied. Our histopatho-
logical scoring system could be utilized in experimental settings using
animal models or for the post-mortem assessment of human patients to
identify and quantify HIBI following cardiac arrest. Our scoring system
could also serve as a suitable alternative to neurological assessments,
especially in experimental settings where such assessments may not be
feasible It provides valuable information about the extent of HIBI neu-
rons and could offer insights into the anticipated neurological outcome.
Our score has the great potential to simplify the evaluation of HIBI in
experimental settings in critical care research without the requirement
for specialized neuropathological expertise if access to those specialties
is limited.

Conclusion

We successfully compiled precise criteria for the identification of
regular neurons, HIBI neurons and neurons with ischemic neuronal
change into an easy-to-use score for non-professional examiners. To
detect HIBI neurons our score showed good to excellent reliability and
could be used in experimental settings to identify and quantify HIBI
neurons while assessing novel therapeutic options for the treatment of
HIBI. This scoring approach has the potential to streamline the analysis
of HIBI in various critical care or resuscitation research projects, espe-
cially when access to neuropathologic expertise is restricted or limited
by local availability.
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