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Long-term structural brain changes in adult 
rats after mild ischaemic stroke
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Preclinical studies of remote degeneration have largely focused on brain changes over the first few days or weeks after stroke. 
Accumulating evidence suggests that neurodegeneration occurs in other brain regions remote to the site of infarction for months 
and even years following ischaemic stroke. Brain atrophy appears to be driven by both axonal degeneration and widespread brain 
inflammation. The evolution and duration of these changes are increasingly being described in human studies, using advanced brain 
imaging techniques. Here, we sought to investigate long-term structural brain changes in a model of mild focal ischaemic stroke fol
lowing injection of endothlin-1 in adult Long–Evans rats (n = 14) compared with sham animals (n = 10), over a clinically relevant 
time-frame of 48 weeks. Serial structural and diffusion-weighted MRI data were used to assess dynamic volume and white matter 
trajectories. We observed dynamic regional brain volume changes over the 48 weeks, reflecting both normal changes with age in 
sham animals and neurodegeneration in regions connected to the infarct following ischaemia. Ipsilesional cortical volume loss peaked 
at 24 weeks but was less prominent at 36 and 48 weeks. We found significantly reduced fractional anisotropy in both ipsi- and con
tralesional motor cortex and cingulum bundle regions of infarcted rats (P < 0.05) from 4 to 36 weeks, suggesting ongoing white matter 
degeneration in tracts connected to but distant from the stroke. We conclude that there is evidence of significant cortical atrophy and 
white matter degeneration up to 48 weeks following infarct, consistent with enduring, pervasive stroke-related degeneration.
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Graphical Abstract

Introduction
Ischaemic stroke is one of the leading causes of death and dis
ability in the world. Acute ischaemic stroke is characterized 
by interrupted blood supply causing neuronal death (infarc
tion) in the region of the occluded vascular territory. Brain 
infarction triggers a vigorous inflammatory response, ac
companied by large-scale changes in brain network plasticity 

to facilitate functional recovery, associated with an eventual 
amelioration of microglial activation and restitution of neur
onal activity to peri-infarct regions. However, it has been re
cognized for some time that secondary neurodegeneration 
(SND) may also eventuate, characterized by the progressive 
regional changes to areas functionally connected to but re
mote from the injury site.1–3 This latter phenomenon likely 
contributes to post-stroke brain atrophy and may contribute 
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to post-stroke cognitive impairment and vascular demen
tia.3–5 Structural disconnections remote from the ischaemic 
lesions have been observed in the human brain including 
impaired connectivity of the cortex,6 hippocampus7–9 and 
thalamus.10,11 We recently followed up post-ischaemic 
stroke patients for 1 year and reported extensive white 
matter (WM) degeneration early after stroke12 as well as 
accelerated atrophy of the thalami, hippocampi and total 
brain volume.4,5,13

Animal studies of stroke increase our understanding of 
biological mechanisms underlying pathogenesis and progres
sion of SND following an ischaemic event. Previous rodent 
studies have predominately used the middle cerebral artery 
occlusion (MCAo) model of ischaemic stroke. Unlike in hu
mans, where the hippocampi and thalamic nuclei are largely 
supplied by the posterior cerebral artery (PCA), MCAo in ro
dents often results in large brain infarcts including involve
ment of the hippocampus,9,14 and thalamus,15,16 which are 
key cognitive hubs in human cognition. Thalamic and hippo
campal atrophy have been reported in post-mortem longitu
dinal histological analyses up to 24 weeks following an 
ischaemic event15,17 and our group have reported hippocam
pal and especially thalamic atrophy continuing out to a year 
post-stroke.4 Rodent MRI studies have further improved our 
understanding of longitudinal brain changes post-stroke, for 
example, by showing changes in WM tracts in the ipsilateral 
hemisphere, in the cortex, external capsule and corpus callo
sum.18–20

However, the evolution of brain changes following a minor 
cortical or subclinical stroke remains poorly understood. This 
is significant because these subclinical strokes are strongly asso
ciated with cognitive decline.21 Subclinical or ‘silent’ brain in
farction is currently under-represented in the animal 
literature. While minor stroke or transient ischaemic attack 
(TIA) may have only transient functional deficits, it is now 
known that even minor ischaemia induces long-term brain 
changes, including permanent microvascular tissue dam
age22,23 and high risk of early recurrence compared with the 
rest of the population24,25 (reviewed in Simmatis et al. 2019). 
Recent human studies showed that TIA patients had a greater 
rate of brain atrophy compared with healthy controls,26 with a 
third of TIA patients showing vascular cognitive impairment as 
early as 3 months following the insult.27 Our group recently 
used histological approaches to report prolonged cortical atro
phy as well as prolonged microglial activation in areas remote 
to the injury in a rodent ischaemic model of minor stroke.28

However, longitudinal evolution of structural and WM 
changes in minor stroke remains unknown.

We sought to investigate the long-term structural brain 
changes in rats following small, cortical, endothelin-1 
(ET-1)-induced infarcts in the right motor cortex of adult 
rats. We followed these animals with serial MRI over a clin
ically relevant period of 48 weeks. T2*-weighted (T2*w) 
images were used to map volumetric trajectories in cortex, 
hippocampus and thalamus. Additionally, post-stroke 
whole-brain WM changes were assessed using diffusion- 
weighted imaging (DWI). We hypothesized that bi- 

hemispheric, progressive neurodegeneration would be found 
in areas connected to the infarcted motor cortex and altered 
WM microarchitecture.

Materials and methods
Animals
Adult 22-week-old male Long–Evans rats were used in this 
study. The experimental design and procedures were ap
proved by the Florey Institute for Neuroscience and 
Mental Health. All animals were housed under a 12 h 
light/dark cycle with ad libitum access to food and water 
and a period of acclimatization of 2 weeks was observed 
upon arrival to the animal facility. This work followed the 
recommendations of the Stroke Therapy Academic 
Industry Roundtable (STAIR) and the ARRIVE guidelines.29

Surgical procedure: focal ischaemic 
stroke
Focal ischaemia was induced by ET-1 injection to the motor 
cortex of rats at 22 weeks of age, with the animals randomly 
allocated to one treatment group (i.e. ET-1 or sham injec
tion). A detailed description of the surgical procedures can 
be found elsewhere.28,30 Briefly, prior to surgery, animals 
were anaesthetized with isoflurane (5% at 1 L/min) and 
placed in a stereotaxic frame (Kopf, Germany) where deep 
anaesthesia was maintained for the duration of the surgery 
(2% at 1 L/min). The ET-1 toxin (800 pmol, Auspep) for 
the lesioned animals (n = 14) or saline for the controls (n = 
10) was injected into the motor cortex at two rostro-caudal 
locations: 0.5 and 2.0 mm rostral and 2.8 mm lateral to 
bregma and 1.5 mm below the surface of the brain. The sam
ple size was set based on our previous experience with the 
ET-1 model.28,31 One sham rat was sacrificed during the 
study due to the presence of a tumour growth and was ex
cluded from the analysis. All rats were sacrificed 48 weeks 
post-procedure after last in vivo MRI.

MRI experiments
To acquire MRI data, rats were anaesthetized with isoflur
ane and placed in a rat cradle with tooth and ear-bars to 
fix head position. During scanning, rats were kept anaesthe
tized with a mixture of 1–2% isoflurane and oxygen. A small 
air balloon attached to a pressure transducer was placed un
der the chest to monitor respiration. Body temperature was 
continuously observed using a rectal probe and kept at 
37°C via a hot water circulation system. MRI was performed 
in vivo at baseline (0 W), 1 week, 4 weeks, 12 weeks, 24 
weeks, 36 weeks and 48 weeks post-stroke. At the 24-week 
timepoint, incomplete scans due to technical issues for three 
animals (1 sham/2 ET-1) were excluded from the study.

MRI was performed using a 4.7 T MRI with Avance III con
sole and rat surface coil (Bruker, USA). Multiecho-T2*- 



4 | BRAIN COMMUNICATIONS 2022: Page 4 of 10                                                                                                              W. Syeda et al.

weighted images were acquired using a 3D-MGE sequence32

with parameters: first echo time = 4 ms, echo-spacing = 4 ms, 
20 echoes, repetition time, TR = 110 ms, matrix size = 176 × 
128 × 70, and 150 µm isotropic resolution. Single-shell 
DWI was performed using a 2D DTI-EPI sequence with 
parameters: effective echo time, TE = 26 ms, repetition time, 
TR = 3000 ms, matrix size = 96 × 80, 28 slices, resolution = 
350 µm× 350 µm × 350 µm, gradient duration, δ = 5 ms, gra
dient separation, Δ = 12 ms, b = 2500 s/mm2, 81 directions 
and four non-diffusion-weighted volumes.

MRI analyses
Volumetric assessment
For volumetric analyses, multiecho-T2*w images were bias- 
field corrected33 and averaged across echoes to increase 
contrast. A registration-based approach was employed to 
segment regions-of-interests (ROIs) using the ANTs soft
ware package.34 Specifically, separate templates were con
structed from averaged images at each timepoint per 
group.35 These templates were combined to create an un
biased study template. The study template was nonlinearly 
registered to the Waxholm-space rat brain atlas36 using 
SyN diffeomorphisms to segment brain, cortex, hippocam
pus and thalamus. Subject-to-template nonlinear registra
tion was performed to delineate ROIs in the subject 
images. Manual corrections were performed if needed. 
Region volume was computed by voxel count.

Tensor-based morphometry
To assess stroke-induced structural brain changes, whole- 
brain voxel-wise tensor-based morphometry (TBM) analyses 
were performed at each timepoint separately.37 TBM is used 
to investigate localized volumetric changes at a voxel level by 
using the information in the log-Jacobian metric computed 
from SyN diffeomorphisms in the subject-to-template direc
tion. The log-Jacobian metric quantifies volume expansion 
or shrinkage in the individual brain with respect to a refer
ence template. A minimum deformation template (MDT) 
was constructed from the baseline template from stroke ani
mals and seven sham templates to create a reference space for 
the registration. Each image was registered to the MDT and 
voxel-wise log-Jacobian maps were calculated to identify 
region-wise expansion or contraction as the brain warps 
from subject to MDT space.

Diffusion imaging
DWI images were skull-stripped, bias-field corrected and de
noized in MRtrix.38 Diffusion tensor images (DTIs) were es
timated to construct a study-specific DTI-template using the 
DTI-TK software.39 Diffusion parameter maps (FA: frac
tional anisotropy, MD: mean diffusivity, AD: axial diffusiv
ity, RD: radial diffusivity) were calculated and warped to the 
DTI-template space. FA is a measure of anisotropic diffusion 
in WM bundles and ranges from 0 (isotropic diffusion) to 1 
(highly anisotropic diffusion in ordered fibre bundles such as 
corpus callosum). MD describes the average diffusivity of 

water in tissue and AD and RD describe water diffusivity 
along and perpendicular to the principal direction of WM fi
bre bundles, respectively. For each animal, voxel-wise fibre 
orientation distributions (FODs) were computed and 
warped to the DTI-template space to generate an 
FOD-template. A tractogram seeded at ipsilesional motor 
cortex was generated from template FODs to estimate con
nectivity to other brain regions using the MRtrix software.

Statistical analyses
Volumetric assessment
To determine effects of stroke on regional volumes over time, 
we implemented a region-wise linear mixed effects model in 
RStudio,40 with region volume as the dependent variable. 
Baseline total brain volume and total brain volume at the 
timepoint of interest were used as covariates. Group, side 
(ipsi/contralesional), timepoint (categorical variables) were 
the fixed effect. To address between-subject heterogeneity, 
random intercept and random slope (side) by subject were in
cluded in the model as random effects. All fixed effects inter
actions were included. For all tests, P < 0.05 was considered 
significant unless otherwise stated.

Follow-up cross-sectional analyses were separately per
formed at each timepoint. For each animal, regional volumes 
at each timepoint were normalized with respect to the base
line volume to account for the effects of variations in the 
baseline volumes. The between-group volume differences 
were assessed cross-sectionally using the normalized percent
age volume estimates. We performed multiway ANOVA in 
MATLAB41 with group (stroke/sham) as between-subject, 
and lesion side (ipsi/contralesional) as within-subject factor. 
All two-factor interactions were included in the model. Post 
hoc pairwise comparisons were performed using MATLAB’s 
‘multcompare’ function with HSD-correction.

TBM and diffusion parameters
To assess the long-term effects of stroke on brain structure, 
voxel-wise unpaired t-tests were performed for the 
log-Jacobian maps and each diffusion metric and timepoint 
using the FSL ‘randomize’ function with 5000 permutations, 
corrected for multiple comparisons and threshold-free clus
ter enhancement.42 All voxels with P < 0.05 after correction 
were considered significant.

Data availability
All data are available upon request.

Results
ET-1 model of focal ischaemic stroke 
and cortical atrophy post-stroke
In all stroke rats, ET-1 injections induced focal infarcts in the 
right motor cortex visible on T2*w images (Fig. 1).
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Cortical atrophy was observed ipsilesionally in stroke rats 
over time (Fig. 2A). After an initial 2.7% reduction at 4 
weeks, ipsilesional volume loss peaked at 24 weeks (4% 
compared with baseline), followed by a recovering trend at 
Weeks 36 and 48 (Fig. 2B).

Linear mixed-effect regression modelling showed signifi
cant three factor interactions (group/side/time) from Weeks 

4 to 48 (t(282) = 2.85, 2.63, 2.42, 2.74, 2.81, P = 4.8e-3, 
9.0e-3, 1.6e-2, 6.6e-3, 5.4e-3), suggesting differential bilat
eral evolution of cortical volume trajectory in stroke and 
sham rats over time. Follow-up analyses showed significant 
ipsilesional volume decreases at each timepoint compared 
with baseline volume, with sustained ipsilesional cortical at
rophy in stroke rats over time. Post hoc cross-sectional 

Figure 1 T2*w template images. Exemplar template images are shown for stroke and sham rats at baseline and Weeks 1, 4, 12, 24, 36 and 48. 
Endothelin-1 (ET-1) and saline injection sites are visible in the right motor cortex (arrows). The images are displayed in radiological convention 
(left: ipsilateral side)

Figure 2 Cortical volume trajectories (mean ± SE). The cortical volume trajectories are shown from baseline to 8 weeks in stroke 
(ipsilesional: maroon, contralesional: red) and sham (ipsilateral: blue, contralateral: cyan) rats. (A) Cortical volume (mm3) and (B) percent volume 
change compared with baseline (mean ± SE). (C) Post hoc pairwise comparisons at each timepoint [four groups: stroke ipsilesional (n = 14 animals), 
stroke contralesional (n = 14 animals), sham ipsilateral (n = 9 animals), sham contralateral (n = 9 animals)]. At Week 24, n = 12 in the stroke group 
and n = 8 in the sham group. Ipsilesional cortex is smaller in stroke rats 12–48 weeks post-stroke compared with ipsilateral sham cortex and 
contralateral cortices in both groups (*P < 0.01, **P < 0.001, ***P < 0.0001).



6 | BRAIN COMMUNICATIONS 2022: Page 6 of 10                                                                                                              W. Syeda et al.

comparisons at each timepoint separately using normalized 
cortical volumes showed significant group/side interactions 
at weeks W4 (F(45) = 5.87, P = 0.02), W12 (F(45) = 5.72, P = 
0.02) and W48 (F(45) = 4.44, P = 0.04). At Weeks W24 and 
W36, there were significant main effects of group (F(39) = 
10.94, F(45) = 4.98) and side (F(39) = 8.15, F(45) = 6.24). 
Smaller ipsilesional cortices were observed in stroke rats 
compared with ipsilateral sham and contralateral cortices 
in stroke and sham rats.

Hippocampal and thalamic volume 
trajectories
Linear mixed modelling showed significantly larger 
hippocampi in both stroke and sham rats at Weeks 12–48 
(t(282) = 5.05, 6.68, 8.13, 9.97, P < 0.0001) compared with 

BLV (Fig. 3A and B), potentially revealing age-related hippo
campal changes. At 48 weeks, stroke rats had marginally lar
ger hippocampi than shams (∼2% difference, P = 0.019).

Liner mixed modelling of thalamic volumes showed no 
significant main group or side effect or interactions. 
Significant main effects for time were present from Weeks 
4 to 36. Larger thalamic volumes were observed in stroke 
and sham rats up to 24 weeks, with peak volume increase 
of ∼4% compared with baseline (t(282) = 3.72, P = 2.53e-4). 
After 24 weeks, decreasing thalamic volumes were observed 
in all animals, reaching baseline at 48 weeks.

Tensor-based morphometry
In stroke rats, TBM analyses identified ipsilesional regions of 
cortical atrophy at 4, 24 and 36 weeks after stroke onset at a 

Figure 3 Trajectories of regional brain volumes. Regional brain volume changes (mean ± SE) from baseline to 48 weeks post-stroke onset 
in (A) hippocampus and (B) thalamus. Percent volume change compared with baseline volume (mean ± SE) in (C) hippocampus and (D) thalamus. 
Linear mixed effects modelling showed significantly larger hippocampi in both stroke and sham rats at Weeks 12–48 compared with baseline 
volume. At Week 48, stroke rats had marginally larger hippocampi than shams (∼2% difference, P = 0.019). Larger thalamic volumes were 
observed in stroke and sham rats up to 24 weeks, with peak volume increase of ∼4% compared with baseline (P = 2.53e-4). After Week 24, 
decreasing thalamic volumes were observed in all animals, reaching baseline at 48 weeks. All statistical analyses compared four experimental 
groups: stroke ipsilesional (n = 14 animals), stroke contralesional (n = 14 animals), sham ipsilateral (n = 9 animals), sham contralateral (n = 9 
animals).
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statistical significance level of P ≤ 0.1 after family-wise error 
correction (Supplementary Fig. 1), however these foci of cor
tical atrophy did not survive at P ≤ 0.05.

Fractional anisotropy changes after 
ischaemic injury
In stroke animals, we found significantly reduced FA in mo
tor cortex and cingulum bundle regions of ischaemic brains 
both ipsi- and contralesionally (P < 0.05) from 4 to 36 weeks 
post-stroke suggest long-term compromised WM integrity in 
distant regions (Fig. 4, Supplementary Fig. 2). At 48 weeks, 
only an ipsilesional decrease in FA was observed. Regions 
of reduced FA were within motor networks 
(Supplementary Fig. 3). No significant changes were ob
served in MD/AD/RD.

Discussion
These results show that a small cortical stroke in rats can lead 
to persistent changes in brain integrity both in grey and WM, 

with diffuse atrophy of the ipsilesional cortex and alterations 
in WM integrity (reduced FA) in the cingulum bundle up to 
48 weeks post-stroke.

Following ET-1 injection in the motor cortex of rat, we 
found a persistent reduction in overall cortical volume in 
the ipsilateral hemisphere of stroked rats compared with 
their initial cortical volume. This reduction was observed 
from 4 weeks post-stroke and persisted until 48 weeks, 
with a peak at 24 weeks corresponding to a reduction of 
4% of the overall ipsilateral cortex volume. This finding 
was specific to the stroke group. This result is consistent 
with previous results describing long-term pathohistological 
changes following mild ischaemic injury.28

Progressive remote atrophy is a hallmark of SND. In an ef
fort to characterize the SND in our model of minor stroke, 
we used T2*w images to measure the volume of the hippo
campus and thalamus. Hippocampal and thalamic volume 
measured on T2* images were not different in the stroke 
rats, except for a 2% increase of hippocampal volume in 
stroke rats compared with control at 48 weeks; however, 
we suspect this small difference to be due to variability in 
brain volume and small stroke volumes in this endothelin-1 
model. This is in contrast to the more severe stroke stud
ies.15,16 We therefore suggest that these remote changes are 
severity-dependent and in our model of mild stroke the 
SND is limited to the cortex. Interestingly, we found an in
crease over time for overall hippocampal volume for both 
groups, corresponding to a ∼6% increase at 48 weeks, 
equivalent to the rats being 5.5- to 17.5-months old. This 
pattern has previously been described in rodent studies 
from our group43 and others,44,45 likely representing the nor
mal maturation of healthy brains.

An interesting finding is that of atrophy peaking at 24 
weeks post-stroke then reversing. An obvious explanation 
is that this may represent a remodelling effect. Cortical thick
ness decreases (e.g. Lotan)46 and increases (Brodtmann)47

have been observed following focal stroke. In this latter small 
pilot study of people 3 months after ischaemic stroke, we 
noted that cortical thickness increases in contralesional para
central, superior frontal and insular region were in areas 
known to be activated in functional MRI studies of motor re
covery. Alternatively, it may be part of the normal aging pro
cess in rodents, which we have incidentally captured by 
performing longitudinal imaging over such a long time- 
frame in our animals. In a separate mouse MCAo study per
formed by our group,43 we found a progressive increase in 
hippocampal volume bilaterally from 10 to 30 weeks of 
age, suggesting that hippocampi continue to increase in 
size with increased age. We found no change in hippocampal 
volume from 30 to 54 weeks of age, suggesting that hippo
campal atrophy does not occur in normal aging in the mouse, 
at least up to the 54 weeks of age at which we sacrificed our 
mice.

One of the most interesting findings from this study was 
the FA changes observed in the cortex and cingulum bundle 
of both hemispheres from 4 to 48 weeks post-stroke. WM 
changes have been mostly overlooked as a mechanism for 

Figure 4 Changes in white matter post-stroke. Fractional 
anisotropy (FA) changes from baseline to 48 weeks post-stroke 
(left: contralateral side). Voxel-wise unpaired t-tests (14 stroke 
animals and 9 sham animals) revealed significant FA reduction in 
both hemispheres, starting from 4 weeks and persisting up to 48 
weeks after stroke onset. Exemplar FA study template axial slices 
overlaid with P-value map (TFCE, FWE-corrected). Right: ipsilateral 
size.

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac185#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac185#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac185#supplementary-data
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post-stroke neurodegeneration and cognitive decline, with 
existing studies principally focusing on grey matter changes. 
We have previously reported pervasive WM degeneration at 
3 months after stroke.12 Visser et al.48 also showed an in
crease in FA in contralesional primary motor cortex of stroke 
patients 3 months post-stroke.48 This is consistent with our 
finding, which showed a localized WM integrity change 
with FA changes in the cortex, which coincided with the pro
longed atrophy seen on the T2* images. This was further seen 
by the TBM analysis, which revealed that the cortical volume 
loss is more focal in the motor cortex at 4, 24 and 36 weeks, 
whereas at Weeks 1, 12 and 48 the loss is more dispersed 
across the whole cortex, suggesting varying temporal courses 
of cortical atrophy. Similar FA change in the corticospinal 
tract has been seen in humans as early as 30 days post-stroke 
and was associated with poor motor performance.49,50

The changes in the cingulum bundle were however more 
surprising. The cingulum contains prominent medial and 
dorsal prefrontal connection and has been found to have a 
role in executive function, decision-making and emotion 
processing.51,52 Furthermore, cingulate impairment is impli
cated in a wide range of diseases depending on the lesion site, 
including Alzheimer disease, schizophrenia, depression, 
post-traumatic stress disorder, obsessive compulsive dis
order and autism.53–55 Diffusion MRI studies in humans 
have shown that cingulum lesions produce mild cognitive 
deficits, with one study suggesting that the cingulum micro
structure can predict cognitive control/flexibility in older age 
and in mild cognitive impairment56,57 and structural changes 
in MD in dorsal cingulum bundle were associated with long
er reaction time.58 A recent study also showed a direct correl
ation between the reduction in FA in the WM tracts and poor 
patient recovery and suggested that FA changes in the corpus 
callosum in the first 3 months post-stroke could predict the 
patient’s recovery.59 Elevated ipsilesional versus contrale
sional MD of the cingulum bundle has been demonstrated 
in human ischaemic stroke survivors.3 We have previously 
shown post-stroke atrophy in the cingulum in a group of is
chaemic stroke patients at 3 months12 and have posited that 
this WM atrophy may represent disconnection syndromes 
underlying post-stroke cognitive impairment.13,60–62

However, to our knowledge, this is the first time that cingu
lum bundle disruptions have been linked to mild stroke, ei
ther in humans or in a rodent model.

The findings from this study should be interpreted in the 
context of several limitations. The TBM provides a measure 
of voxel-wise regional volumetric changes with respect to a 
reference template, such as the MDT constructed from the 
baseline data in this study to reduce longitudinal and proced
ural bias in the analyses.63 Several other templates can be 
used as a reference, such as a study template from all groups 
and timepoints included in the study, and the choice of tem
plate is an important factor to consider in the interpretation 
of the log-Jacobian metric. Furthermore, changes in the frac
tional anisotropy measures can be driven by a combination 
of axonal loss, demyelination, or morphometric alterations 
in WM fibre bundles, and it is not possible to determine 

the specific biological mechanisms underpinning these 
changes without additional histological information or the 
use of more advanced diffusion models.64 Given the longitu
dinal design of the study, it is not possible to conduct hist
ology at all timepoints included in the study. However, our 
group has recently published a separate companion study 
with similar ET-1-induced stroke lesion (Ermine et al.).31

In this study we described results from the histological as
sessment at different time points (1, 4, 12, 24, 36 and 48 
weeks) and showed a minimal neuronal loss in shams at 
the injection site at 1 week but resolved by 4 weeks. This is 
further validated by the emergence of group differences 
four week after surgery in the ipsilesional cortical volume, 
TBM and FA metrics in the current study.

Conclusion
Long-term cortical atrophy and WM changes were observed 
in an endothelin-1 model of ischaemic stroke and contralat
eral WM changes in regions connected to the initial infarction 
site provide evidence of SND. This study offers further insight 
into the damage from a mild stroke and provides further in
formation on the mechanism leading to the cognitive decline 
and dementia post-stroke. The role of WM integrity is becom
ing increasingly recognized for a range of neurodegenerative 
disorders including post-stroke cognitive impairment.

Funding
This work was supported by a National Health and Medical 
Research Council, Australia grant Dementia Research Team 
Grant APP1094974.

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain Communications 
online.

References
1. Datta A, Sarmah D, Kalia K, et al. Advances in studies on 

stroke-induced secondary neurodegeneration (SND) and its treat
ment. Curr Top Med Chem. 2020;20(13):1154–1168. https://doi. 
org/10.2174/1568026620666200416090820

2. Zuo M, Guo H, Wan T, et al. Wallerian degeneration in experimen
tal focal cortical ischemia. Brain Res Bull. 2019;149:194–202. 
https://doi.org/10.1016/j.brainresbull.2019.04.023

3. Haque ME, Gabr RE, Hasan KM, et al. Ongoing secondary degen
eration of the limbic system in patients with ischemic stroke: A lon
gitudinal MRI study. Front Neurol. 2019;10:154. https://doi.org/ 
10.3389/fneur.2019.00154

http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcac185#supplementary-data
https://doi.org/10.2174/1568026620666200416090820
https://doi.org/10.2174/1568026620666200416090820
https://doi.org/10.1016/j.brainresbull.2019.04.023
https://doi.org/10.3389/fneur.2019.00154
https://doi.org/10.3389/fneur.2019.00154


Brain changes in rodent stroke                                                                                       BRAIN COMMUNICATIONS 2022: Page 9 of 10 | 9

4. Brodtmann A, Khlif MS, Egorova N, Veldsman M, Bird LJ, Werden 
E. Dynamic regional brain atrophy rates in the first year after ische
mic stroke. Stroke. 2020;51(9):e183–e192. https://doi.org/10.1161/ 
STROKEAHA.120.030256

5. Veldsman M, Cheng HJ, Ji F, et al. Degeneration of structural brain 
networks is associated with cognitive decline after ischaemic stroke. 
Brain Commun. 2020;2(2):fcaa155. https://doi.org/10.1093/ 
braincomms/fcaa155

6. Duering M, Righart R, Wollenweber FA, Zietemann V, Gesierich B, 
Dichgans M. Acute infarcts cause focal thinning in remote cortex via 
degeneration of connecting fiber tracts. Neurology. 2015;84(16): 
1685–1692. https://doi.org/10.1212/WNL.0000000000001502

7. Firbank MJ, Burton EJ, Barber R, et al. Medial temporal atrophy ra
ther than white matter hyperintensities predict cognitive decline in 
stroke survivors. Neurobiol Aging. 2007;28(11):1664–1669. 
https://doi.org/10.1016/j.neurobiolaging.2006.07.009

8. Schaapsmeerders P, van Uden IW, Tuladhar AM, et al. Ipsilateral 
hippocampal atrophy is associated with long-term memory dysfunc
tion after ischemic stroke in young adults. Hum Brain Mapp. 2015; 
36(7):2432–2442. https://doi.org/10.1002/hbm.22782

9. Xie M, Yi C, Luo X, et al. Glial gap junctional communication in
volvement in hippocampal damage after middle cerebral artery oc
clusion. Ann Neurol. 2011;70(1):121–132. https://doi.org/10.1002/ 
ana.22386

10. Tamura A, Tahira Y, Nagashima H, et al. Thalamic atrophy follow
ing cerebral infarction in the territory of the middle cerebral artery. 
Stroke. 1991;22(5):615–618. https://doi.org/10.1161/01.STR.22.5. 
615

11. Yassi N, Malpas CB, Campbell BC, et al. Contralesional thalamic 
surface atrophy and functional disconnection 3 months after ische
mic stroke. Cerebrovasc Dis. 2015;39(3-4):232–241. https://doi. 
org/10.1159/000381105

12. Egorova N, Dhollander T, Khlif MS, Khan W, Werden E, 
Brodtmann A. Pervasive white matter fiber degeneration in ischemic 
stroke. Stroke. 2020;51(5):1507–1513. https://doi.org/10.1161/ 
STROKEAHA.119.028143

13. Veldsman M, Werden E, Egorova N, Khlif MS, Brodtmann A. 
Microstructural degeneration and cerebrovascular risk burden 
underlying executive dysfunction after stroke. Sci Rep. 2020; 
10(1):17911. https://doi.org/10.1038/s41598-020-75074-w

14. Wang W, Redecker C, Bidmon HJ, Witte OW. Delayed neuronal 
death and damage of GDNF family receptors in CA1 following focal 
cerebral ischemia. Brain Res. 2004;1023(1):92–101. https://doi.org/ 
10.1016/j.brainres.2004.07.034

15. Fujie W, Kirino T, Tomukai N, Iwasawa T, Tamura A. Progressive 
shrinkage of the thalamus following middle cerebral artery occlu
sion in rats. Stroke. 1990;21(10):1485–1488. https://doi.org/10. 
1161/01.STR.21.10.1485

16. Iizuka H, Sakatani K, Young W. Neural damage in the rat thalamus 
after cortical infarcts. Stroke. 1990;21(5):790–794. https://doi.org/ 
10.1161/01.STR.21.5.790

17. Zanier ER, Pischiutta F, Villa P, et al. Six-Month ischemic mice 
show sensorimotor and cognitive deficits associated with brain atro
phy and axonal disorganization. CNS Neurosci Ther. 2013;19(9): 
695–704. https://doi.org/10.1111/cns.12128

18. Jung WB, Han YH, Chung JJ, et al. Spatiotemporal microstructural 
white matter changes in diffusion tensor imaging after transient fo
cal ischemic stroke in rats. NMR Biomed. 2017;30(6):e3704. 
https://doi.org/10.1002/nbm.3704

19. van der Zijden JP, van der Toorn A, van der Marel K, Dijkhuizen 
RM. Longitudinal in vivo MRI of alterations in perilesional tissue 
after transient ischemic stroke in rats. Exp Neurol. 2008;212(1): 
207–212. https://doi.org/10.1016/j.expneurol.2008.03.027

20. Cha J, Kim ST, Jung WB, Han YH, Im GH, Lee JH. Altered white 
matter integrity and functional connectivity of hyperacute-stage 
cerebral ischemia in a rat model. Magn Reson Imaging. 2016; 
34(8):1189–1198. https://doi.org/10.1016/j.mri.2016.04.004

21. Goldberg I, Auriel E, Russell D, Korczyn AD. Microembolism, si
lent brain infarcts and dementia. J Neurol Sci. 2012;322(1-2): 
250–253. https://doi.org/10.1016/j.jns.2012.02.021

22. Fazekas F, Fazekas G, Schmidt R, Kapeller P, Offenbacher H. 
Magnetic resonance imaging correlates of transient cerebral ische
mic attacks. Stroke. 1996;27(4):607–611. https://doi.org/10.1161/ 
01.STR.27.4.607

23. Furie KL, Kasner SE, Adams RJ, et al. Guidelines for the prevention 
of stroke in patients with stroke or transient ischemic attack: A 
guideline for healthcare professionals from the American heart asso
ciation/American stroke association. Stroke. 2011;42(1):227–276. 
https://doi.org/10.1161/STR.0b013e3181f7d043

24. Hill MD, Yiannakoulias N, Jeerakathil T, Tu JV, Svenson LW, 
Schopflocher DP. The high risk of stroke immediately after transient 
ischemic attack: A population-based study. Neurology. 2004;62
(11):2015–2020. https://doi.org/10.1212/01.WNL.0000129482. 
70315.2F

25. Coull AJ, Lovett JK, Rothwell PM. Population based study of early 
risk of stroke after transient ischaemic attack or minor stroke: 
Implications for public education and organisation of services. BMJ. 
2004;328(7435):326. https://doi.org/10.1136/bmj.37991.635266.44

26. Munir M, Ursenbach J, Reid M, et al. Longitudinal brain atrophy 
rates in transient ischemic attack and minor ischemic stroke patients 
and cognitive profiles. Front Neurol. 2019;10:18. https://doi.org/ 
10.3389/fneur.2019.00018

27. van Rooij FG, Schaapsmeerders P, Maaijwee NA, et al. Persistent 
cognitive impairment after transient ischemic attack. Stroke. 
2014;45(8):2270–2274. https://doi.org/10.1161/STROKEAHA. 
114.005205

28. Ermine CM, Somaa F, Wang TY, Kagan BJ, Parish CL, Thompson 
LH. Long-term motor deficit and diffuse cortical atrophy following 
focal cortical ischemia in athymic rats. Front Cell Neurosci. 2019; 
13:552. https://doi.org/10.3389/fncel.2019.00552

29. Fisher M, Feuerstein G, Howells DW, et al. Update of the stroke 
therapy academic industry roundtable preclinical recommenda
tions. Stroke. 2009;40(6):2244–2250. https://doi.org/10.1161/ 
STROKEAHA.108.541128

30. Ermine CM, Nithianantharajah J, O’Brien K, et al. Hemispheric 
cortical atrophy and chronic microglial activation following mild 
focal ischemic stroke in adult male rats. J Neurosci Res. 2021;99
(12):3222–3237. https://doi.org/10.1002/jnr.24939

31. Ermine CM, Wright JL, Stanic D, Parish CL, Thompson LH. 
Ischemic injury does not stimulate striatal neuron replacement 
even during periods of active striatal neurogenesis. iScience. 2020; 
23(6):101175. https://doi.org/10.1016/j.isci.2020.101175

32. Markl M, Leupold J. Gradient echo imaging. J Magn Reson 
Imaging. 2012;35(6):1274–1289. https://doi.org/10.1002/jmri. 
23638

33. Tustison NJ, Avants BB, Cook PA, et al. N4ITK: Improved N3 bias 
correction. IEEE Trans Med Imaging. 2010;29(6):1310–1320. 
https://doi.org/10.1109/TMI.2010.2046908

34. Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diffeo
morphic image registration with cross-correlation: Evaluating auto
mated labeling of elderly and neurodegenerative brain. Med Image 
Anal. 2008;12(1):26–41. https://doi.org/10.1016/j.media.2007.06. 
004

35. Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A re
producible evaluation of ANTs similarity metric performance in 
brain image registration. NeuroImage. 2011;54(3):2033–2044. 
https://doi.org/10.1016/j.neuroimage.2010.09.025

36. Papp EA, Leergaard TB, Calabrese E, Johnson GA, Bjaalie JG. 
Waxholm space atlas of the sprague dawley rat brain. NeuroImage. 
2014;97:374–386. https://doi.org/10.1016/j.neuroimage.2014.04.001

37. Hua X, Leow AD, Parikshak N, et al. Tensor-based morphometry 
as a neuroimaging biomarker for Alzheimer’s disease: An MRI 
study of 676 AD, MCI, and normal subjects. NeuroImage. 2008; 
43(3):458–469. https://doi.org/10.1016/j.neuroimage.2008.07.013

https://doi.org/10.1161/STROKEAHA.120.030256
https://doi.org/10.1161/STROKEAHA.120.030256
https://doi.org/10.1093/braincomms/fcaa155
https://doi.org/10.1093/braincomms/fcaa155
https://doi.org/10.1212/WNL.0000000000001502
https://doi.org/10.1016/j.neurobiolaging.2006.07.009
https://doi.org/10.1002/hbm.22782
https://doi.org/10.1002/ana.22386
https://doi.org/10.1002/ana.22386
https://doi.org/10.1161/01.STR.22.5.615
https://doi.org/10.1161/01.STR.22.5.615
https://doi.org/10.1159/000381105
https://doi.org/10.1159/000381105
https://doi.org/10.1161/STROKEAHA.119.028143
https://doi.org/10.1161/STROKEAHA.119.028143
https://doi.org/10.1038/s41598-020-75074-w
https://doi.org/10.1016/j.brainres.2004.07.034
https://doi.org/10.1016/j.brainres.2004.07.034
https://doi.org/10.1161/01.STR.21.10.1485
https://doi.org/10.1161/01.STR.21.10.1485
https://doi.org/10.1161/01.STR.21.5.790
https://doi.org/10.1161/01.STR.21.5.790
https://doi.org/10.1111/cns.12128
https://doi.org/10.1002/nbm.3704
https://doi.org/10.1016/j.expneurol.2008.03.027
https://doi.org/10.1016/j.mri.2016.04.004
https://doi.org/10.1016/j.jns.2012.02.021
https://doi.org/10.1161/01.STR.27.4.607
https://doi.org/10.1161/01.STR.27.4.607
https://doi.org/10.1161/STR.0b013e3181f7d043
https://doi.org/10.1212/01.WNL.0000129482.70315.2F
https://doi.org/10.1212/01.WNL.0000129482.70315.2F
https://doi.org/10.1136/bmj.37991.635266.44
https://doi.org/10.3389/fneur.2019.00018
https://doi.org/10.3389/fneur.2019.00018
https://doi.org/10.1161/STROKEAHA.114.005205
https://doi.org/10.1161/STROKEAHA.114.005205
https://doi.org/10.3389/fncel.2019.00552
https://doi.org/10.1161/STROKEAHA.108.541128
https://doi.org/10.1161/STROKEAHA.108.541128
https://doi.org/10.1002/jnr.24939
https://doi.org/10.1016/j.isci.2020.101175
https://doi.org/10.1002/jmri.23638
https://doi.org/10.1002/jmri.23638
https://doi.org/10.1109/TMI.2010.2046908
https://doi.org/10.1016/j.media.2007.06.004
https://doi.org/10.1016/j.media.2007.06.004
https://doi.org/10.1016/j.neuroimage.2010.09.025
https://doi.org/10.1016/j.neuroimage.2014.04.001
https://doi.org/10.1016/j.neuroimage.2008.07.013


10 | BRAIN COMMUNICATIONS 2022: Page 10 of 10                                                                                                          W. Syeda et al.

38. Veraart J, Novikov DS, Christiaens D, Ades-Aron B, Sijbers J, 
Fieremans E. Denoising of diffusion MRI using random matrix the
ory. NeuroImage. 2016;142:394–406. https://doi.org/10.1016/j. 
neuroimage.2016.08.016

39. Zhang H, Avants BB, Yushkevich PA, et al. High-dimensional spa
tial normalization of diffusion tensor images improves the detection 
of white matter differences: An example study using amyotrophic 
lateral sclerosis. IEEE Trans Med Imaging. 2007;26(11): 
1585–1597. https://doi.org/10.1109/TMI.2007.906784

40. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects 
models using lme4. arXiv preprint arXiv. 2014:1406.5823. https:// 
doi.org/10.48550/arXiv.1406.5823

41. Neter J, Kutner MH, Nachtsheim CJ, Wasserman W. Applied linear 
statistical models. Chicago: Irwin; 1996.

42. Smith SM, Nichols TE. Threshold-free cluster enhancement: 
Addressing problems of smoothing, threshold dependence and lo
calisation in cluster inference. NeuroImage. 2009;44(1):83–98. 
https://doi.org/10.1016/j.neuroimage.2008.03.061

43. Brait VH, Wright DK, Nategh M, et al. Longitudinal hippocampal 
volumetric changes in mice following brain infarction. Sci Rep 
2021;11(1):10269. https://doi.org/10.1038/s41598-021-88284-7

44. Rattray I, Smith EJ, Crum WR, et al. Correlations of behavioral def
icits with brain pathology assessed through longitudinal MRI and 
histopathology in the HdhQ150/Q150 mouse model of hunting
ton’s disease. PLoS One. 2017;12(1):e0168556. https://doi.org/10. 
1371/journal.pone.0168556

45. Kim J, Choi IY, Duff KE, Lee P. Progressive pathological changes in 
neurochemical profile of the hippocampus and early changes in the 
olfactory bulbs of tau transgenic mice (rTg4510). Neurochem Res. 
2017;42(6):1649–1660. https://doi.org/10.1007/s11064-017- 
2298-5

46. Lotan E, Tavor I, Barazany D, et al. Selective atrophy of the con
nected deepest cortical layers following small subcortical infarct. 
Neurology. 2019;92(6):e567–e575. https://doi.org/10.1212/WNL. 
0000000000006884

47. Cumming TB, Brodtmann A, Darby D, Bernhardt J. Cutting a long 
story short: reaction times in acute stroke are associated with longer 
term cognitive outcomes. J Neurol Sci. 2012;322(1-2):102–106. 
https://doi.org/10.1016/j.jns.2012.07.004

48. Visser MM, Yassi N, Campbell BC, et al. White matter degeneration 
after ischemic stroke: a longitudinal diffusion tensor imaging study. 
J Neuroimaging. 2019;29(1):111–118. https://doi.org/10.1111/jon. 
12556

49. Puig J, Pedraza S, Blasco G, et al. Wallerian degeneration in the cor
ticospinal tract evaluated by diffusion tensor imaging correlates 
with motor deficit 30 days after middle cerebral artery ischemic 
stroke. AJNR Am J Neuroradiol. 2010;31(7):1324–1330. https:// 
doi.org/10.3174/ajnr.A2038

50. DeVetten G, Coutts SB, Hill MD, et al. Acute corticospinal tract 
wallerian degeneration is associated with stroke outcome. Stroke. 
2010;41(4):751–756. https://doi.org/10.1161/STROKEAHA.109. 
573287

51. Heilbronner SR, Haber SN. Frontal cortical and subcortical projec
tions provide a basis for segmenting the cingulum bundle: 

Implications for neuroimaging and psychiatric disorders. J 
Neurosci. 2014;34(30):10041–10054. https://doi.org/10.1523/ 
JNEUROSCI.5459-13.2014

52. Beevor CEIII. On the course of the fibres of the cingulum and the 
posterior parts of the corpus callosum and fornix in the marmoset 
monkey. Philos Trans R Soc London Ser B. 1891;182:135–199. 
https://doi.org/10.1098/rstb.1891.0003

53. Whitford TJ, Lee SW, Oh JS, et al. Localized abnormalities in the 
cingulum bundle in patients with schizophrenia: A diffusion tensor 
tractography study. Neuroimage Clin. 2014;5:93–99. https://doi. 
org/10.1016/j.nicl.2014.06.003

54. Bozzali M, Giulietti G, Basile B, et al. Damage to the cingulum con
tributes to Alzheimer’s disease pathophysiology by deafferentation 
mechanism. Hum Brain Mapp. 2012;33(6):1295–1308. https:// 
doi.org/10.1002/hbm.21287

55. Bubb EJ, Metzler-Baddeley C, Aggleton JP. The cingulum bundle: 
anatomy, function, and dysfunction. Neurosci Biobehav Rev. 
2018;92:104–127. https://doi.org/10.1016/j.neubiorev.2018.05. 
008

56. Zhang Y, Schuff N, Jahng GH, et al. Diffusion tensor imaging of 
cingulum fibers in mild cognitive impairment and Alzheimer dis
ease. Neurology. 2007;68(1):13–19. https://doi.org/10.1212/01. 
wnl.0000250326.77323.01

57. Metzler-Baddeley C, Jones DK, Steventon J, Westacott L, Aggleton 
JP, O’Sullivan MJ. Cingulum microstructure predicts cognitive con
trol in older age and mild cognitive impairment. J Neurosci. 2012; 
32(49):17612–17619. https://doi.org/10.1523/JNEUROSCI.3299- 
12.2012

58. Takei K, Yamasue H, Abe O, et al. Structural disruption of the dor
sal cingulum bundle is associated with impaired stroop performance 
in patients with schizophrenia. Schizophr Res. 2009;114(1-3): 
119–127. https://doi.org/10.1016/j.schres.2009.05.012

59. Pinter D, Gattringer T, Fandler-Höfler S, et al. Early progressive 
changes in white matter integrity are associated with stroke recov
ery. Transl Stroke Res. 2020;11(6):1264–1272. https://doi.org/10. 
1007/s12975-020-00797-x

60. Sahathevan R, Brodtmann A, Donnan GA. Dementia, stroke, and 
vascular risk factors; A review. Int J Stroke. 2012;7(1):61–73. 
https://doi.org/10.1111/j.1747-4949.2011.00731.x

61. Cumming T, Brodtmann A. Dementia and stroke: The present and 
future epidemic. Int J Stroke. 2010;5(6):453–454. https://doi.org/ 
10.1111/j.1747-4949.2010.00527.x

62. Cumming TB, Brodtmann A. Can stroke cause neurodegenerative 
dementia? Int J Stroke. 2011;6(5):416–424. https://doi.org/10. 
1111/j.1747-4949.2011.00666.x

63. Kochunov P, Lancaster JL, Thompson P, et al. Regional spatial nor
malization: Toward an optimal target. J Comput Assist Tomogr. 2001; 
25(5):805–816. https://doi.org/10.1097/00004728-200109000- 
00023

64. Panagiotaki E, Schneider T, Siow B, Hall MG, Lythgoe MF, 
Alexander DC. Compartment models of the diffusion MR signal in 
brain white matter: A taxonomy and comparison. NeuroImage. 
2012;59(3):2241–2254. https://doi.org/10.1016/j.neuroimage.2011. 
09.081

https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1016/j.neuroimage.2016.08.016
https://doi.org/10.1109/TMI.2007.906784
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.48550/arXiv.1406.5823
https://doi.org/10.1016/j.neuroimage.2008.03.061
https://doi.org/10.1038/s41598-021-88284-7
https://doi.org/10.1371/journal.pone.0168556
https://doi.org/10.1371/journal.pone.0168556
https://doi.org/10.1007/s11064-017-2298-5
https://doi.org/10.1007/s11064-017-2298-5
https://doi.org/10.1212/WNL.0000000000006884
https://doi.org/10.1212/WNL.0000000000006884
https://doi.org/10.1016/j.jns.2012.07.004
https://doi.org/10.1111/jon.12556
https://doi.org/10.1111/jon.12556
https://doi.org/10.3174/ajnr.A2038
https://doi.org/10.3174/ajnr.A2038
https://doi.org/10.1161/STROKEAHA.109.573287
https://doi.org/10.1161/STROKEAHA.109.573287
https://doi.org/10.1523/JNEUROSCI.5459-13.2014
https://doi.org/10.1523/JNEUROSCI.5459-13.2014
https://doi.org/10.1098/rstb.1891.0003
https://doi.org/10.1016/j.nicl.2014.06.003
https://doi.org/10.1016/j.nicl.2014.06.003
https://doi.org/10.1002/hbm.21287
https://doi.org/10.1002/hbm.21287
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1212/01.wnl.0000250326.77323.01
https://doi.org/10.1212/01.wnl.0000250326.77323.01
https://doi.org/10.1523/JNEUROSCI.3299-12.2012
https://doi.org/10.1523/JNEUROSCI.3299-12.2012
https://doi.org/10.1016/j.schres.2009.05.012
https://doi.org/10.1007/s12975-020-00797-x
https://doi.org/10.1007/s12975-020-00797-x
https://doi.org/10.1111/j.1747-4949.2011.00731.x
https://doi.org/10.1111/j.1747-4949.2010.00527.x
https://doi.org/10.1111/j.1747-4949.2010.00527.x
https://doi.org/10.1111/j.1747-4949.2011.00666.x
https://doi.org/10.1111/j.1747-4949.2011.00666.x
https://doi.org/10.1097/00004728-200109000-00023
https://doi.org/10.1097/00004728-200109000-00023
https://doi.org/10.1016/j.neuroimage.2011.09.081
https://doi.org/10.1016/j.neuroimage.2011.09.081

	Long-term structural brain changes in adult rats after mild ischaemic stroke
	Introduction
	Materials and methods
	Animals
	Surgical procedure: focal ischaemic stroke
	MRI experiments
	MRI analyses
	Volumetric assessment
	Tensor-based morphometry
	Diffusion imaging

	Statistical analyses
	Volumetric assessment
	TBM and diffusion parameters

	Data availability

	Results
	ET-1 model of focal ischaemic stroke and cortical atrophy post-stroke
	Hippocampal and thalamic volume trajectories
	Tensor-based morphometry
	Fractional anisotropy changes after ischaemic injury

	Discussion
	Conclusion
	Funding
	Competing interests
	Supplementary material
	References





Accessibility Report





		Filename: 

		fcac185.pdf









		Report created by: 

		lll



		Organization: 

		







 [Personal and organization information from the Preferences > Identity dialog.]



Summary



The checker found no problems in this document.





		Needs manual check: 3



		Passed manually: 0



		Failed manually: 0



		Skipped: 1



		Passed: 28



		Failed: 0







Detailed Report





		Document





		Rule Name		Status		Description



		Accessibility permission flag		Passed		Accessibility permission flag must be set



		Image-only PDF		Passed		Document is not image-only PDF



		Tagged PDF		Passed		Document is tagged PDF



		Logical Reading Order		Needs manual check		Document structure provides a logical reading order



		Primary language		Passed		Text language is specified



		Title		Passed		Document title is showing in title bar



		Bookmarks		Passed		Bookmarks are present in large documents



		Color contrast		Needs manual check		Document has appropriate color contrast



		Page Content





		Rule Name		Status		Description



		Tagged content		Passed		All page content is tagged



		Tagged annotations		Passed		All annotations are tagged



		Tab order		Passed		Tab order is consistent with structure order



		Character encoding		Passed		Reliable character encoding is provided



		Tagged multimedia		Passed		All multimedia objects are tagged



		Screen flicker		Passed		Page will not cause screen flicker



		Scripts		Passed		No inaccessible scripts



		Timed responses		Passed		Page does not require timed responses



		Navigation links		Needs manual check		Navigation links are not repetitive



		Forms





		Rule Name		Status		Description



		Tagged form fields		Passed		All form fields are tagged



		Field descriptions		Passed		All form fields have description



		Alternate Text





		Rule Name		Status		Description



		Figures alternate text		Passed		Figures require alternate text



		Nested alternate text		Passed		Alternate text that will never be read



		Associated with content		Passed		Alternate text must be associated with some content



		Hides annotation		Passed		Alternate text should not hide annotation



		Other elements alternate text		Passed		Other elements that require alternate text



		Tables





		Rule Name		Status		Description



		Rows		Passed		TR must be a child of Table, THead, TBody, or TFoot



		TH and TD		Passed		TH and TD must be children of TR



		Headers		Passed		Tables should have headers



		Regularity		Passed		Tables must contain the same number of columns in each row and rows in each column



		Summary		Skipped		Tables must have a summary



		Lists





		Rule Name		Status		Description



		List items		Passed		LI must be a child of L



		Lbl and LBody		Passed		Lbl and LBody must be children of LI



		Headings





		Rule Name		Status		Description



		Appropriate nesting		Passed		Appropriate nesting










Back to Top



