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Abstract
Characterization of brain infarct lesion in rodent models of stroke is crucial to assess the outcome of
stroke therapies and to study the disease pathophysiology. However, so far it has been mostly performed
by: 1) histological methods, a time-consuming process that lead to signi�cant �aws; or 2) via MRI
imaging, which is faster, yielding 3D information but at high costs. High-resolution micro-CT imaging
became, in the last decade, a simple, fast, and cheaper solution, allowing 3D sample analysis. Here, we
describe that high-resolution micro-CT, either using iodine/OsO4 as contrast agents, can be successfully
applied for �ne quanti�cation and localization of lesion size and edema volume in preclinical stroke
models. We successfully correlated this new approach with the standard histological method TTC. In
transient MCAO mouse stroke model, we were able to identify/quantify large lesioned areas (segmented
in core/penumbra), up to degenerated �ner striatal myelinated �bers in a transient-ischemic-attack (TIA)
mouse model, at different timepoints post-ischemia, through manual/automatic segmentation
approaches (deep learning). Furthermore, whole brain 3D reconstructions allow brain atlas co-registration
with speci�c affected brain areas. Hence, the presented methodology, through iodine/OsO4 micro-CT
imaging, constitutes a valuable advance for precise and detailed assessment of stroke outcomes in
preclinical animal studies.

Introduction
Ischemic stroke is the leading cause of mortality and disability and the second leading cause of dementia
in western countries 1. However, and despite all the pre-clinical �ndings on the stroke animal models,
approaches that aim at reperfusion of the affected brain area are the only treatments available in the last
decades 2. The lack of translation in stroke pre-clinical studies has recently been appointed as the major
factor slowing down the implementation of new therapies 3. Rodents are nowadays the preferred animal
model in nervous system research, due to their similarity to humans in anatomy, biochemistry and
physiology and also low cost of maintenance and processing in a laboratory 4. In rodents, stroke is the
most frequently modelled by transient occlusion of the middle cerebral artery (tMCAO), where a coated
mono�lament is introduced into the vasculature to cause occlusion of the mentioned artery for as long as
the researcher intends it to 1, 5. This means that this model can also be used to study the mechanism and
outcomes of different severities of the ischemic lesion. Occlusion of the middle cerebral artery (MCA) for
small enough periods causes no neurologic de�cit in mice, but the occlusion for longer periods leads to
speci�c neuronal loss, mimicking and modelling the clinical consequences of transient ischemic attacks
(TIA) 6, 7. Meanwhile, occlusion for longer periods models clinical cases of ischemic stroke both in
location and consequences. tMCAO causes the permanent lesion to the striatum (infarct core) and
penumbral-characteristics to the surrounding cortex. The penumbra is the brain area that, when affected
by stroke, has reduced blood �ow while still preserving structural integrity 8, 9. Increased attention has
been recently given to ischemic penumbra, with this area becoming the current focus of many
protective/therapeutic strategies 10. Early after stroke onset, the penumbra is the largest part of the infarct
volume; and if no reperfusion occurs, it evolves to unrecovered brain infract. Studying the speci�c
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localization and temporal expansion of this highly dynamic area (also called peri-infarct-area) while also
separating it from the infract core, is of major importance 8,9. Precise localization of the lesion is also
becoming increasingly important, due to more attention being given to poststroke recovery therapies, both
in preclinical and clinical stroke studies. Since demyelination and axonal breakdown play a critical role in
poststroke disability, the detailed characterization of the brain lesion at the �bre level (white matter) is
increasingly recognized as an important outcome to measure 11. Thus, quantifying the volume of the
brain white matter over grey matter, either by quanti�cation of microstructural differences or integrity of
myelinated �bres is of major importance to assess poststroke recovery 12,13.

Characterization of stroke consequence in rodent models of stroke, as with many other disease-speci�c
animal models, have traditionally relied on histological examination. This methodology can provide high-
resolution images from sectioned brains using contrast-enhancing staining, immunohistochemistry, or
enzyme histochemistry, and also quick (undetailed) ways to calculate infarct volume 14. However, these
approaches are highly time-consuming and rely heavily on estimation. An additional obstacle is that
brain sectioning may lead to signi�cant damage and distortion of the tissue, as well as the
disappearance of part of the sample and loss of 3D context in the brain 15. The 3D information becomes
of upmost importance when considering that 3D lesion context can be correlated with behavioural
assessments in order to give rise to more translatable studies 16, 17. Histological examination alone
cannot provide that information, only 3D imaging techniques can, especially when co-registered with a
neuroanatomical segmented brain Atlas 18–20. It is now possible to make 3D non-destructive
assessments of brain injury, using both micro-MRI and X-ray micro-computed tomography (micro-CT) 21

22 23. Micro-MRI demonstrates greater white/grey matter contrast and allows for in vivo soft tissue
scanning (allowing for longitudinal monitoring of individuals). MRI is currently also the only imaging
technique that can distinguish lesion core and penumbra areas in both clinical and pre-clinical research
24, 25. MRI imaging, together with classical histopathology, have been used to assess white matter
modi�cation in mouse models, while only a few approaches with micro-CT have also been successfully
attempted 26,27. However, MRI has poorer spatial resolution, in many cases with anisotropic voxels, which
limits the ability to resolve brain �ne structures and complicates analysis and interpretation of the 3D
data. Furthermore, MRI is more expensive and time consuming than the use of micro-CT imaging. In our
work we show that micro-CT is a viable alternative to MRI, mainly due to its high spatial resolution,
�exibility and low-cost to the pre-clinical research.

The main disadvantage of micro-CT is the low attenuation of x-rays by soft tissue28. This has been
overcome using contrast agents stains that enhance soft-tissue x-ray contrast (such as osmium tetroxide
(OsO4), iodine, phosphomolybdic acid (PMA) and phosphotungstic acid (PTA)) 16, 29. Use of these
contrast agents has been applied to the brain either by perfusion or immersion, allowing for
cerebrovascular or cellular visualization in micro-CT 30. The vasculature can be studied using
polymerising compounds or agents that penetrate the vessels lumen 31, 32, 33 34, 35, 36, meanwhile,
neuronal tissue contrast can be achieved through immersion of the whole brain. Different contrasts can
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be achieved because of the different binding a�nities of the stains to the different brain cells 23. The
staining of soft tissues with ionic contrast agents has been used for imaging in the micro-CT of brain 37

and whole-body38 of zebra�sh, as well as, rodent embryos, brains and other organs 29, 28, 38. Some have
even gone further, staining whole mice brains to identify/quantify electrode lesions 39, tumours 40,
malformations 41, disease pathology in Alzheimer’s 42 and even single neurons 43 44. Nevertheless, the
use of these stains for the visualization and quanti�cation of cerebrovascular alterations 45 and ischemic
lesion 16, 46, 47, 48 in whole mouse brains have rarely been described and never with great tissue/lesion
contrast.

While sample preparation and micro-CT measurement itself constitute major steps in the micro-CT
analysis, it is only the beginning of the whole pipeline. Image segmentation is the next crucial step, where
analysed structures are de�ned by assigning a class to each pixel/voxel of an image or volumetric data.
This is a particularly di�cult task in the segmentation of speci�c brain structures, due to the low contrast
offered by different types of tissue and anatomical structures. Manual segmentation, where a skilled
operator delineates the structures of interest by hand, is thus still popular in the segmentation of micro-
CT images of the brain, due to its accuracy and low requirements 16, 42. However, it’s major disadvantage
is the high time-cost, which poses a signi�cant bottleneck in the whole analysis pipeline. Manual
segmentation also introduces operator bias, which can affect the accuracy of subsequent analysis.
These issues become even more prominent in large-scale studies with many brain samples analysed. The
focus is thus shifting towards the development of semi-automatic and fully automatic tools, which make
the image segmentation signi�cantly faster. Deep learning and speci�cally convolutional neural networks
(CNNs) have recently seen an enormous increase in popularity for their application in di�cult biological
micro-CT image segmentation tasks 49. CNN has been recently used for segmentation of: ant brain 50,
murine mineralised cartilage/bone 51 and rabbit calci�ed knee cartilages 52 in micro-CT images. While
this segmentation provides us with morphological information about the object of interest, it does not tell
us anything about its function in the context of brain anatomy. Coupling micro-CT spatial information
with an anatomical atlas can provide accurate location of stroke-affected areas in the context of the
whole brain and area functions53.

Thus, in this study we show how the use of high-resolution micro-CT can improve the assessment of
stroke outcomes in brain rodent models. We describe: 1) a simple and effective ex vivo staining method
for the brain using two contrasting agents, Iodine and Osmium tetroxide; both stains originate images
with a high-quality, resolution, and neuroanatomical detail; 2) a novel methodology that allows precise
quanti�cation of 3D brain lesion, from brain edema to total infarct area, with core/penumbra
segmentation; 3) the successful validation of this new approach as compared to classical histological
evaluation, TTC; 4) a semi-automatic method to evaluate white matter/grey matter changes in integrity of
myelinated �bres; 5) a novel automatic, deep learning-based, method for segmentation of the lesion and
penumbra in the micro-CT images; and 6) co-registration of 3D brain images with mouse atlas, allowing
speci�c brain areas identi�cation.
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This way, the complete methodology here described, from the used contrasting agents to the stroke
analysis methods, highlight the advantages of micro-CT imaging as a relevant tool for the assessment of
preclinical stroke studies.

Results

High resolution micro-CT imaging allows brain
neuroanatomical areas distinct identi�cation
The complete methodology described in this work was developed from the need to �nely characterize and
quantify ischemic alterations in mice brains, without the requirement of laborious histological techniques
or costly MRI apparatus. As such, whole mice brains were subjected to different staining methodologies
for soft tissues, previously described in the literature with limited success (low resolution and detail):
osmium tetroxide, inorganic iodine, iohexol (Omnipaque ®), PMA and PTA. X-ray voltage and output
current were �ne-tuned to optimize volumetric reconstructions for each stain at isotropic resolutions, in
order to allow histopathological interpretations (see materials and methods). For whole mouse brain ex
vivo imaging, the brains were horizontally mounted on the micro-CT apparatus and complete brain
imaged. Each brain was reconstructed to obtain a single 3D volume (Fig. 1A). For high resolution micro-
CT imaging, image dataset acquisitions took from 3 to 5 hours, which is much faster than the
determination by histological methods, that might take days. In this regard, for large-scale stroke studies
with focus on the quanti�cation of the lesion of large number of mice brains our approach facilitates
high-throughput analysis.

From all the compounds tested PTA and PMA were not able to stain the whole brain and seemed to not
penetrate completely in the tissue (Supplementary Fig. 1B,C). In the case of iohexol, despite its ability to
penetrate the whole sample, it conferred poor contrast of the different brain structures (Supplementary
Fig. 1A). Meanwhile, brains stained with osmium tetroxide (Fig. 1B) and the inorganic iodine (Fig. 3)
showed high brain structural contrast in scans at resolutions of 3.5-4 µm voxel, allowing for a
microscopic reconstruction of the whole-brain 3D volume (Fig. 1A,B - coronal, sagittal and transaxial
views).

Importantly, the two successful stains (osmium tetroxide and iodine) produced complementary micro-CT
contrast: since inorganic iodine is soluble in water, it enhances contrast mainly in structures of the grey
matter and myelin; whereas osmium is lipophilic, providing increased contrast to cell membranes and
other lipid-rich structures, and creating a rather homogeneous contrast to all cell types 22 38 26. Although
iodine stain resulted in higher grey/white matter contrast, both compounds allow a clear distinction of
several brain structures such as cortex (Ctx), striatum (CPu), hypothalamus, thalamus (TH) and
hippocampus (HP) (Fig. 1B and Supplementary Fig. 3). Iodine has also an important advantage regarding
toxicity over osmium (Table 1).
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Stroke-related lesions can be observed on mouse brains using high-resolution micro-CT Mouse brains
subjected to ischemic insult were processed for tissue staining with either osmium tetroxide or iodine.
After micro-CT image acquisition the datasets were reconstructed from the x-ray projections. Despite the
differences in image contrast, both osmium tetroxide and iodine stained brains revealed clearly
recognizable effects from the ischemic injury (Fig. 1C, 2A – osmium and Supplementary Fig. 3, iodine),
which includes brain edema and degeneration in the stroke area. At the site of lesion, differentiation
between core and the penumbral area was evident at 24-hours post-reperfusion (Fig. 2A-C, Suppl. Video
1). Additionally, striatum �ber degeneration in the TIA model was perceptible (Fig. 3A-C). Advantageously,
iodine-stained brains could be used for further histological processing since, after the staining process,
the tissue retains the structural components for the recognition by antibodies used in
immuno�uorescence protocols (Supplementary Fig. 2B). This correlated multimodal image acquisition
work�ow contributes to the lower number of animals needed for experimentation and allows to obtain
morphological information and, when imaged at higher resolution with wide-�eld or confocal microscopy,
for the acquisition of functional information. However, due to steps of dehydrations performed in the
protocol for iodine staining, brains suffered some shrinkage. The �nal brain volume was calculated to be
a third of the initial volume (Supplementary Fig. 2A). Opposite, although brain shrinkage does not occur
with the brains stained with osmium tetroxide, the staining process leads to tissue mineralization 54 37 23,
further preventing its use for immuno�uorescence. However, staining with toluidine blue can still be
successfully performed (results not shown), which allows for DNA and proteoglycan staining 55. In Table
1 the advantages/disadvantages of the two contrasting agents (osmium tetroxide and inorganic iodine)
are described for whole-brain contrast enhancement. 
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Table 1
Comparisons of the different characteristics of osmium tetroxide vs inorganic iodine staining

for whole-brain contrast enhancement.

  Osmium tetroxide Inorganic Iodine

Binds lipophilic structures ++ -

Binds hydrophilic structures - ++

Toxic ++ -

Expensive ++ -

Allows further histological processing - ++

Penetration speed + ++

Brain shrinkage - ++

Edema extent quanti�cation ++ ++

Lesion (core/penumbra) volume quanti�cation ++ ++

Striatum white matter degeneration quanti�cation + ++

Lesion (core/penumbra) volume quanti�cation + ++

Characterization of mice brain infract lesions
Successful stroke therapy assessment requires the detection of subtle differences in infarct volume. By
optimizing contrast-enhanced micro-CT imaging (OsO4 or iodine), we demonstrated that this
methodology is suitable for de�ning ischemic lesion boundaries, including discrimination of ischemic
core from penumbra at 24h following reperfusion, and visualization of brain edema (Fig. 2A and
supplementary Fig. 3), as well as following brain lesion over-time, from 3h to 72h (Supplemental Fig. 5),
till 7 days (tested, data not shown). With the described methodology it was possible to observe a time
dependent increase in infarct volume in the cortex/striatum, as well as an increase in ipsilateral
hemispheric volume due to edema (from 3 to 24 h after reperfusion) (Supplementary Fig. 5). The area of
the lesion, area with lowest x-ray contrast, was calculated with the 3D image datasets obtained with the
micro-CT. These values were compared with the information obtained by using the standard Triphenyl
tetrazolium chloride (TTC) staining (Fig. 7), together with the information obtained by immunolabeling for
NeuN (neuronal marker), MAP2 (neurites marker) and TUNEL (late apoptosis/necrosis marker) (Fig. 2D).
From our analysis, the area of the lesion calculated from the virtual slices was in close agreement with
the area of the lesion quanti�ed by histological sectioning, con�rming that the described demarcation
corresponds to the ischemic infarction area (Fig. 2D and Fig. 7C,D). Additionally, core/penumbra
discrimination can be achieved in early timepoints (24h) ((Fig. 2B and Supplementary Fig. 5). Moreover,
micro-CT imaging allowed the detection of small lesions in myelinated �bres after the mouse TIA model.
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The contrast conferred by the stains (Osmium, Supplementary Fig. 4, Suppl. Video 2; Iodine Fig. 3)
enabled the visualization of white matter loss in the affected hemisphere’s striatum, when compared to
the contralateral hemisphere after 24h reperfusion. White matter �ber tracts loss was uniform throughout
the striatum, and not localized to regions of ischemic injury, since this model does not present a visible
infarct area (Fig. 3 and Supplementary Fig. 4). Thus, both osmium and iodine ex-vivo stained brain’s
show clear stroke consequence demarcation that parallel histopathological-de�ned ischemia.

High resolution micro-CT allows �ne manual quanti�cation
of mouse brain lesion/edema
The micro-CT proprietary software from Bruker®, CTAn, was used to manually delineate the regions of
interest of both hemispheres and the ischemic lesions, including core when present, in the virtual slices
(Fig. 5). The selected regions of interest were further used to calculate edema extent (% contralateral
hemisphere) (Fig. 4A-C) and corrected lesion volume (% of total brain volume) (Fig. 4D-F) (see materials
and methods section). Moreover, this approach offers several advantages over classical histological
methods since: the area occupied by the ventricles can be included/excluded in the calculations
depending on edema extent; brain midline, which shifts due to edema, can be adjusted allowing �ne brain
area selection. Osmium tetroxide-stained brains subjected to the 45-minutes occlusion (stroke model)
displayed an edema extent that lead to an increment of the size of the ipsilateral hemisphere, 10.6% ± 3%,
when compared to the contralateral hemisphere, and exhibited lesions that occupied 13.7% ± 1% of the
total brain volume (penumbra: 12.07% ± 0.7% and core: 1.6% ± 0.5%), while iodine-stained brains of the
same stroke condition displayed an edema extent of 5.1% ± 2% and total lesion of 14.5% ± 2%
(penumbra: 13.5% ± 1%, core: 0.9% ± 0.8%) (Fig. 4C,F). In this way, both staining methods demonstrated
to be useful for the quanti�cation of brain edema and stroke areas.

Deep learning enables fully automatic lesion segmentation
in the micro-CT images
To improve the reproducibility, high throughput quanti�cation and reduce operator bias, we designed an
automatic segmentation process to quantify micro-CT lesions. This is a di�cult task due to the low
contrast between the lesion and healthy tissue. However, iodine-stained brains from the stroke model,
which display higher signal to noise ratio, allowed for the application of a fully automatic deep learning-
based segmentation and quanti�cation method to de�ne ischemic lesion, with both core and penumbra
(Fig. 4J/K, Fig. 6B). The method is based on training a convolutional neural network to transform a
lesioned brain hemisphere to an approximation of a healthy brain hemisphere by randomly simulating
the lesion in the available micro-CT cross-sections of healthy brain hemispheres. By subtraction of the
original and transformed image and subsequent thresholding of this difference image, the segmentation
masks of the whole lesion and core are obtained. The results of this automatic quanti�cation in iodine-
stained brains of the tMCAO model are shown in Table 2. The total lesion quanti�ed by this method was
20.33 ± 4.48 mm3 while the core lesion was 2.36 ± 1.56 mm3, matching the manually obtained volume
measures of 21.63 ± 4.75 mm3 for the total lesion volume and 3.10 ± 1.39 mm3 for the core volume.
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Micro-CT in combination with deep learning can thus be utilized for fast evaluation of the lesion
morphology in 3-D. 

 
Table 2

Results of automatic quanti�cation of iodine-stained tMCAO brains based on deep-
learning-based segmentation vs manual segmentation.

  Automatically segmented lesion volume (mm3) Manually

segmented lesion

volume (mm3)

  Total Lesion Core Total Lesion Core

Sample 1 16.8906 3.7642 20.2020 5.0047

Sample 2 17.4301 3.1330 16.6580 2.5465

Sample 3 26.6595 0.1852 28.0330 1.7491

Since iodine stain conferred more contrast to myelin than any other structure, TIA model brains were
further processed at higher resolution scans and a semi-automatic segmentation was performed
combining manual segmentation of the caudate putamen with the thresholding of white top-hat
transformed image (Fig. 4G) and a method for quanti�cation (Fig. 4H,I,J) of the white matter �bers in 3-D
was developed. After 10-minute ischemia, white matter �bers of the ipsilateral hemisphere occupied less
14% of the caudate putamen volume, when compared to the respective contralateral hemisphere (Fig. 4I),
probably due to �ber decreased wall thickness (Fig. 4H). This method allowed a clear discrimination and
quanti�cation of the white matter degeneration in the ipsilateral striatum after a 10-minute ischemic
insult. Taken together, these results indicate that high resolution ex-vivo micro-CT (contrast-enhanced)
constitutes a major advantage to the mouse preclinical stroke studies, improving the time, workload and
increasing the outcomes compared with traditional histological methods.

Comparison of micro-CT imaging of mouse infarct/edema
with histology staining
Lesion volumes and edema extent obtained from the 3D reconstructed datasets, obtained with micro-CT
(after osmium tetroxide contrast agent enhancement), was correlated with the histological TTC method
for lesion quanti�cation (Fig. 7A). TTC staining is the gold-standard, or at least the most used
methodology for detecting and quantifying infarcts in rodents stroke models 56. This method is rather
easy to perform and is based on the reduction of the TTC by mitochondrial oxidative enzymes. If the cells
in the tissue are alive, reduction of TTC occurs and it turns into a red pigment, while the areas of the
tissue with dead cells remain white. However, this method displays important limitations: it can only be
performed in fresh thick tissue slices (then �ne infarct localization is lost); it only accounts for healthy
mitochondria, and does not address other effects such as white matter degeneration, e.g.; can/should
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only be used in the �rst 24 h, since after that period occurs the in�ltration of in�ammatory cells
(containing live mitochondria) 57. Thus, when comparing sham and tMCAO animals at 3h, and
importantly, at 24h after reperfusion, both in edema extent (Fig. 7C) and total lesion values (Fig. 7D),
micro-CT and TTC presented correlation indexes of 0.96 and 0.81 for each parameter, respectively
(Fig. 7C,D). This means that the lesions volumes obtained from micro-CT reconstructions correlated
positively with TTC histopathology. Hence, this novel methodology can be used to accurately determine
infarct volumetry in rodent stroke models.

High resolution micro-CT imaging allows data co-
registration with mouse brain atlas and identi�cation of
speci�c brain areas affected
Reporting the location of the lesion, its extent, and how consistent these results are among different test
subjects is important in preclinical stroke studies. Additionally, lesion registration to a speci�c sub-
anatomical brain structure can further be linked to functional consequences 19. Taking advantage of the
serial section aligner QuickNII® software/tool that has the mouse (C56BL7) anatomical brain area
identi�ed and annotated according to the Allen Mouse Brain Atlas 58 59, high resolution micro-CT mouse
brain sections can be associated to the corresponding brain region. We aligned images of a stroke model,
45min tMCAO mice model (24 h reperfusion), with the serial section aligner QuickNII ® tool (Fig. 8A-C),
and identi�ed the infarct affected anatomical areas 58 59 (Table 2). The most sensitive anatomical area to
ischemia in our model was the caudate putamen, which was altered after ischemic periods as small as
10 minutes. When looking into longer ischemic periods, the infarct consisted usually of the caudate
putamen and several functional structures of the cortex involved in motor, sensory and associative
circuits, such as the primary somatosensory, the gustatory, the agranular insular and the piriform areas. 
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Table 3
Nomenclature of the brain regions affected by

ischemia and corresponding abbreviations
Aa Amygdalae

Acb Accumbens nucleus

AI Agranular insular area

C1 Claustrum

CPu Caudoputamen

EP Endopiriform nucleus

GP Globus pallidus

HY Hypothalamus

OT Olfactory tubercle

Pir Piriform area

S1 Primary somatosensory area

S2 Supplemental somatosensory area

SI Substantia innominate

Visc Visceral area

Discussion
In this work, we report for the �rst time that micro-CT imaging can be a technique of major advantage for
the detection and �ne quanti�cation of ex vivo brain lesions after ischemia, as well as for assessment of
white matter degeneration, in rodent models of stroke.

The visualization of the brain’s internal structures by high resolution CT imaging is only possible by using
a contrast agent. Considering that, in the literature, several heavy-metal stains have been commonly
reported for contrast enhancement of soft tissues, we compared osmium tetroxide, inorganic iodine,
iohexol, PMA and PTA for their staining capability, as well as their ability to yield useful anatomical
contrast and distinguish established ischemic consequences in the brain of mice subjected to ischemia
models. Staining with osmium tetroxide and inorganic iodine yielded the best anatomical contrast in
comparison to the other substances tested (iohexol, PTA and PMA (Supplementary Fig. 1)). Similar
staining protocols for PTA and PMA had been used by Descamps, E., et al. 16 to stain whole mouse
embryos, however in our study these compounds did not diffuse completely into the mice brain, probably
due to its bigger size. Dobrivojevic, M., et al. 60 used iohexol to identify an ischemic lesion in a tMCAO
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mice model. However, their data show low contrast on brain anatomic structures and poor ischemic
lesion imaging, when compared to what we observed in the present study. On the other hand, osmium
tetroxide and the inorganic iodine staining protocols based on Masis, J., et al. 22 and Zikmund, T., et al. 16,
respectively, resulted in contrast enhancement of brain anatomy. Furthermore, they allowed visualization
of ischemic degeneration, such as the de�nition of the lesion area, edema, and white matter
degeneration. Since, iodine binds to glycogen molecules, the contrast obtained by this agent re�ects the
bulk of water in the brain tissue, and because of this myelin and grey matter display higher contrast, while
white matter neurons appear more attenuated 39. Meanwhile, osmium binds mainly to phospholipids and
proteins, re�ecting cellular density 26. Iodine allowed better discrimination between brain structures due to
higher grey/white matter contrast, meanwhile osmium tetroxide still proved to be su�ciently powerful to
distinguish and demarcate most of the anatomical brain features. And while both stains allowed the
visualization and manual segmentation and quanti�cation of the most remarkable stroke consequences
(de�nition of lesion area and edema), automatic segmentation of white matter �ber tracts and infarct
lesion was only possible in iodine-stained brain images. Furthermore, a contrast agent should be chosen
also for their manipulation safety and ease of handling besides their effectiveness 38. Stains based on
inorganic iodine, thus, are easier to handle and much less toxic than osmium tetroxide, besides
penetrating faster into the tissue and producing higher contrast in x-ray images, allowing
manual/automatic segmentation. Micro-CT imaging matched tissue contrast achieved by longer, more
expensive, and step intensive MRI, while delivering higher voxel diameter resolution. Moreover, micro-CT
guarantees that the cerebral morphology remains intact and allows the construction of 3D models with
higher level of detail and resolution 61. However, micro-CT investigation with this resolution in soft tissues
can only be performed ex-vivo post-mortem, whereas MRI permits longitudinal assessment of lesion
growth in the same individual.

Besides, the 5-hour scan is much faster than the ex-vivo micro-MRI scans that have been reported on the
literature, where a mouse head scan with isotropic resolution 62.5 µm has been reported to take up to 12h
of scanning62. Additionally, the 24-hour to 2-week period for sample processing, together with the 3- to 5-
hour-long CT measurement can provide a quick and complete visualization of the brain’s external and
internal morphology, with optical slices of 3.5-4 µm, considerably thinner than physical slice thickness
usually used on histology (0.4–1 mm). Since sample preparation for micro-CT only requires solution
exchanges, thus it takes roughly the same amount of time to process one sample as it does many
samples, making it easier to process a large number of brains simultaneously than in histological
methods, where each brain has to be sliced individually 63.

Occlusion of the MCA for 45-minutes creates a clearly de�ned infarct area, usually comprising part of the
cerebral cortex and the striatum of the ipsilateral hemisphere, therefore mimicking the location of most
common human stroke lesions 16. Histological methods for infarct analysis usually comprise brain
slicing followed by either enzymatic labelling of live cells (as is the case with TTC, using fresh tissue) or
immunolabeling for speci�c cellular markers (as NeuN or MAP2, using �xed tissue). This might give rise
to images with higher-resolution, up to the cellular and subcellular level, but only in the bidimensional
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context, and with tissues suffering shrinkage and deformation due to processing, besides the possibility
for information loss due to slicing 1. Infarcted brains, when soaked/stained in either inorganic iodine or
osmium tetroxide, allowed the visualization/manual quanti�cation of the total lesion area and edema, as
well as the discrimination of the peri-infarcted area, which is still di�cult to delineate using histology.
Even though iodine-based stains also lead to tissue shrinkage, they still retain the 3D morphological
information of the sample 64. We validated this quanti�cation method by showing that identi�ed lesion
correlated positively with prevalent histopathology observed in TTC processed brains. In addition, the
possibility of further using iodine-stained brains for processing using histological procedures, such as
immunolabelling, might extend even further the 3D virtual histological results obtained, by precise
identi�cation and correlation of different cell types to anatomical structures visualized in the micro-CT 38

46. Thus, tremendous amount of data can be generated from only one animal, giving rise to gigabytes of
information that need very powerful computers for storage, transfer, processing, display, and analysis 65.

TIA model is de�ned by successful occlusion of the MCA, in which mice do not present any neurologic
de�cit nor lesion (on MRI) at 24-hours reperfusion. This model has not been broadly studied since no
morphological alterations have been observed by using TTC staining or MRI and only through cellular/in-
situ methods (such as Haematoxylin Eosin stain, and TUNNEL) ischemic alterations can be identi�ed.
Nonetheless, the majority of the studies on this model agrees that short term ischemia leads to selective
neuronal loss in the striatum of the affected hemisphere and that TIA causes functional de�cits in human
patients 66 7. White matter injury, as characterized by demyelination and axonal breakdown, was also
found after MCAO in rats, and this injury played a critical role in these rodents’ poststroke disability 13.
Segmentation of lesion constitutes a prerequisite for quantitative analysis in stroke research, but this is a
tedious and bias/error-prone task when done manually. This process is also time consuming, limiting the
sample size that can be analysed at any given time. Thus, the present work addressed the need for
reliable, semi-automatic or automatic methods to derive high-quality lesion segmentations and
quanti�cations 67. Here, we demonstrate a new method that allows the observation and semi-automatic
quanti�cation of white matter degeneration in the striatum after 10-minute tMCAO in mice, allowing for
future and more informative studies on this pathology. The utilization of this method was enabled by the
high contrast provided by the iodine stain. This allowed us to observe the white matter volume in each
brain hemisphere with respect to the caudoputamen volume. Furthermore, we detected a decrease in the
white matter volume in the stroke-affected hemisphere. As manual input in the �rst phase of the
segmentation procedure is still required for the segmentation of the striatum in each brain hemisphere, a
human-originated error can be introduced into the evaluation. To be objective, the manual segmentation
was performed with the Allen Mouse Brain Atlas as a reference. In the following step, we apply
thresholding in the both brain hemispheres simultaneously, we can expect the quantitative evaluation of
the white matter volume fraction to be consistent between brain hemispheres. The deep learning-based
segmentation of the lesion core and penumbra allows for a fully automatic and consistent evaluation of
the lesion volume across multiple samples. We have also shown that ground image segmentation masks
are not necessary to train and apply the lesion segmentation model and by simulating the lesion on
healthy brain hemisphere, we were able to obtain volume measurements that highly correlate with those
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obtained by manual segmentation. Thus, the uncertainty of manual segmentation is avoided and the
data is processed without the time-demanding manual segmentation. The limitation of the method stems
from the fact, that a human operator must be able to separate the healthy brain hemisphere from the
hemisphere affected by stroke. Furthermore, the lesion must be isolated in one of the brain hemispheres.
To lower the computational requirements of the proposed method, the segmentation is performed on
images, which were down-sampled 10 times, however, since high-frequency image features are not
necessary for the lesion detection, this does not negatively affect the results.

Lesion size and location affects the magnitude of impairment and recovery following stroke 6. Co-
registration of volumetric images obtained with micro-CT, using the QuickNII serial section aligner, based
on Allen Mouse Brain Atlas, enables the identi�cation of anatomical brain structures that were affected
within the studied mouse models, granting even more functional information. However, this co-
registration is still manual and should be considered with caution, due to brain edema on the ipsilateral
side. Nonetheless, this overlap with the atlas images allowed the identi�cation of major sub-anatomical
brain areas affected in tMCAO model, including the striatum and the somatosensory cortex, among
others (Fig. 8). As a matter of fact, affected areas can be correlated with the de�cits that the mice
presented within functional tests and compared to human patient condition 19 59. Nevertheless,
registrations of ischemic lesions in stroke models to brain atlas has only been previously performed on
MRI images 19, and as mentioned, MRI images are prone to distortion. No such registration was
performed using more accurate micro-CT images before our study.

In conclusion, we describe the use of micro-CT as a powerful tool for easy, quick, non-destructive 3D
imaging of the whole mouse brain, with high resolution and detail. Iodine- and osmium-stain of mouse
brains subjected to different ischemia times allowed the characterization of ischemic lesion evolution
overtime. Manual quanti�cation of ischemic lesion, with clear discrimination of the core area (when
present), was also possible, with a positive correlation to quanti�cation of the whole lesion by TTC
staining. Conversely, only iodine-contrast allowed for automatic quanti�cation of core/penumbra
volumes on stroke brains, as well as characterization of striatum white matter degeneration on TIA
brains. Therefore, the novel methodology characterized in the present work constitutes a major asset to
preclinical stroke studies.

Material And Methods

Mice
The number of mice handled for the presented work was approved by the Institutional and National
General Veterinary Board (DGAV) and i3S internal Ethical Committee (approval reference number
003424), according to National and European Union rules. Three- to 12-month-old, male/female wild type
C57BL6 mice were used. The animals were reproduced, maintained (regular rodents chow and tap water
ad libitum) and experimentally manipulated under a 12h light/dark cycle in type II cages in speci�c
pathogen-free conditions in the animal facility (microbiological heath status available). The method of
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euthanasia used was lethal anesthesia with 170 mg/kg ketamine/ 2 mg/kg medetomidine via (ketamine 
+ medetomidine, intraperitoneal administration. Charles River Laboratories is the external animal facility
used to acquire animals. Physical randomization for group selection was performed using a
bioinformatics tool available from Graphpad Prism® QuickCalcs website:
https://www.graphpad.com/quickcalcs/randomize1/. The order by which the animals from the different
experimental groups were assessed was random during each experimental session. ARRIVE guidelines
were taken into consideration in experimental reporting. This study was not pre-registered.

tMCAO
Mice were anaesthetized with iso�urane (4% for induction and 2-1.25% for maintenance) in a mixture of
N2O:O2 (70:30) using a small-anesthesia system. Rectal temperature was maintained at 37.2°C
throughout the surgical procedure making use of a rodent warmer with rectal probe (Stoelting, Wood Dale,
IL, USA).

Cerebral blood �ow (CBF) was monitored trans cranially using a laser Doppler �owmeter (LDF, PeriFlux
System, Perimed, Stockholm, Sweden). Animals were placed under a stereo microscope (Leica S8 APO,
Leica Microsystems, Wetzlar, Germany) and fur from the mice’s nape was shaved and disinfected. An
incision of 1–2 cm was made on the clean skin, and the margins of the incision were pulled laterally to
reveal the cranium. A 0.5 mm diameter micro�ber Laser-Doppler probe (Master Probe 418-1connected to
microtip: MT B500-0L240) was attached to the skull with cyanoacrylate glue 6 mm lateral and 2 mm
posterior to bregma. While under general anesthesia, regional cerebral blood �ow was monitored within
the MCA territory. The surgical procedure was considered adequate if ≥ 70% reduction in blood �ow
occurred immediately after placement of the intraluminal occluding suture and reperfusion occurred after
occlusion period; otherwise, mice were excluded.

Transient middle cerebral artery occlusion was induced by the intraluminal suture method 53 68 69 70.
Brie�y, after a laser-Doppler probe was attached to the skull, animals were placed in a supine position,
under the stereo microscope. The surgical region of the neck was shaved and disinfected. A midline neck
incision was made, followed by dissection of the underlying nerves and fascia to expose the right
common carotid artery (CCA). The CCA was carefully separated from the vagus nerve, which lies laterally
to it, taking extra care not to damage/stimulate or puncture it with the surgical tools. The right external
carotid artery (ECA) and internal carotid artery (ICA) were also isolated by blunt dissection of the
surrounding tissues (avoiding the rupture of the superior thyroid and occipital arteries). Afterwards, the
CCA was temporarily ligated with a silk suture and the ECA was permanently ligated as distal as possible
from the bifurcation of the CCA, and loosely ligated proximal to the bifurcation. A reduction in cerebral
blood �ow was observed. A microvascular clamp was applied to the ICA. A small incision was made in
the ECA between the silk sutures, and a new silicone-rubber coated 6 − 0 nylon mono�lament ([21–23]
6023PK10 Doccol Corporation, Massachusetts, USA) was introduced into the ECA and pushed up the ICA
until the �lament was ≈ 9 mm from the place of insertion (marked with a silver sharpie©) and a sudden
drop was observed in the blood �ow, effectively reaching the circle or Willis and blocking the MCA. The



Page 16/31

coating length of the mono�lament lied between 2–3 mm, and the tip diameter depended on the animal’s
weight. The loose suture around the ECA was then tightened around the inserted �lament to prevent
movement during the occlusion period, which lasted for either 45 or 10 minutes of occlusion. After
designated occlusion time was over, the �lament was removed and the proximal section of the ECA was
permanently tied. The temporary tie around the CCA (only closed when necessary to avoid blood leakage
through the ECA hole) was removed and reperfusion was established. This was observed in the Laser-
Doppler as a rise in the regional CBF. Mice were administered 0.2mL of bupivacaine (2mg/kg in 0.9%
NaCl) in the neck open wound. The Laser-Doppler probe was cut close to the skull and both the neck and
head incisions were sutured. As a control, sham-operated animals were subjected to the same procedure
without occlusion of MCA.

Immediately after surgery, a 0.5 mL saline (0.9% NaCl) and buprenorphine (50 µL/ 10 g of animal weight
− 0.08 mg/kg) were given subcutaneously to each mouse as �uid replacement and as a form of
analgesia, respectively. Buprenorphine was repeatedly administered at time intervals of 8 to 12 hours for
the �rst 3 days post-ischemia; two daily administrations of 0.3 mL of both 5% glucose in 0.9% NaCl and
50/50% Duphalyte in NaCl were given until mice recovered weight. Right after surgery, mice were placed
in a recovery box (Small Animal Recovery Chamber/Warming Cabinet, Harvard Apparatus) maintained at
a humidi�ed temperature of 36.8°C until fully recovered from anesthesia (~ 2h). To reduce stress, some
elements such as paper from the home nest and roll papers were placed in the recovery box. When
anesthesia completely wore off, recovery box temperature was decreased to 34.8° for the next 12 hours;
afterward, home cages were half placed on a heating pad for the �rst day post-surgery, allowing mice to
choose their environment during recovery, regulating body temperature and controlling post-stroke
hypo/hyperthermia. When mice were returned to their home cage, signi�cant care was taken into pairing
mice with their pre-surgery cage mates. However, we separated sham-operated animals from tMCAO-
operated animals to avoid stress and �ghting within the cage, due to differences in the alertness and
motile/cognitive de�cits between the animals. Mortality rate was 10% (in tMCAO 45minutes only). After
3-, 24- or 72-hours of recovery, animals were euthanized.

Osmium tetroxide Stain
In the Osmium tetroxide cohort, mice were deeply anesthetized and were perfused transcardially (using
20ml syringes, through high-pressure manual delivery, keeping heart in�ated) with 40 mL PBS, followed
by 40mL of 2% PFA + 2.5% glutaraldehyde with 4% sucrose in PBS, pH 7.4. The whole brain was removed
and �xed in 30 mL of the same �xation solution for at least 1 week, at 4°C, in a 50ml conical centrifuge
tube.

After the post-�xation period, brains were washed in water to remove �xatives and PBS, and stained in
aqueous 2% osmium tetroxide (OsO4) solution (15ml for each mouse brain) in 50ml conical centrifuge
tube for two weeks, at 4°C in a horizontal shaker. Since osmium tetroxide is toxic if inhaled, tubes were
sealed with Para�lm® to minimize evaporation and osmium tetroxide manipulation was always
performed in a fume hood. When performing the staining, tubes were protected from direct light with
aluminum foil. After staining, brains were washed, wrapped in Para�lm® (to prevent dehydration during
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micro-CT scanning) and transferred to Para�lm® sealed 5ml tubes (Sarstedt, 62.558.201) for µCT
scanning, for short term storage. If long term storage is needed, brain dehydration followed by resin
in�ltration and embedding should be performed, as described by Masís et al 71. In this work, short term
storing was the chosen option, mainly because one of the parameters to be analyzed was the brain
edema after tMCAO. As such, the dehydration procedure could in�uence the measurement of this
parameter, even though edema is always calculated in comparison with the contralateral hemisphere of
the corresponding brain.

Detailed information regarding all the steps involved in ex-vivo mouse osmium tetroxide staining is
available in Table 4.

Table 4
Detailed protocol for whole mice brain preparation for microCT with osmium tetroxide.

Step Solution Time (min) Temp.
(Cº)

Perfusion

Lethal
anesthesia

Ketamine/ medetomidine, IP 5 22

Blood perfusion PBS 10 22

Brain �xation 2% PFA, 2.5% GA, 4% sucrose, in PBS 10 22

Post-�xation

Fixation 2% PFA, 2.5% GA, 4% sucrose, in PBS 7–30 days 4

Washing Distilled H2O 1, 1, 1, 15 22

Staining

Osmium 2% OsO4, in H2O (15 mL/brain) 15 days 4

Micro-CT prep

Washing Distilled H2O 1, 1, 1, 15, 15,
15

22

Preparation Para�lm® wrapping, and 5 mL_ Tube
accommodation

5 22

Brain Storing

Short-term Protected from light; Sealed container 3–12 months 4

Long-term Dehydration; Resin embedding Years 22

Micro-CT scanning for Osmium stained brains:
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All osmium tetroxide stained ex-vivo mouse brains were scanned using Bruker micro-CT scanner
(SkyScan1276, Bruker, Belgium), from the i3S Scienti�c Platform Bioimaging. The settings used were:
voltage of 90 KV and an output current of 47 µA; 4 µm spatial resolution, 0.2º rotation step through 360
degrees, giving rise to 1801 projections; an Aluminum �lter of 1 mm was used, together with a frame
averaging of 4 The scanning of each brain took around 5h.

Reconstruction of scanned brain images was performed using the NRecon software (version 1.7.4.2,
Bruker, Kontich, Belgium). The settings were normalized for all the brains, however �ne tuning was
performed for each individual brain to improve quality of deconvolution not achieved with normalized
automatic deconvolution. Fine tuning parameters were: Smoothing of 0; Misalignment compensation
between 52–60; Ring artifacts reduction between 4–6; and Beam-hardening correction between 20–30%.

Iodine staining
After the aforementioned recovery times, the animals from the iodine cohort were anesthetized and
transcardially perfused (using 20 mL syringes, through manual delivery – keeping heart in�ated) with 40
mL PBS, followed by 20 mL of 4% PFA in PBS, pH 7.4. Brains were carefully dissected and post-�xed in
20 mL of the same �xation solution for at least 3 days, at 4ºC, in a 50 ml conical centrifuge tube.

Brains were dehydrated in ethanol grade series (30%, 50%, 70%, 80%, 90%) for 2 h followed by a 24-hour
staining in 90% methanol plus 1% iodine solution, in agitation, at room temperature. Since iodine
solutions are not toxic, no protective measurements were not needed.

After staining, brains were quickly rehydrated with 30% and 70% ethanol, for 1 hour each, at room
temperature with agitation. Finally, they were wrapped in Para�lm® (to prevent further dehydration during
the micro-CT scan) for micro-CT scanning. For short-term storing, brains were kept in 5 mL tubes
(Sarstedt, 62.558.201) at 4ºC. If long term storage is needed, brain dehydration, followed by resin
in�ltration and embedding should be performed, as described by Masís et al 16. In this work, short term
storage was the chosen option.

Detailed information regarding all the steps involved in ex-vivo mouse iodine stain is available in Table 5.
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Table 5
Detailed protocol for whole mice brain preparation for micro-CT with iodine.

Step Solution Time (min) Temp. (Cº)

Perfusion

Lethal anesthesia Ketamine/ medetomidine, IP 5 22

Blood perfusion PBS 10 22

Brain �xation 4% PFA, in PBS 10 22

Post-�xation

Fixation 4% PFA, in PBS   4

Staining

Dehydration 30%, 50%, 70%, 80%, 90% ethanol 2 hours, each 22

Iodine 1% iodine, in 90% metanol (15 mL/brain) 24 hours 22

micro-CT prep

Preparation Para�lm ® wrapping 2 22

Brain Storing

Short-term Protected from light; Sealed container 3–12 months 4

Long-term Dehydration; Resin embedding Years 22

Micro-CT scanning for iodine stain:
Iodine stained ex-vivo mouse brains were scanned using the Bruker micro-CT scanner (SkyScan1276,
Bruker, Kontich, Belgium), from the i3S Scienti�c Platform Bioimaging, where the settings used were:
voltage of 85 kV and an output current of 200 µA; 3 µm spatial resolution, 0.2° rotation step through 360°,
giving rise to 1801 projections; an Aluminum �lter of 1 mm was used, together with a frame averaging of
8. Scanning of each brain took around 3h.

Reconstruction of scanned brain images was performed using the NRecon software (version 1.7.4.2,
Bruker, Kontich, Belgium). The settings were normalized for all the brains, however �ne-tuning was
performed for each individual brain to improve the quality of reconstruction not achieved with normalized
automatic deconvolution. Fine-tuning parameters: Smoothing of 0; Misalignment compensation between
52–60; Ring artifacts reduction between 4–6; and Beam-hardening correction between 20–30%.

For higher resolution scans, used for striatum �ber automatic segmentation, stained samples were �xed
in 1% agarose gel (Top-Bio s.r.o., Prague, Czech Republic) and placed in 1.5 mL centrifuge tube. GE
Phoenix v|tome|x L 240 (Waygate Technologies GmbH, Huerth, Germany) was used for the acquisition.
The micro-CT scan was carried out in an air-conditioned cabinet (21°C) at 60 kV acceleration voltage and
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200 µA tube current. Exposure time was 700 ms and 3 X-ray projections were acquired in each angle
increment and averaged for reduction of noise. The achieved resolution was 4.5 µm with isotropic voxels.
Tomographic reconstruction was performed by using the software GE phoenix datos|x 2.0 (Waygate
Technologies GmbH, Huerth, Germany). The data was then imported to VG Studio MAX 3.4 (Volume
Graphics GmbH, Heidelberg, Germany).

Manual segmentation and quanti�cation of total lesion/
core volume and edema using the CTAn software
Fine adjustment of the 3D volume images was performed using the DataViewer© software (version
1.5.6.2, Bruker, Kontich, Belgium), followed by volumetric analysis was performed on CTAn© software
(version 1.20.3.0, Bruker, Kontich, Belgium). For edema extent calculation, brain hemispheres were
manually annotated in the transaxial orientation every 10 slices. The software rendered the region of
interest in every slice though interpolation and calculated object volume. In tMCAO 45-minutes brains,
total lesion and core, when present, were manually delineated in the transaxial orientation of every 10
slices. Once again, the software adjusted the region of interest in every slice though interpolation and
calculated object volume. Edema extent was calculated by applying the equation: Edema extent (% of the
contralateral hemisphere) = ((V ipsilateral (µm3)- V contralateral (µm3))/ V contralateral (µm3))*100; and lesion
volume was corrected for edema by applying the equation: Total lesion (% of brain volume) = (V lesion

(µm3) x (V Contralateral (µm3)/ V Ipsilateral (µm3)*100)/ V brain (µm3); with V being the volume obtained

during image quanti�cation and V brain as the sum of V contralateral and Vipsilateral, based on 16.

Semi-automatic segmentation and quanti�cation of white
matter degeneration in the striatum
The �rst step required for the analysis of the white matter �bers was their segmentation in the whole CT
volume. This segmentation was performed using the software Avizo 2020.2 (Thermo Fisher Scienti�c,
Waltham, MA, USA). The tomographic slices were pre-processed by utilizing the non-local means
algorithm for the reduction of noise. Then the caudate putamen was manually segmented in coronal
tomographic slices utilizing the coronal Allen Mouse Brain Atlas as reference 72. Every 10th slice was
manually annotated, and the in-between slices were computed by linear interpolation. These manually
segmented volumes were used as a region of interest for subsequent segmentation of the white matter
�bers. A semi-automatic approach was used for segmentation of the whiter matter: white top-hat
transform. White top-hat transform detects light areas in the image using morphological operators. We
utilized a ball-shaped structuring element 19 voxels in diameter. The top-hat-transformed image was then
manually thresholded. This segmentation was performed simultaneously for both hemispheres, which
allows accurate comparison. For the semi-quanti�cation, a simple volume fraction analysis was
performed in the Avizo 2020.2 (Thermo Fisher Scienti�c, Waltham, MA, USA), where the volume of the
white matter was measured in relation with the volume of the manually segmented caudate putamen.
The segmented striatum masks were then imported to VG Studio MAX 3.4 (Volume Graphics GmbH,
Heidelberg, Germany) and wall thickness analysis was performed. For each voxel, the largest sphere
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inscribed to the white matter volume was determined, as containing the center position of the evaluated
voxel. See Fig. 6A for the overview of the proposed work�ow.

Automatic segmentation of the total lesion and core
An unsupervised deep learning-based approach for the segmentation of the total lesion and core volume
was utilized for the automatic evaluation (See Fig. 6B). For the method to be applied, two conditions
must be met: 1) the lesion should be isolated in one brain hemisphere, 2) the user must be able to
distinguish the affected hemisphere from the healthy one. First, the brain midline is manually detected,
and the brain scans are separated into two subvolumes along this midline. The subvolumes are all
cropped to be of uni�ed size of 1920 × 1280 pixels and downsampled 10 times to lower the
computational requirements. The hemispheres unaffected by stroke form the training database for the
deep learning model. We use a U-net-shaped CNN 73 (See Fig. 6C for the schematic representation of the
CNN utilized in our work). The size of the CNN input and output is 192 × 128 pixels. The same as in the
original U-net implementation, the CNN consists of an encoding and a decoding part. We use 3 × 3
convolutional kernels followed by 3 × 3 strided convolutions (stride 2) in the encoder to perform the
repeated down-sampling of the extracted feature maps instead of the max pooling performed in the
original implementation. In the decoding part, we apply 3 × 3 convolutional kernels and the up-sampling
is performed by 3 × 3 transpose convolution layers with stride 2. The number of convolutional kernels in
the �rst layer of the CNN is 64 and increases up to 1024 in the deepest part of the network. The feature
maps from the encoder are concatenated with the decoder feature maps to preserve the spatial
information from the input images during the training and inference. ReLU activation function is applied
after each convolution. The input to the neural network is a coronal 2-D micro-CT cross-section of the
brain hemisphere, where a lesion-like area is randomly simulated by subtracting two randomly generated
concentric discs deformed by the elastic transform proposed in 74 (parameter alpha is set to 120 and
sigma to 5) and blurred with by gaussian blurring with random parameter sigma (range from 5 to 20).
The outermost ring simulates the whole lesion and the inner ring simulates the lesion core. The radius of
the outer circle is de�ned randomly in the range from 20 to 80 pixels and its center is randomly set
anywhere within the image. The radius of the inner circle is also de�ned randomly in the range from 0–
50% of the outer circle radius. The decrease in intensity in the simulated lesion is random from 0–50% of
the original intensity and is decreased further by up to 50% in the simulated lesion core.

The target of the CNN training is the original CT image of the healthy hemisphere without the simulated
lesion area. The CNN thus learns to transform the simulated lesioned brain image into an approximation
of images of a healthy brain. The CNN is trained on a total of 830 micro-CT images with randomly
simulated lesion for 100 epochs with batch size 32 using the mean-squared-error loss and Adam
optimizer 75 with initial learning rate of 0.001 (see Supplemental Fig. 6A). After the network is trained, it
can be applied to real lesioned hemisphere image data. The CNN transforms the real 2D micro-CT cross-
section of the stroke-affected brain hemisphere into an approximation of healthy brain hemisphere. By
subtracting the lesioned image from the output of the CNN, lesion probability map is obtained. This
probability map is then automatically thresholded in whole 3D volume by Li thresholding 76 to obtain the
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whole lesion area in 3D (see Supplemental Fig. 6B for visualization of the segmentation in selected
tomographic cross-sections). Threshold for the lesion core is obtained as:

Tcore =
3
2Tlesion

The largest connected component is selected for both the whole lesion area and lesion core thresholded
image. The 3D segmented volumes are �nally upsampled 10 times by bi-cubic interpolation and form the
�nal segmentation masks and total lesion and core volume can then be computed. Nvidia Quadro P5000
with 16 GB of graphical memory was utilized for training the CNN on a system equipped with 512 GB of
RAM and Intel® Xeon® Gold 6248R CPU. The proposed CNN was implemented in the programming
language Python (version 3.7.9) using the library Keras 77 (version 2.3.1) and Tensor�ow backend 78

(version 2.1.0). CUDA (version 10.1) and CUDnn (version 7.6.5) were used for GPU acceleration of the
training and inference process. NumPy 79, scikit-image 80 and Pillow libraries were used for manipulating
and transforming the image data.

TTC Stain
In the TTC cohort, infarct volume was evaluated as previously described in 58 with minor changes. After
the mice were deeply anesthetized, the brain was removed, and the forebrain sliced into 1-mm-thick
sections using a mouse brain slicer (Acrylic brain Matrix, Coronal, 40–75 g, Stoelting, USA) on ice. The
sections were rinsed once in ice-cold 0.9% sodium chloride (NaCl) for 10 min and subsequently immersed
in 25 mL of 0.01% 2,3,5-triphenyltetrazolium chloride (TTC) (Sigma-Aldrich, USA) in 0.9% NaCl at 37°C for
15 min. Slice images were acquired with a camera and analysed à posteriori. The unstained area in the
section was regarded as an infarct area whereas the stained area was considered non-infarct area.

Infarct volume was determined using a semi-automated quanti�cation method in Fiji-ImageJ 81. First,
images were calibrated using a millimetric piece of paper as a reference, captured in all photos next to the
slices. Next, images were batch processed and analyzed in a custom-made macro. Each image
containing several slices of the same condition was pre-processed to isolate each slice, consisting in the
manual selection of a colour threshold, followed by a Gaussian �lter (sigma 10), thresholded with
Huang’s method, and the morphometric operations �ll holes and dilation. The output of the preprocessing
step is the centroid of each slice. Finally, each slice was segmented alone by duplicating a rectangle,
centered in the detected centroids, with size w x h (w = original image width, h = original image
height/number of slices).

The infarct lesion measurement of each slice was performed by a blind experimenter with the following
steps: i) manual delineation of the middle line to divide the slice into two hemispheres; ii) manual
annotation of the stroke area (when present); iii) quality control of the resulting regions of interest. The
macro output obtained was a results table with slice labels, the contra- and ipsilateral hemispheres area,
and the infarct lesion area. Volumes were obtained by summing the area of the infarct brain segment
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from all brain slices (considering that each slice’s thickness is 1 mm). Edema extent and corrected lesion
volume were calculated as described above and based on 82.

Image registration to Allen Mouse Brain Atlas
The whole image series from a tMCAO mice brain (stained with osmium) were registered to match the
cutting plan and proportions of the atlas sections using the open-source serial aligner software QuickNII
83 (https://www.nitrc.org/projects/quicknii/). This software allows the assignment of spatial location
(features such as angle, and size can be adjusted) so that atlas can match with section images. After, the
whole image series segmented with the atlas was saved, and structures affected by ischemic lesion in
this mouse were identi�ed.

Brain slicing and immunolabeling
Brains were post-�xed in the same �xation solution, overnight, at 4°C and then left in 30% sucrose in PBS
at 4ºC, until they sunk in the solution. Coronal sections (40 µm) were cut on a freezing microtome (Leica
Cryostat CM 3050) and used for free-�oating immunohistochemistry. Slices were incubated with 10%
horse serum, 0.2% Triton X-100 in PBS, for permeabilization and blocking, for 1 hour, in agitation, at room
temperature. Primary antibodies were always incubated for 48–72 hours at 4°C, in PBS. Secondary
antibodies were incubated overnight at 4°C. The slides were mounted on gelatin-covered glass slides with
a �uorescent mounting medium (DAKO) and imaging was performed on a laser scanning Confocal
Microscope Leica SP8 (Leica mycrosystems, Wetzlar, Germany), using the ×10 air objective. In each set of
experiments, the same batch of antibodies (primary and secondary) were used, and images were taken
using the same settings. Primary antibodies used were anti-NeuN (1:500, Mouse, chemicon international,
ab377), anti-MAP2 (1:500, Rabbit, abcam, ab246640), and anti-BrdU (TUNEL Assay Kit, Abcam, ab66110);
as secondary antibodies Alexa Fluor 488 and 568 (1:500) were used. The �uorescent dye Hoechst 33342
(0.5 µg/mL–15 min room temperature) was used to stain nuclei.

Brains stained with iodine were rehydrated in two, 2-hours, PBS steps and then left in 25% sucrose in PBS
at 4°C overnight. Coronal sections were cut and immunolabeled as described above.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism Version 8.0/9.0 (GraphPad Software, Inc., San
Diego, CA, USA). Data were collected from experiments and presented as mean ± SEM with individual
points, “n” information (the experimental unit) is described in �gure legends. The experimental unit was
each single animal. Linear regression analysis was performed to correlate edema extent and total lesion
values obtained either through microCT or TTC. For all statistical analysis: ****p < 0.0001, ***p < 0.001, **
p < 0.01, * p < 0.05, ns (not signi�cant). Identi�cation and removal of outliers was performed using
automatic GraphPad prism software 8.0, using the ROUT (robust nonlinear regression) method, with a Q 
= 1% (recommended).
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Figures

Figure 1

 High resolution micro-CT imaging allows brain neuroanatomical areas identi�cation in
physiological/pathological conditions (mouse stroke models).

Figure 2

High resolution micro-CT imaging in allows clear visualization of mouse stroke model (tMCAO) lesions

Figure 3

High resolution micro-CT imaging in can identify striatum white �ber degeneration in transient ischemic
attach (TIA) mouse model lesions. 

Figure 4
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Micro-CT imaging allows �ne quanti�cation and characterization of tMCAO (stroke and TIA) lesions in
mice models

Figure 5

Manual quanti�cation work�ow of the different ischemic parameters.

Figure 6

The proposed methods for semi-automatic evaluation of the white �bre degradation and automatic
lesion segmentation. 

Figure 7

Ex-vivo micro-CT imaging �nely correlates with classical histological method TTC, infarct/edema
quanti�cation.  

Figure 8

Identi�cation of brain areas by co-registration of micro-CT images with Allen Mouse Brain Atlas, using
QuickNII ®.
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