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ARTICLE INFO ABSTRACT
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Stroke size

Stroke volume is a key determinant of infarct severity and an important metric for evaluating treatments.
However, accurate estimation of stroke volume can be challenging, due to the often confined 2-dimensional
nature of available data. Here, we introduce a comprehensive semi-automated toolkit to reliably estimate
stroke volumes based on (1) whole brains ex-vivo magnetic resonance imaging (MRI) and (2) brain sections that

MRI . .. g .

. . underwent immunofluorescence staining. We located and quantified infarct areas from MRI three days (acute)
Immunofluorescence imaging . ) ; e :
Histology and 28 days (chronic) after photothrombotic stroke induction in whole mouse brains. MRI results were compared

with measures obtained from immunofluorescent histologic sections of the same brains. We found that infarct
volume determined by post-mortem MRI was highly correlated with a deviation of only 6.6 % (acute) and 4.9 %
(chronic) to the measurements as determined in the histological brain sections indicating that both methods are
capable of accurately assessing brain tissue damage (Pearson r > 0.9, p < 0.001). The Dice similarity coefficient
(DC) showed a high degree of coherence (DC > 0.8) between MRI-delineated regions of interest (ROIs) and ROIs
obtained from histologic sections at four to six pre-defined landmarks, with histology-based delineation
demonstrating higher inter-operator similarity compared to MR images. We further investigated stroke-related
scarring and post-ischemic angiogenesis in cortical peri-infarct regions and described a negative correlation
between GFAPfluorescence intensity and MRI-obtained lesion size.

1. Introduction urgent need for developing new medical treatments for acute ischemic

stroke. Yet, translation of preclinical stroke research is rare, which may

Stroke continues to be a major cause of mortality worldwide and
remains the primary cause of acquired disability, resulting in significant
personal, social, and economic burdens. Although many drugs and
therapies have been tested over the last decades, there is no effective
strategy yet to completely prevent or cure the disease (Heart Disease and
Stroke Statistics— 2016) Thrombolytic therapy using recombinant
tissue-type plasminogen activator (rtPA) is the only approved drug for
clinical use during the acute phase of ischemic stroke (McDermott et al.,
2019) Its application, however, must be administered within 4.5 h of
symptom onset to be effective, limiting the options available to patients
who are unable to seek medical attention quickly. Ergo, there is an

be attributable to the lack of standardization in experimental protocols,
making it difficult to compare results across studies (Lourbopoulos et al.,
2021)

Rodent models have long been employed as one of the important
methods for understanding ischemic stroke mechanisms. In many pre-
clinical stroke studies, treatment efficacy is assessed through statistical
comparison of infarct sizes of treatment versus placebo groups. Several
methods are suitable to investigate the extent of brain damage in
experimental stroke models. New nanotechnology-based techniques
such as magnetic particle imaging (MPI) or the use of tracers (PET,
SPECT) are becoming more common in preclinical research (Ludewig
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et al., 2017) Magnetic resonance imaging (MRI), a technique routinely
applied in humans, can also be used to define ischemic lesions in rodents
in and ex vivo. Nevertheless, traditional approaches using post-mortem
histological examination to study the extent of neuronal death
(infarct) are still considered gold standard (Mulder et al., 2017) Since
this technique requires sectioning and staining of ischemic brain tissue
(using 2,3,4-triphenyl tetrazolium chloride or Nissl (Garcia-Cabezas
etal., 2016; Atochin et al., 2017; Choi et al., 2018)), there is a significant
concern that tissue distortion may interfere with visualization of the
infarcted tissue. Histological processing can introduce changes in brain
morphology (swelling/shrinkage) that affects the accuracy of lesion size
measurements (Bay et al., 2021) Additionally, histological staining is
manual-labor-intensive and can be subject to variability in staining in-
tensity and interpretation leading to errors in lesion size quantification.
The choice of the staining methods or the criteria used to define the
lesion border can make it difficult to compare ischemic area across
different studies. Moreover, there is a whole range of different calcu-
lations/estimates that are used to determine infarct area and volume. It
can be done using software (e.g. FIJI software (Schindelin et al., 2012))
which might allow automatic infarct volume determination (Sommer,
2010) Otherwise, one can also manually identify regions of interest and
lesion volumes can then be calculated as the sum of the sectional infarct
areas multiplied by the interval thickness (Sommer, 2010)

With the development of specialized small animal scanners, mag-
netic resonance imaging (MRI) has more recently become a promising
modality in preclinical laboratories that provides high-resolution images
allowing for accurate and precise measurements of stroke size (Raylman
et al., 2018) Additionally, since MRI is commonly employed in clinical
practice, it is a valuable tool for translating preclinical research findings.
But since MRI equipment and maintenance can be expensive, its
accessibility in preclinical research is still limited. There are several
protocols in development to estimate lesion volumes based on ex vivo
MRI data, however, most require advanced expertise and commercial
softwares (Gabrielson et al., 2018)

The goal of the present study was to develop a straightforward semi-
automated toolkit to estimate lesion volumes of ischemic mouse brains
that can be applied to both whole brain scans and brain sections. MRI
was performed on formalin-fixed whole mouse brains from a photo-
thrombotic model of stroke followed by macroscopic histological eval-
uation. We further set out to compare, within the same animals, infarct
areas and volumes quantified from post-mortem MRI with that obtained
from histological sections stained with NeuroTrace. This study shows
that using our toolkit, MRI and histological evaluation both yield to
comparable stroke volumes and can be used interchangeably depending
on the individual experimental setup.

2. Methods & materials
2.1. Study design

Methods for measuring lesion volume were compared utilizing his-
tology and MRI from the brains of mice (n = 10) that had undergone
cortical ischemia. All animals received a large photothrombotic stroke to
the right sensorimotor cortex. At 3 and 28 days after injury induction,
whole heads were collected, formalin-fixed and imaged using T2-
weighted MRI. Brains were removed, dissected, and histologically
analyzed. We chose the timepoints based on previous literature
(Bogaert-Buchmann et al., 2013); animals were categorized according to
the phase of stroke as acute (<3 days post-stroke, n = 6) or chronic (>28
days post-stroke, n = 4).

2.1.1. Animals

All procedures were conducted in accordance with governmental,
institutional (University of Zurich), and ARRIVE guidelines and had
been approved by the Veterinarian Office of the Canton of Zurich (ethics
approval code: 209/2019). In total, 10 adult female C57BL/6 mice
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(acute timepoint: n = 6, chronic timepoint: n = 4) were used. Breeding of
C57BL/6 mice was performed at Laboratory Animal Services Center
(LASC) in Schlieren, CH. All animals were housed in standard type II/III
cages on a 12 h day/light cycle (6:00 A.M. lights on) with food and water
ad libitum. All mice were acclimatized for at least a week to environ-
mental conditions before set into experiment.

2.1.2. Photothrombotic stroke induction

Anesthesia was performed using isoflurane (5 % induction, 1.5-2 %
maintenance, Attane, Provet AG) and adequate sedation was confirmed
by tail pinch. Novalgin (1 mg/ml) was applied via drinking water; 24 h
prior to the procedure and for three consecutive days directly after
stroke surgery. Cerebral ischemia was induced by photothrombotic
stroke surgery as previously described (Weber et al., 2020; Rust et al.,
2019; Rust et al., 2019; Fan et al., 2023; Weber et al., 2022; Rust et al.,
2022) Briefly, animals were fixed in a stereotactic frame (David Kopf
Instruments), the surgical area was sanitized using betadine (Mundi-
pharma, Germany), and the skull was exposed through a cut along the
midline. A cold light source (Olympus KL 1,500LCS, 150 W, 3020 K) was
positioned over the right forebrain cortex (anterior/posterior:
—1.5-+1.5 mm and medial/lateral 0 mm to +2 mm relative to Bregma).
Rose Bengal (15 mg/ml, in 0.9 % NaCl, Sigma) was injected intraperi-
toneally 5 min prior to illumination and the region of interest was
subsequently illuminated through the intact skull for 10 min. To restrict
the illuminated area, an opaque template with an opening of 3 x 4 mm
was placed directly on the skull. The wound was closed using a 6/0 silk
suture and animals were allowed to recover.

2.1.3. Blood perfusion by Laser Doppler imaging

Cortical perfusion was evaluated using Laser Doppler Imaging (Moor
Instruments, MOORLDI2-IR). Briefly, animals were fixed in a stereo-
tactic frame and the region of interest was shaved and sanitized. A cut
was made along the midline to uncover the skull, and the brain was
scanned using the repeat image measurement mode. The resulting data
was exported and quantified using Fiji (Image J) in terms of total flux in
the ROL

2.1.4. Sample preparation

Animals were euthanized using pentobarbital (i.p, 150 mg/kg body
weight, Streuli Pharma AG) and transcardially perfused with Ringer
solution (containing 5 ml/l Heparin, B. Braun) followed by para-
formaldehyde (PFA, 4 %, in 0.2 M phosphate buffer, pH 7). For MRI
procedure, whole mouse heads were collected and post-fixed in 4 %
paraformaldehyde (PFA) solution for 36 h.

2.1.5. MRI protocol

T2-weighted images were acquired on a 7T small animal scanner
with 16 cm bore size (Bruker, Ettlingen, Germany). The fixed brains
were put into an Eppendorf cap filled with perfluoropolyether (Fomblin
Y, Sigma-Aldrich, Switzerland) and imaged using a cryogenically cooled
quadrature surface coil (Bruker, Fallanden, Switzerland). A package of
20 slices with 0.3 mm thickness (no interslice gap) was acquired with a
FLASH sequence with a field of view of 15 mm x 15 mm and matrix size
of 300x240, yielding a spatial in-plane resolution of 50 pm x 50 ym
(echo time TE=10 ms, repetition time TR=400 ms, 10 repetitions, total
scan time 10 min 40 s).

2.1.6. Histology

After MRI acquisition, brains were removed and transferred to 30 %
sucrose for 3 consecutive days for cryoprotection. Coronal sections were
cut (40um, Microm HM430, Leica) and kept as free-floating sections in a
cryoprotectant solution (PBS, ethylene glycol, sucrose) at —20 °C. For
immunostainings, sections were blocked with 5 % normal donkey serum
for 1 h at room temperature and incubated with NeuroTrace (1:2000, in
0.1 M PB, Sigma) for 30 min. Sections were mounted using Mowiol.
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2.1.7. Data processing

The estimation of lesion volumes was divided into 3 stages. In the
first stage, the lesion area was manually traced/outlined on each coronal
brain section (MRI images and NeuroTrace-stained images) using FIJI
(ImageJ, version 2.1.0/1.53c). In the second stage, once regions of the
lesion have been identified, numerical values for the number of pixels in
the selection were obtained and converted into mm (McDermott et al.,
2019). In the third stage, these values were imported into MATLAB
(R2022a, The Mathworks, Natick, MA, USA) and lesion volumes were
calculated using a customized script. For step-by-step guidance, please
refer to our protocol (Supplementary Materials).

2.1.8. Image pre-processing

Neurotrace-stained sections were visualized using an Axio Scan Z.1
slide scanner (Carl Zeiss, Germany) with a 20x/0.8 objective lens and
later processed and exported as -.tiff files using the ZenBlue software
(Version 3.5, Carl Zeiss, Germany). Each histologically processed slice
could be matched with the corresponding ex vivo MRI slice using the
mouse brain atlas and easily identifiable brain structures, such as white
matter tracts (e.g. anterior commissure, corpus callosum, medial
lemniscus), the periaqueductal gray and ventricles as anatomical land-
marks (Sergejeva et al., 2015) Once matched, each fluorescence brain
slice was registered to the corresponding ex vivo MRI slice using a 2D
affine transformation. We used a tool provided by Fiji (Landmark Cor-
respondences) (Saalfeld and Tomancak) Landmarks for registration
were selected manually by a qualified researcher. We used points that
were easily recognizable on both modalities, such as structure in-
tersections, corners, and intact slice edges. We used 20 landmarks per
average for the registration for each brain slice.

2.2. Lesion area measurement

The infarcted areas were estimated by a blinded researcher using the
software FIJI (ImageJ, version 2.1.0/1.53c). On each brain section (MRI
and NeuroTrace-stained), the ischemic area was visually identified as
defined by elevated T2 values (with respect to healthy brain tissue) for
MR images and areas with atypical and atrophic tissue morphology
including pale areas with lost NeuroTrace staining for histological im-
ages. For MRI analysis, the threshold was determined as the mean of
average T2 values within a ROI in the unaffected, contralateral cortex
for both groups of animals (3dpi and 28dpi). High intensity values above
the threshold were selected. The identified ischemic area was then
manually delineated using the freehand polygon tool. On the Neuro-
Trace images, the ischemic lesions with hyperintense signal, compared
to mean fluorescence intensity in a ROI in the unaffected, contralateral
cortex, were visually determined and outlined. All outlined ROIs were
measured (numerical value for the number of pixels) and converted to
mm (McDermott et al., 2019) using an index ruler of known size which
was included beforehand. Values were stored in a .-csv table.

Image processing for method validation was performed by two
blinded and qualified researchers. Each researcher manually delineated
ROIs at defined landmarks on a subset of 4 brains in total (acute: n = 2,
chronic: n = 2). NeuroTrace-stained brain sections were analyzed for the
depth of the cortical lesion at three defined landmarks (—0.3, 0 and 1
mm in relation to bregma).

2.3. Volume estimation

Once the lesion area in each slice was estimated, the lesion volume
was calculated using a customized MATLAB script (see Suppl. Mate-
rials). We used the modified akima interpolation (makima) function to
interpolate the missing values. The area under the curve (AUC) was
calculated using the trapezoidal computation rule. Briefly, the volume
was calculated by multiplication of the lesion area and the distance
between the sections as follows:
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/f(X)dx ~ (b_a)w

f(x) represents the cross-sectional area at x.

2.4. Histological quantification of vasculature and astrogliosis

All analysis steps were performed in a peri-infarct region distal to the
stroke core with a width of 300 pm. Post-ischemic angiogenesis was
assessed using the software FI1JI (ImageJ, version 2.1.0/1.53c) and a
script that allows to automatically calculate (1) vascular density, (2)
number of branches and junctions and (3) the length of blood vessels
(Rust et al., 2019) The glial scar signal intensity was calculated from 3
brain sections per animal immunostained for GFAP. Images were con-
verted into 8-bit format and thresholded based on mean grey values
obtained from ROIs in the unaffected contralateral cortex to get a
binarized image. The total area of the reactive gliosis surrounding the
ischemic lesion was then calculated.

2.5. Statistics

Statistical analysis was performed using R-Studio. Sample sizes were
designed with adequate power according to previous studies. All data
were tested for normal distribution by using the Shapiro-Wilk test. The
significance of mean differences between normally distributed data
(MRI vs. Histology) were tested for differences with a two-tailed paired
two-sample t-test. The significance of mean differences between two
different timepoints (acute vs. chronic) was tested for differences using
an unpaired two-sample t-test or a one-way ANOVA with post-hoc
analysis (p adjustment method = holm), in case of multiple compari-
sons. Variables exhibiting a skewed distribution were transformed, using
natural logarithms before the tests to satisfy the prerequisite assump-
tions of normality. To assess the relationships between MRI-based and
histology-based assessments, correlation analysis was performed using
the Pearson correlation coefficient (r). Data are expressed as means +
SD, and statistical significance was defined as *p < 0.05, **p < 0.01, and
#%p < 0.001.

3. Results

We developed a comprehensive step-by-step guide that offers a
reliable method for accurately determining stroke volume based on data
acquired by post-mortem MRI and histology (Fig. 1).

We induced a photothrombotic stroke in the right sensorimotor
cortex in C57BL/6 mice (Fig. 2A). Successful stroke induction was
verified using Laser Doppler imaging (LDI, Fig. 2B) confirming severe
cortical blood flow reduction of more than 70 % compared to baseline
levels in the lesioned hemisphere directly after surgery (acute = —71.8
%, chronic = —71.7 %, p = 0.98, Fig. 2C, Suppl. Table 1). Brain tissue
was collected at two different time points: acutely at 3 days post injury
(dpi) and at chronic stages, 28 dpi. After perfusion, whole heads were
preserved in 4 %-paraformaldehyde (PFA) for 36 h in preparation for the
ex vivo MRI. After MRI acquisition, brains were removed and sliced into
coronal sections to undergo histological processing.

Stroked areas and volumes were calculated based on MRI-acquired
images and histologically processed sections. We used NeuroTrace, a
fluorescent Nissl stain widely used to investigate morphological changes
in neural tissue after experimental stroke (Gouveia et al., 2017; Wahl
et al., 2017) First, coronal MRI and histological sections were matched
to the same spatial location along their anteroposterior axis according to
the mouse brain atlas (Reference Atlas 2023) We used easily identifiable
brain structures, such as white matter tracts (e.g., anterior commissure,
corpus callosum), the periaqueductal gray and ventricles as anatomical
landmarks (Fig. 2D). An average of 10-20 slices per brain were sufficient
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Fig. 1. Pipeline for infarct volume estimation based on ex vivo MRI and histology. Data acquisition (upper panel): The photothrombotic model was used for infarct
induction followed by post-mortem MRI of whole heads. After MRI, brains were removed, sectioned, and histologically processed using fluorescence NeuroTrace
stain. Data processing (lower panel): Lesioned areas were identified on all MRI scans and NeuroTrace-images using Fiji (ImageJ). Infarct regions of interest (ROIs)
were extracted and referenced to the mouse brain atlas. Areas of all cross sections were measured using MATLAB software followed by volume quantification.

to cover the infarcted area. This value corresponds to standard MRI
scans used to assess lesion volume (Koch et al., 2019) The infarcted
regions were identified by abnormal signal intensity and the clear
contrast between the normal and the infarcted, atrophic zone (Fig. 2E).
The hyperintense morphological changes seen in the T2-MRI are indic-
ative of brain swelling and increased water content in the stroked tissue.
Brain section stained with fluorescent NeuroTrace reveal shrunken and
distorted neurons. Lesioned areas were manually outlined on each sec-
tion using Fiji (ImageJ) and masks of same dimensionality were expor-
ted to be further processed in MATLAB (Fig. 2F).

Areas of all cross-sections (MRI and NeuroTrace-stained images)
were measured and analyzed using MATLAB. To interpolate data within
the range of our measurements we used the makima (Modified Akima
Method with Improved Accuracy) function (Modified Akima piecewise
cubic Hermite interpolation - MATLAB makima 2023) No significant
differences were observed between MRI analysis and histological anal-
ysis in quantifying lesion area for both the acute and chronic timepoints
(Fig. 3A, B). However, histology-based lesion areas were consistently
higher than those derived from MR images for Bregma regions +0.5 mm
- 42 mm, although the differences were not significant. MRI analysis
provides a higher sensitivity in identifying subtle changes in tissue
integrity in the most rostral and caudal areas of the stroke, which may
not be detected with histology. To visualize differences/correspondence
of the two methods along the anterior-posterior axis, we calculated the
difference for pre-defined bregma values (whereas 0 equals no differ-
ence at all, and 1 equals maximum difference observed, Fig. 3C).

Dissimilarities between MRI and histological measurements where most
prominent for Bregma regions —1.5 mm to —0.5 mm and around +2.5
mm for the acute timepoint and —0.5 mm to +1.5 mm for the chronic
timepoint. Lesion area for acute and chronic phases obtained from
MRI-based analysis correlate positively and equally well to those ob-
tained through histological analysis (acute: Pearson r = 0.923, p<0.001;
chronic: Pearson r = 0.931, p<0.001, Fig. 3D).

Next, total stroke volumes were calculated from the area under the
curve (AUC) using a trapezoidal computation (Fig. 3E). No significant
difference could be found between MRI-based analysis and histology for
both, acute (MRI: 9.24 + 3.09 mm (Lourbopoulos et al., 2021); histol-
ogy: 9.14 + 4.61 mm (Lourbopoulos et al., 2021), p = 0.97) and chronic
(MRI: 1.56 + 0.29 mm (Lourbopoulos et al., 2021); histology: 1.64 +
0.33 mm (Lourbopoulos et al., 2021), p = 0.73, Suppl. Table 1) time-
points. A highly significant correlation was observed for lesion volumes
obtained through MRI and histological analysis (Pearson r = 0.908,
p<0.001, Fig. 3F).

Previous reports have shown that stroke size decreases between the
initial (acute) and long-term (chronic) stages largely as a result of tissue
distortion, phagocytosis, resolution of edema, glial and neural remod-
eling (Gaudinski et al., 2008). In line with expectations, we observe a
comparable decrease in infarct volume between the acute (3dpi) and
chronic (28dpi) timepoint (MRI = —83.2 % and histology: - 81.2 %) (Li
et al., 2014; Shen et al., 2019)

The induced lesion reached into deep cortical layers (from layer IV to
layer VI) across all animals. We did not observe differences between the
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Fig. 2. Stroke induction, validation and referencing to brain atlas (A) Schematic representation of experimental set-up and groups of mice (B) Representative images
of relative blood perfusion at baseline and 3 h after stroke induction (C) Quantification of cerebral blood perfusion of the injured hemisphere at 3 h following injury
relative to baseline blood perfusion (D) Schematic diagram of the MRI-to-histology transformation using the Landmark Correspondence tool (E) Representative
images show ischemic lesion (white outline) on MRI and NeuroTrace-stained coronal brain sections at 3 days after injury (F) Example of manually outlined and
extracted infarct ROIs. The ROIs were referenced to the mouse brain atlas according to their anterior-posterior (A-P) distance to Bregma. Scale bar: 3 mm (top) and 4
mm (bottom). Boxplots indicate the 25 % to 75 % quartiles of the data. For boxplots: each dot in the plots represents one animal. Significance of mean differences
between the groups (acute and chronic) was assessed using unpaired two-sample t-test. BL, baseline; dpi, days post injury; MRI, magnetic resonance imaging; contra,
contralesional; ipsi, ipsilesional, ROI: region of interest.
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Fig. 3. Quantification of infarct volumes from MRI of whole brain tissue and histological analysis of sliced brain sections (A) Example of two volume curve overlays
of both approaches (MRI and histology) at 3 and 28 days after stroke induction (B) Quantification of lesion area at day 3 and 28 after stroke induction based on MRI
and histology (C) Quantification of difference between acute and chronic timepoint for defined Bregma values. Data normalized on a 0-1 range (D) Correlation
analysis of stroke lesion area obtained via MRI to those obtained from NeuroTrace stained brain sections (E) Quantification of lesion volume at day 3 and 28 after
stroke induction based on MRI and histology (F) Correlation analysis of stroke lesion volume obtained via MRI to those obtained from NeuroTrace stained brain
sections (G) Quantification of cortical stroke depth for all individual animals at acute and chronic timepoints. Location of cortical layers I - VI is indicated with dotted
lines. Scale bar: 500um. Data are shown as mean distributions where the red dot represents the mean. Boxplots indicate the 25 % to 75 % quartiles of the data. For
boxplots: each dot in the plots represents one animal. Significance of mean differences between the groups (histology and MRI) was assessed using paired two-sample
t-test, correlation analysis was performed using the Pearson correlation coefficient (r). MRI, magnetic resonance imaging; H, histology. .

individual animals within one group, but a significant decrease in lesion
depth from acute (3dpi) to chronic (28dpi) timepoint (—24 %, p < 0.001,
Fig. 3G).

To identify stroke related scarring, we quantified GFAP+ fluores-
cence intensities in a 300-um cortical peri-infarct region adjacent to the
infarct area as well as in the contralesional cortex (Fig. 4A). Scarring
signals were elevated in the ipsilesional cortex compared to contrale-
sional regions (Fig. 4B). In peri-infarct areas, GFAP" signals were
significantly elevated in the chronic group compared to the acute
timepoint (+126 %, p<0.001). Statistical analysis between GFAP™'
fluorescence intensities and MRI-obtained lesion size using the Pearson
correlation test revealed a no significant correlation at both timepoints
(Pearson r acute = —0.106, p>0.05, Pearson r chronic = 0.606, p>0.05
Fig. 4C).

We next asked if vascular remodeling, e.g., increased vascular den-
sity after stroke may positively coincide with infarct volume decrease.
We quantified vascular density, number of branches and total length of
the vascular network in the peri-infarct areas (Fig. 4D, E). All parame-
ters were normalized to their respective contralateral hemisphere. No
vascular differences were observed between the acute and the chronic
timepoint. Correlation analysis revealed no stable relation between
CD31+ vessels and MRI-based infarct size measurements for all three
parameters (vascular density, Pearson r = —0.103; number of branches,
Pearson r = 0.28, length of branches, Pearson r = 0.203, Fig. 4F).

To quantitatively assess the similarity between the MRI-delineated
ROIs and the NeuroTrace ROIs, the Dice similarity coefficient (DC)
was calculated for a subset of brain sections (acute: n = 4, chronic: n = 2)
at pre-defined Bregma positions (—1, —0.3, +0.8, +2 mm relative to
Bregma, Fig. 5A, B). We achieved good correspondence for both time-
points (DC > 0.8). Lesion ROIs on MR and NeuroTrace images were
independently reanalyzed by two blinded observers on a subset of brain
sections (MpeuroTrace = 28 and nyrr = 27) from randomly selected animals
at pre-defined Bregma positions (from —1 to +2 mm relative to Bregma).
The similarity between ROI delineation by the two operators was
significantly higher for NeuroTrace-stained brain sections in comparison
with MR images (DCneuroTrace: 0-89, DCyrr: 0.82, p<0.05), no differ-
ences were found between acute and chronic timepoints (Fig. 5C, D).

4. Discussion

In preclinical research, accurate quantification of the lesion size is
crucial; it helps to assess the effectiveness of treatments and to compare
results across different studies. Several methods are being used to assess
stroke size, with histopathology being considered the gold standard.
However, there are certain limitations that come along with this
approach: Histology only provides two dimensional images, which can
lead to underestimation of the true lesion extent. Secondly, brain tissue
processing can cause artifacts, such as shrinkage or distortion, which can
further affect the accuracy of the measurements. Additionally, histo-
logical methods can be time-consuming and labor-intensive (e.g.,
sectioning, staining, mounting), making it challenging to process a large
number of samples. In the last decades, a vast number of new imaging
tools have emerged that allow for a reliable assessment of stroke vol-
umes. One such method is magnetic resonance imaging (MRI). MRI
provides high-resolution images allowing for accurate and precise
measurements of stroke size. And with the introduction of small animal

scanners, it has now become a promising tool commonly used in pre-
clinical research.

In this study, we developed a comprehensive step-by-step guide to
quantify stroke volume. We employed two distinct techniques for esti-
mating lesion area and volume in an experimental photothrombotic
stroke model: (1) based on data acquired by post-mortem MRI and (2)
based on a histological approach, where brain sections stained with
fluorescent NeuroTrace stain reveal shrunken and distorted neurons
indicating tissue necrosis. The use of perfused-fixed brains throughout
the whole study allowed us to directly compare the results. Both tech-
niques, MRI and histology, were capable of visualizing all parameters of
infarction/well-defined ischemic area. And despite the mentioned con-
founders, such as tissue shrinkage or loss of material from the lesion core
during histological processing, we found that the final infarct volume on
MRI was very well correlated with the infarct volume measured on
NeuroTrace-stained sections. The methodology presented in this paper is
not limited solely to the photothrombotic stroke model but can be
readily expanded to other experimental infarct models where visual
identification of the lesioned area is possible, such as the widely used
middle cerebral artery occlusion (MCAo) model or the endothelin-1 (ET-
1) injection model (Pianta et al., 2019); (Vahid-Ansari et al., 2016)

In this study, we used a simple 2D-affine transform to fit the histo-
pathology to the ex vivo MRI shape. For this registration, we used
landmarks placed at the boundary and on pre-defined and easily iden-
tifiable internal structures of the MRI template and the histopathology
source image, to find the optimal transform. Spatial localization, regis-
tration and lesion delineation was performed manually, although seg-
mentation algorithms are available for both, histological infarct
delineation and MRI (Mulder et al., 2017; McBride et al., 2016)
Threshold-based semi-automated and fully automated approaches are
still biased by many false-positive or -negative data, respectively.
Complex algorithms underlying tissue segmentation may not accurately
capture variations in image intensity and quality, potentially leading
systematic errors such as over- or underestimation of lesion boundaries
(Koch et al., 2019) Noise and artifacts, e.g. originating from the histo-
logical preparation, still require manual intervention to correct errors,
potentially negating the time-saving advantage. On the contrary,
manual segmentation allows for a more nuanced interpretation, as
additional contextual information can be incorporated. A deep
learning-based approach to conduct automatic stroke lesion segmenta-
tion on animal data has recently been introduced (An et al., 2023) This
fully automated algorithm produces lesion segmentation that very
closely resembles human annotation but also requires preprocessing
steps if you deal with high signal intensity variations. These pre-
processing steps are often prone to error in presence of infarcted tissue
(Koch et al., 2019) Generally, deep learning based models are powered
with graphics processing units (GPUs) and other infrastructure compo-
nents, which can be incredibly costly. They are typically reliant on
high-quality data and intensive training, and skilled personnel is needed
to operate such algorithms.

To test the similarity between the MRI- and the histology-based
approach, we used the dice coefficient (DC), also known by other
names (Dice index or Sorensen index) (S¢rensen et al., 1948) The DC is
commonly utilized in brain segmentation studies to assess lesion area
classification in relation to a ground truth segmentation mask (Zou et al.,
2004) Here, we chose the DC to address spatial overlap between
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Fig. 4. Anatomical changes after stroke induction and correlation to lesion size (A) Representative histological overview of activated reactive astrocytes (GFAP™).
Scalebar: 100um (B) Quantification of relative GFAP*for both timepoints, acute and chronic (C) Correlation analysis of stroke lesion volume obtained via MRI to
relative GFAP-+ expression for both timepoints, acute and chronic (D) Representative images of CD31+ vasculature in the ipsi- and contralesional cortex. Scale bar:
100um (E) Quantification of vascular density, number of vascular branches and vascular length of ipsilesional cortex for both timepoints, acute and chronic (F)
Correlation analysis of stroke lesion volume obtained via MRI to vascular parameters. Data are shown as mean distributions where the red dot represents the mean.
Boxplots indicate the 25 % to 75 % quartiles of the data. For boxplots: each dot in the plots represents one animal. Significance of mean differences between the
groups (acute vs. chronic) was assessed using unpaired two-sample t-test, correlation analysis was performed using the Pearson correlation coefficient (r). MRI,

magnetic resonance imaging. .

delineated lesion ROIs obtained from NeuroTrace-stained sections and
MR images. Method accuracy was demonstrated in a dataset consisting
of brain sections at four defined landmarks (6 brains, 24 sections in
total). Validation of our method showed good accuracy for acute and
chronic timepoints (DC > 0.8, whereas 0 indicates no overlap and 1
indicates perfect overlap). The correspondence between the delineated
ROIs was slightly higher at chronic timepoints when the infarct
boundaries were clearly identifiable by the glial scar. At acute

timepoints, infarcted regions were characterized by partial tissue loss
and thus, ROI boundaries were less clear. This underscores the signifi-
cance of clearly defining norms for lesion delineation in advance to
ensure successful application across different experimental groups.

In addition, the feasibility of the method was demonstrated in terms
of the consistency between two blinded observers. We achieved good
correspondence between the two observers (DI > 0.8), although the
differences in ROI delineation were higher on MR images (DI = 0.82)
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compared to NeuroTrace-stained sections (DI = 0.89).

MRI provides a three-dimensional and high-resolution view of the
brain, which is essential for accurate assessment of stroke size. Even
though the use of MRI to image small animals is getting more popular, it
is still restricted to well-funded research centers.,(Johnson et al., 2011)
A few studies have been conducted to contrast the effectiveness of MRI
and histology in experimental stroke models. In a study analyzing
multiparametric MRI data after ischemia in rats, a tissue signature
analysis demonstrated a high degree of correlation with the histological
score at different timepoints (Jacobs et al., 2001) In contrast, others
reported that negative MRI (DWI and T2WI) findings 72 h after ischemia
may not indicate normal tissue status as seen in the histological outcome
(Li et al., 2000) It is possible that the detection of tissue damage by MRI
depends on the extent of tissue injury. Partial damage to neurons and
glial cells with preservation of tissue structure (known as incomplete
infarction) can go unnoticed amidst the seemingly normal cells; and may
therefore not be detectable by MRI (Li et al., 2000; Garcia et al., 1997)
The ischemic region exhibits distinctive molecular and anatomical fea-
tures (Rust, 2023), including glial infiltration and the gradual formation
of an astrocyte scar, both of which were confirmed in our study. The
observed proliferation of astrocytes has been described to reduce
T2-weighted signal intensity (Ishii et al., 1998) It is essential to recog-
nize that such alterations in signal characteristics can lead to an un-
derestimation of infarct volume when utilizing MRI for quantifying
ischemic damage. Besides increased gliosis, a decrease in water content
in the ischemic lesion core and/or resolution of vasogenic edema have
been shown to transiently normalize T2 relaxation and thus underesti-
mate stroke-induced damage (Wegener et al., 2006; Lin et al., 2002) It

also seems reasonable to assume that the significant variability in MRI
protocols, handling and positioning of the animals and postprocessing
methods might affect lesion size measurements and therefore compli-
cate the comparison to well-standardized histological measures (Mil-
idonis et al., 2015)

The advantage of ex-vivo imaging is that it allows for high-
throughput acquisition of multiple sections, providing morphologi-
cally detailed data of an entire target organ, while avoiding contami-
nation from physiological sources such as pulse, respiration, swallowing
and other movements. The use of ex vivo brains can notably increase
image resolution and even facilitate additional morphological analysis.
Furthermore, the specimen stays intact for follow-up histology. For
instance, sliced brain sections can be stained to analyze histological
changes associated with regeneration including inflammation, scarring,
neurogenesis and vascular repair (Rust et al., 2019; Rust et al., 2020). It
has been discussed previously that artefacts due to formalin fixation may
have effects on ex vivo MRI measurements, such as fractional anisotropy
(FA), myelin water fraction (MWF) or on T1- and T2-relaxation times.
Formalin fixation of ex vivo brain specimens has been shown to cause
dehydration and subsequent reduction in the signal-to-noise ratio (SNR)
(Shepherd et al., 2009) However, this can be adjusted through increased
signal averaging, or normalizing the water diffusion coefficient to the
healthy, contralateral hemisphere to standardize lesion-associated
changes (Liu et al., 2013; Shereen et al., 2011) Earlier studies reported
a reduction in T2-relaxation times during progressive formalin fixation
in human brain samples (Shatil et al., 2018) However, it is crucial to
acknowledge that this observed effect is intrinsically confounded by
extended echo times (>70 ms). In our current study, we employed
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shorter echo times (10 ms) as a measure to mitigate the influence of
these confounding factors. Future ex vivo T2-weighted imaging studies
may benefit from further optimizing image SNR by incorporating even
shorter echo times (TEs), higher field strengths, or by extending overall
scan times (Shatil et al., 2018) SNR efficiency can further be optimized
by decreasing fixative concentrations from 4 % to 2 % or, if feasible, by
scanning in situ (immediately following death), thereby avoiding
formalin fixation (Barrett et al., 2023) With these modifications in mind,
we believe that ex vivo brain imaging can provide quantitative lesion
estimates, comparable to in vivo MRI data.

Histological methods for lesion evaluation usually include the slicing
of brain sections followed by either 2,3,5-triphenyltetrazolium chloride
(TTC) staining, haematoxylin and eosin (H&E) staining, or cresyl violet
staining. However, many studies demonstrate that TTC staining can be
accurately performed as late as seven days after stroke, making it un-
usable for long-term studies. Another possibility is to immunolabel for
specific cellular markers using fixed tissue. Inmunolabeling might give
rise to images with greater resolution, even down to cellular and sub-
cellular levels. We used NeuroTrace, a fluorescent Nissl stain, to histo-
logically identify the lesioned area. However, there are several other cell
markers that can be applied to locate ischemic regions. Neuronal
markers such as NeuN (Neuronal Nuclei), MAP2 (Microtubule-Associ-
ated Protein 2) or pIII-Tubulin help to distinguish between healthy and
damaged neurons. Reactive astrocytes and activated microglia can be
identified using GFAP (Glial Fibrillary Acidic Protein) or Ibal (Ionized
calcium-binding adapter molecule 1). These markers are used to locate
the glial scar and the ischemic core, respectively (Buscemi et al., 2019)
CD31 is a vascular marker that reflects ischemia-induce changes in
vasculature, such as endothelial cell swelling or blood brain barrier
(BBB) leakage (Weber et al., 2022; Rust et al., 2019) Summing up, the
selection of specific markers depends on the research question and the
nature of the stroke model being studied.

Preclinical studies emphasize the validity of lesion volume quanti-
fication to evaluate the effectiveness of potential treatments for stroke.
E.g., cell-based therapy has been demonstrated to reduce infarct volume
while improving neurological function deficits in different experimental
stroke models. The systemic application of mesenchymal stem cells
(MSCs) significantly decreases lesion volumes in different experimental
stroke models and the intravenous transplantation of neural progenitor
cells (NPCs) leads to a reduction of infarct size along with long-term
functional amelioration after ischemia (Bacigaluppi et al., 2016; Bon-
sack et al., 2020; Chung et al., 2021) Antibody-based treatment strate-
gies have also been proven to effectively reduce infarct volumes and
improve neuronal performance in different experimental stroke models
(Woods et al., 2020; Rust et al., 2019) Inhibition of TRL4 using mono-
clonal antibodies decreased both infarct volume and brain swelling in
MCAO mice compared to an untreated group (Andresen et al., 2016)
Likewise, approaches to regulate angiogenesis (so called pro- and anti-
angiogenic therapies) are increasingly being explored (Rust et al., 2019)
Ventricular injections of vascular endothelial growth factor (VEGF) have
been shown to stimulate angiogenesis and reduce infarct volume in
adult rats and the genetic overexpression of VEGF increased brain
microvessel density after MCAO in mice (Sun et al., 2003; Wang et al.,
2005)

Infarct size is often used as a surrogate measure for functional
outcome and has been shown to correlate with e.g. the Bederson score,
the forelimb placing performance, the water maze test or overall
sensorimotor asymmetry quantification (Bieber et al., 2019; Turner
et al., 2016; Machado et al., 2009) However, other attempts to correlate
behavior outcomes with infarct volumes have met mixed results, ques-
tioning the validity of the assumption that a larger stroke corresponds to
more severe neurological deficits (Wakayama et al., 2007; Encarnacion
et al., 2011) Consistency in lesion measurement techniques and pro-
tocols would allow for more reliable conclusions. Standardization could
enable the pooling of data from multiple studies and shed light on the
likelihood of volume-function correlations in preclinical research.
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Stroke severity extends beyond the mere measurement of infarct
volume and long-term outcome is determined by several factors, such as
edema formation, postischemic angiogenesis and/or reactive astro-
gliosis. Postischemic edema formation is a common consequence of
stroke and can exacerbate the damage caused by the initial ischemic or
hemorrhagic event by increasing intracranial pressure, compromising
blood flow, and triggering secondary injury mechanisms (Chen et al.,
2021) Edema may increase the brain volume in the infarcted region and
thus artificially inflate the apparent size of the lesion volume. Hence,
various correction schemes have been developed to correct for the
space-occupying effect of brain edema and allow for a more accurate
assessment of tissue damage (Lin et al., 1993; McBride et al., 2015;
McBride et al., 2016) These schemes are widely accepted for volume
measurements on histologically processed images, however, they are
generally not applicable to ex vivo MRI images. Here, the intact skull acts
as an external barrier hindering the intracranial pressure from being
released whereas histological examination requires the opening of the
skull (Koch et al., 2019) The comparison of edema-correction schemes
for both histologically processed and MR images should be considered in
future studies.

Post-stroke angiogenesis is thought to play a key role during
restorative processes after an ischemic insult and leads to improved
functional and neurological outcomes. However, only few studies
assessed if increased cerebral blood flow in tissue surrounding the
infarcted area also directly coincides with a decrease in lesion volume.
VEGF, a pro-angiogenic molecule, shows high upregulation as early as 3
h after an ischemic insult and has been shown to alleviate neurological
deficits and infarct volume (Wang et al., 2005; Reitmeir et al., 2012)
However, it has also been asserted that VEGF triggers vascular perme-
ability and administration of exogenous VEGF may even lead to
increased infarct volume, further questioning the impact of postischemic
angiogenesis on lesion volume development.

In our study, no vascular differences were observed between the
acute and the chronic phase, even though infarct volume significantly
decreased over this time course. Hence, we could also not confirm a
positive association between postischemic angiogenesis and reduced
infarct volume. Angiogenesis typically starts 3 — 4 days after ischemia
but may occur transiently. Recent evidence suggests that the post-
ischemic angiogenic-signaling cascade is rather used to synthesize
microvessels needed for macrophage infiltration that contribute to the
clearing up of cellular debris (Manoonkitiwongsa et al., 2001; Yu et al.,
2007) Once these newly formed vessels have fulfilled their purpose, they
undergo degradation and might not be detectable anymore as late as 28
days after injury onset.

Alterations in astrocytes following stroke are widely recognized.
However, it remains debated whether GFAP-positive astrocytes act as
promotors of regeneration or contribute as detrimental factors in the
aftermath of a stroke (Akhoundzadeh and Shafia, 2021) In line with
previous research, we have shown a significant increase in
GFAP-positive astrocytes over a time course of 3 weeks after ischemia
induction (Buscemi et al., 2019; Parker et al., 2017; Hao et al., 2016)
There is a vast number of studies that show a clear association between
the postischemic increase in GFAP-positive astrocytes and a decline in
lesion size, along with improved functional recovery; however, we could
not confirm a positive nor a negative relationship between GFAP-levels
and MRI-obtained infarct volumes (Parker et al., 2017; Liebigt et al.,
2012; Borlongan et al., 2000) Elevated levels of GFAP expression appear
to be a potential neurobiological mechanism that contributes to the
amelioration of functional deficits caused by an ischemic infarct. Thus,
therapeutic interventions aiming at modulating reactive astrocytes
could prove beneficial (Akhoundzadeh and Shafia, 2021) Along with
other positive effects, astrocytes contribute to glutamate homeostasis in
the CNS, restore BBB integrity, serve as anti-inflammatory barrier, and
shield the healthy tissue from further harm (Pekny and Pekna, 2016)
However, the results about the relationship between GFAP expression
and lesion volume decrease are inconclusive as other studies strongly
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suggest that astrogliosis is a malevolent factor in stroke complications
(Badan et al., 2003; Popa-Wagner et al., 2006; Liu and Geng, 2018) The
formation of a glial scar can have a detrimental impact on long-term
outcomes due to its inhibitory properties (Barreto et al., 2011) Thera-
peutic interventions to reduce glial scar thickness have proven beneficial
and resulted in significant improvement in neurological outcome along
with reduced lesion volume (Li et al., 2005) Taken together, GFAP
positive cells may exert both, harmful and helpful effects on stroke
outcomes. Some studies expressed that the mode of action of reactive
astrocytes depends on time point of stroke, extend of damage and the
severity of inflammation (Pekny and Pekna, 2016; Barreto et al., 2011)
In addition, the observed variability in astrocytic response to brain
injury is likely influenced by variations in stroke induction models
and/or the duration of ischemia. To elucidate the exact role of reactive
astrocytes in stroke outcome and their impact on lesion volume devel-
opment, more studies are needed.

The combination of ex vivo MRI and histopathology should be
considered, not only for analyzing lesion dimensions but also for other
neurological research questions. Due to the brain’s heterogeneity, his-
tological sectioning often fails to provide a complete view of every re-
gion. MRI on a fixed brain could guide pathologists to sample specific
areas for subsequent work-up (Hanig et al., 2014) For stem cell appli-
cations, preclinical assessments are required to test for potential tumor
induction. Ex vivo MRI can be used to scan the brain and the spinal cord
following cell injection to identify specific (abnormal pale) areas, which
potentially correlate histopathologically to teratomas (Ramot et al.,
2017) Using both MRI paired with gross histological will optimize time
of sacrifice and selection of an appropriate stain and improve the sci-
entific significance of the experimental data.

The photothrombotic model of stroke is a well-standardized model
that has many strengths, including consistent location and size of infarct,
relatively simple surgical procedures, and a low mortality rate (Labat--
gest and Tomasi, 2013; Sun et al., 2020) Despite being a rather mild
model compared to other experimental stroke models such as MCAO, we
found a robust loss of neurons in the infarcted regions and well-defined
ischemic border zones. This is consistent with own findings from pre-
vious studies, where we additionally showed that neuronal loss is usu-
ally accompanied by fewer astrocytes and decreased microglia
activation in the stroke core zone (Weber et al., 2020; Weber et al.,
2022) The infarct volumes and cortical depths observed in this study are
comparable to previous studies that have used the photothrombotic
stroke model (Porritt et al., 2012; Kaiser et al., 2019; Aswendt et al.,
2021) The lesion developed into deep cortical layers (from layer IV to
layer VI) across all animals, but no subcortical areas were affected.
These morphological cortical tissue changes are not confined solely to
the photothrombotic stroke model but have also been described after
distal MCA occlusion (Minassian et al., 2019)However, experimental
methods such as occlusion models or procedures using vasoconstrictive
agents (e.g., ET-1) typically affect larger portions of the brain including
subcortical areas and can cause severe neurological deficits. Especially
the latter one induces infarcts of variable sizes in nearly any brain,
making it more difficult to standardize compared to the photo-
thrombotic model (Sommer, 2017)

In conclusion, we describe a toolkit that allows straightforward
lesion volume estimation of ischemic mouse brains. This toolkit gener-
ates results that are highly correlated when assessing stroke volumes,
whether using full brain MRI images or sliced NeuroTrace-stained brain
sections at acute and chronic time points after stroke.
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