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Abstract

Following acute ischemic stroke, isolated subcortical lesions induce gray matter atrophy in anatomically connected, yet
distant cortical brain regions. We expand on previous studies by analyzing cortical thinning in contralesional, homologous
regions indirectly linked to primary stroke lesions via ipsilesional cortical areas. For this purpose, stroke patients were
serially studied by magnetic resonance imaging (diffusion tensor imaging and high-resolution anatomical imaging) in the
acute (days 3-5) and late chronic stage one year after stroke. We analyzed changes of gray and white matter integrity in
18 stroke patients (median age 68 years) with subcortical stroke. We applied probabilistic fiber tractography to identify
brain regions connected to stroke lesions and contralesional homologous areas. Cortical thickness was quantified by
semi-automatic measurements, and fractional anisotropy was analyzed. One year after stroke, significant decrease of
cortical thickness was detected in areas connected to ischemic lesions (mean —0.15 mm; 95% Cl —0.23 to —0.07 mm) as
well as homologous contralateral brain regions (mean —0.13 mm; 95% Cl —0.07 to —0.19 mm). We detected reduced
white matter integrity of inter- and intrahemispheric fiber tracts. There were no significant associations with clinical
recovery. Our results indicate that impact of subcortical lesions extends to homologous brain areas via transcallosal
diaschisis.
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Introduction the concept of diaschisis after stroke (from Greek

In patients with ischemic stroke, a single lesion located didoxiolg, ‘“‘shocked through™), which generally

in strategic subcortical brain areas such as the corti-
cospinal tract regularily results in severe impairment
of motor function. In the weeks and months after
injury, secondary degeneration of white matter tracts
can lead to structural and functional alterations located
in distant and originally unaffected brain areas.' In a
previous study combining white-matter tractography
with surface-based cortical thickness analysis, we have
identified a direct link of focal subcortical ischemic
lesions to ipsilesional cortical atrophy at the early
chronic stage three months after stroke.” We have
attributed these findings to axonal degeneration as the
underlying mechanism of cortical thinning in distant
and primarily unaffected regions structurally connected
to the focal stroke lesion. These changes fit well with

describes the reduction of function, metabolism, and
perfusion in brain areas distant to a cerebral lesion.
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During the acute stage after stroke, synaptic suppres-
sion in distant areas results in disruptions of brain
metabolism and perfusion, whereas prolonged lack of
afferent function may ultimately result in loss of struc-
tural integrity in distant, yet connected regions of the
brain.!*"

In addition to ipsilesional changes, we previously
reported indications of subtle cortical atrophy located
on the contralesional hemsiphere as described previ-
ously by voxel-based morphometry (VBM) studies
after stroke.*” These changes appeared to follow a
homologues pattern to ipsilesional, connected brain
areas. In the current study, we expand on our previous
investigation by prospectively analyzing the long-term
impact of isolated subcortical lesions on cortical atro-
phy one year after stroke onset. We tested if selective
cortical atrophy of brain areas connected to subcortical
stroke lesions is observable in the late chronic stage one
year after stroke, specifically in contralesional, homolo-
gous brain areas. In addition, we investigated the asso-
ciation of cortical changes with underlying structural
integrity of intra- and interhemispheric white matter
tracts as potential mediators. Lastly, we tested if
changes of structural integrity relate to the degree of
clinical recovery one year after stroke.

Materials and methods
Subjects

We prospectively enrolled patients with ischemic stroke
and upper arm paresis. All patients were recruited three
to five days after stroke onset via the Stroke Unit of our
hospital if the following inclusion criteria were met: (1)
acute stroke with upper limb motor deficit; (2) isolated
acute subcortical ischemic stroke lesion and absence of
obvious white matter lesions or lesions from previous
stroke shown by magnetic resonance imaging (MRI);
(3) written informed consent; (4) absence of severe
neurological or non-neurological co-morbidity. We
excluded patients with previous stroke, intracerebral
hemorrhage or evidence of preexisting structural brain
damage.

Results from clinical and MRI examinations were
recorded on two time points (T1 and T2). First,
during the acute stage (T1, days 3-5) and second, one
year after stroke (T2). We have previously reported
results from follow-up examinations three months
after stroke in a subset of nine patients included in
the current study.” The current study focusses on
long-term changes of grey and white matter integrity;
thus, only findings one year after stroke onset were
considered for analysis. Patients with evident recurrent
stroke at T2 were excluded (judged on clinical evidence,
patient history and imaging findings). Clinical

examination included the National Institute of Health
Stroke Scale (NIHSS), the modified Rankin scale and
the Fugl-Meyer assessment of the upper extremity
(UEFM). In addition, we measured grip force of the
affected hand: the mean value (in kg) of three consecu-
tive measurements was calculated as well as absolute
and relative changes of all clinical parameters between
both time points. Patients gave written informed con-
sent according to the Declaration of Helsinki. The
study was approved by the ethic committee of the med-
ical council Hamburg, Germany.

Brain imaging

We acquired imaging data immediately following clin-
ical examinations at each time point (T1 and T2). A 3T
Siemens Skyra MRI scanner (Siemens, Erlangen,
Germany) and 32-channel head coil was used to meas-
ure both diffusion-weighted and high-resolution
T1-weighted anatomical images. For diffusion-
weighted imaging, 75 axial slices were obtained cover-
ing the whole brain with gradients (b= 1500s/mm?)
applied along 64 non-collinear directions with the
sequence parameters: Repetition (TR)=10,000ms,
echo time (TE)=82ms, field of view (FOV)=256 x
204, slice thickness (ST)=2mm, in-plane resolution
(IPR) =2 x 2mm. The complete dataset consisted of
2 x 64 b1500 images and additionally one b0 image at
the beginning and one after the first 64 images. For
anatomical imaging, a three-dimensional magnetiza-
tion-prepared, rapid acquisition  gradient-echo
sequence (MPRAGE) was used with the following par-
ameters: TR=2500ms, TE=2.12ms, FOV =240 x
192 mm, 256 axial slices, ST =0.94 mm, IPR =0.94 x
0.94 mm. In addition, fluid-attenuated inversion recov-
ery (FLAIR) sequences were acquired at T1 for delin-
eation of ischemic lesions (TR =9000 ms, TE =90 ms,
TI=2500ms, FOV =230 x 230 mm, ST =5mm IPR =
0.7 x 0.7mm).

Data pre-processing

Diffusion-weighted images were analysed using the FSL
software package 5.1 (http://www.fmrib.ox.ac.uk/fsl).
All datasets were corrected for eddy currents and
head motion. Fractional anisotropy (FA) maps were
calculated fitting the diffusion tensor model at each
voxel. Structural T1-weighted anatomical images were
processed using the Freesurfer software package 6.0.0
with standard procedures and parameters that generate
measurements of cortical thickness with high validity
and reliability.* '* All images were visually inspected
and data of insufficient quality (i.e. due to motion arte-
facts) excluded, specifically paying attention to accur-
acy of brain extraction. We applied careful manual
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Figure 1. Schematic illustration of the methodological approach to gray and white matter region segmentations. (a) Reconstruction
of white matter fiber tracts (light red) connecting the subcortical stroke lesion (S) with the cortical surface (dark red). Analogous

reconstruction using a mirrored subcortical region (M) in the contralesional hemisphere. The unconnected cortex (no color) served
as a control region. (b) Reconstruction of interhemispheric, transcallosal white matter tracts (light yellow) connecting cortical surfaces
from (a) (dark red and dark green cortical regions). For transcallosal fiber integrity, values of fractional anisotropy were measured at

the intersection with the corpus callosum (3, dark yellow).

corrections in cases of incorrect brain extraction results
following recommendations from the online Freesurfer
documentation. Registration of structural and diffusion
datasets was achieved by using linear and non-linear
transformation tools (FLIRT and FNIRT) imple-
mented in FSL."?

Stroke lesion segmentation, intra- and
interhemispheric probabilistic fiber tracking and
definition of cortical regions of interest

A schematic representation of our analysis is shown in
Figure 1. In summary, a semi-automated procedure
using probabilistic fiber tracking was used to identify
cortical areas connected and unconnected to the sub-
cortical regions of interest (ROI). First, we defined
these regions of interest comprising the original, acute
stroke lesions (T1, stroke ROI, red) using the in-house
software tool ANTONIA as described previously.?
Each stroke ROI was then used as seed region for prob-
abilistic fiber tracking to determine ipsilesional cortical
brain areas structurally connected to the stroke ROI by
white matter fiber tracts. Secondly, in order to study
structural changes in homologous contralesional brain
areas, an additional ROI was created at the contrale-
sional hemisphere mirroring the stroke ROI at the
interhemispheric midline (mirror ROI, green). Again,
we determined connected, contralesional cortical brain
regions using fiber tracking, this time starting at the
mirror ROI. For both hemispheres, white matter
tracts were reconstructed using probabilistic diffusion
models and tractography (bedpost and prob-
trackx).'"*!'> From each mask voxel (stroke ROI and
mirror ROI), 10,000 samples were initiated through
the probability fibre distribution of principle white

matter fibre directions with a curvature threshold of
0.2. Tracking was restricted to each hemisphere,
respectively. Tracts ending at the brainstem or cerebel-
lum were excluded to limit the analysis to fibers directly
connecting the stroke and mirror ROI to the cortical
surface. Resulting tract distributions were normalized
in relation to the general connectivity profile in each
individual patient. We applied a threshold of 100 sam-
ples (1% of 10,000 samples) as reported previously.”
Regions where the tracts reached the white matter sur-
face (as determined by Freesurfer) were defined as
regions of interested. Cortical thickness (CT) was deter-
mined by the distance between the white-matter surface
and the pial surface across the cortical mantle
(Figure 1(a) and (b)). In addition to intrahemispheric
probabilistic tracking, we reconstructed interhemi-
spheric white matter tracts between the homologous,
connected cortical areas to investigate the change of
transcallosal fiber tract integrity. To this end, fibers
connecting both connected cortical regions were recon-
structed by reversely using each connected cortical
region as seeding and end point for probabilistic fiber
tracking (Figure 1(b), light yellow). For each patient,
the resulting two individual tracts were binarized using
a threshold of 1% of overall connectivity, summed and
transferred to the dataset at T2 analogous to the ana-
lysis above. All probabilistic tracking and fiber recon-
struction were carried out on data sets during the early
stage (T1) after stroke, in line with pervious work.>'®
This approach is inherently limited by the presence of
perilesional edema confounding the probabilistic track-
ing algorithm in areas in close proximity to the primary
lesion. However, the relatively small lesion volumes in
our patients limit the extend of white matter distortions
for probabilistic fiber tracking and visual inspection
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revealed plausible results of the connecting white
matter tracts. The alternative approach, i.e. using
data from the chronic stage (T2), yields the issue of
significant lesion shrinkage and loss connecting white
matter fiber tracts contributing to a significant extend
of false-negative results. We have therefore opted for
the approach using data from the early stage after
stroke (T1).

Measurement of cortical thickness

CT was measured in two cortical regions per hemi-
sphere, leading to measurements from four cortical
regions in total: Two regions connected and uncon-
nected to the subcortical ROI in both the ipsi- and
contralesional hemispheres (Figure 1). The cortical
regions unconnected to the subcortical ROI served as
control regions. We measured cortical thickness at both
timepoints (T1 and T2) after stroke. Absolute values of
cortical thickness were determined by the distance
between the white matter and pial surface’ and absolute
change of cortical thickness between the two timepoints
calculated for each ROI: A cortical Thickness
[mm]=(CTr; — CT1y).

Analysis of white matter tract fractional anisotropy

In addition to cortical thickness, we measured values of
fractional anisotropy (FA) at both time points as a
marker for white matter integrity for both tracts con-
necting either the stroke or mirror lesion with the cor-
tical surface (red and green tracts in Figure 1).
Subcortical stroke and mirror ROI were dilated with
a margin of Imm and excluded from both tracts.
Resulting tracts were registered linearly to the diffusion
dataset at T2. Mean FA values were then extracted
from these tracts on both time points (T1, T2). For
measurement of interhemispheric white matter tract
integrity, FA values were calculated at the intersection
of the interhemispheric tract and the corpus callosum
defined by using a template from the standard
152MNI-space (Figure 1(b), dark yellow section
marked with 3) at T1 and T2. To control for unspecific
changes of callosal integrity after stroke, a control tract
was reconstructed analogously between the primary
visual cortices (V1) of both hemispheres analogously
to the main tract of interest. This tract was chosen
due to its distance to the transcallosal fibers of interest
located at the middle and anterior part of the corpus
callosum. Furthermore, lesion distribution spared the
posterior arterial territory in our patients and signifi-
cant alterations of white matter connectivity in these
areas were unlikely. Again, mean FA values were mea-
sured at the intersection of the control tract with the
corpus callosum at T1 and T2.

Statistical analysis

For descriptive statistics, mean or median values with
95% confidence intervals (95% CI) or interquartile
range (IQR) were calculated as appropriate.

We applied a univariate linear model (ANOVA) to
test for significant changes of cortical thickness using
the absolute thickness on T1 and T2. The model
included the following factors: time of examination
(T1 or T2), region of interest (ROI connected or not
connected to the lesion) as well as the interaction
between time and ROI. We tested for significant correl-
ations between changes of cortical thickness and white
matter integrity (FA-values) in individual ROI and
tracts using a two-tailed Spearman’s test.

Changes of clinical parameters were calculated:
Change of NIHSS over one year=NIHSSp,—
NIHSSt;. Changes were calculated for the UEFM
score and grip strengths (affected hand) accordingly.
PC of cortical thickness and changes of clinical param-
eters were correlated using a two-tailed Spearman’s
rank correlation coefficient. Similarly, absolute changes
of FA values in reconstructed tracts (ipsilesional, con-
tralesional and interhemispheric) were correlated with
change of clinical parameters. All statistical analyses
were done in SPSS 25.0 (IBMCo., Somers, NY,
USA). For visual representations (Figures 2 and 3),
all imaging data were flipped to the left hemisphere.

Results

In total, 27 patients were included in our study. Of
those, one patient was excluded from analyses due to
insufficient image quality of the diffusion imaging data
at the follow-up examination. In addition, one patient
was unable to participate at follow-up examination
after one year due to implantation of a cardiac event
recorder. Seven patients did not respond to our invita-
tion at follow-up. Data from the remaining 18 patients
were used for analyses. Of those, nine were included in
our previous study reporting results of focal cortical
thinning three months after stroke.> Median duration
post-stroke was four days (range: 3-5 days) at T1 and
361 days (range: 341-409 days) at T2. Thirteen patients
(72 %) were male, median age was 68 (IQR 47-81
years). Stroke lesions were located at the left hemi-
sphere in 11 patients (61%), mean lesion volume was
4.4ml (95% CI 1.6-5.8 ml). At T1, median NIHSS was
4 (IQR 2-6). All patients recovered after one year with
a median NIHSS of 0 (IQR 0-2) at T2. Table 1 sum-
marizes the clinical characteristics of our patients.
Figure 2 illustrates the distribution of subcortical
stroke lesions and connected cortical areas represented
on a standard volumetric template and hemispheric sur-
face provided by Freesurfer (fsaverage template),
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Figure 2. (a) Overlay lesion plot of segmented stroke lesions of all patients (n = 18), z-coordinates correspond to the standard
MNI152 brain template. (b) Surface map of cortical areas connected to subcortical stroke lesions. Overlay color indicates number of
patients (see color bar). For illustrative purposes, all lesions were flipped to the left hemisphere.

stroke ] /| unaffected
hemisphere hemisphere

Figure 3. (a) lllustration of cortical areas connected to subcortical stroke lesions (“stroke hemisphere”) and mirrored subcortical
regions (“unaffected hemisphere”). Overlay color indicates number of patients (see color bar). (b) Representative brain section
illustrating the frequency of individual inter-hemispheric white matter tracts connecting homologous cortical areas. (c) Distribution of
white matter fiber tracts at midline level projected on the corpus callosum shown on a standard MNII52 brain template.

respectively. Due to the inclusion criteria of present postcentral and superior frontal cortex (Figure 2(b)).
upper extremity motor deficits in all our patients, On a cytoarchitectonic level, these regions correspond
stroke lesions were mainly connected to cortical areas to cranial parts of Brodmann Areas 3, 4, 6 and 8. Fiber
involving motor functions located on the precentral, tracking starting from the contra-lesional mirror ROI
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resulted in a distribution of cortical arecas symmetrical
to the lesion hemisphere as demonstrated in
Figure 3(a). Note that for illustrative purposes, all sur-
faces and subcortical lesions were flipped to the left
hemisphere.

Changes of cortical thickness

Cortical regions connected to subcortical stroke lesions
and mirror regions were defined successfully in all
patients. Application of a threshold of 1% to the over-
all probabilistic fiber distribution resulted in two cor-
tical regions of comparable size on both the ipsi- and
contralesional hemisphere (mean surface area of
51.0cm? and 52.8 cm?, respectively). In the ipsilesional
hemisphere, thickness of areas connected to the stroke
lesion decreased by —0.15mm (95% CI —0.23 to
—0.07mm) within the first year after stroke. In add-
ition, thickness of cortical areas connected to the
mirror region at the contralesional hemisphere
decreased by —0.13mm (95% CI —-0.07 to
—0.19mm). Cortical thinning was also present in
unconnected areas on both hemispheres, albeit at a
lower rate (Table 2 and Figure 4). Analysis from the
univariate linear model (ANOVA) demonstrated sig-
nificant effects of time (T1 or T2; F=12.5, p <0.001),
region of interest (ROI; connected or not connected;
F=204; p<0.001) as well as the interaction

Table 1. Overview of clinical data at days 3-5 (T|) and one
year (T2) after stroke.

TI T2
Age (mean, IQR) 68 (47-81) -
NIHSS (median, IQR) 4 (2-6) 0 (0-2)
UEFM (mean, 95% Cl)  47.1 (41.5-52.8)  56.9 (52.2-61.1)
Grip strength [kg] 17.8 (148-20.7)  29.3 (25.6-32.9)

(mean, 95% ClI)

IQR: Interquartile range; Cl: confidence interval; NIHSS: National
Institutes of Health Stroke Scale; UEFM: Fugl-Meyer Assessment of sen-
sorimotor function. Grip strength was measured in the affected hand.

time x ROI (F=3.0; p=0.047) on cortical thickness.
There was a decrease of cortical thickness specifically
located in areas connected to the lesion/mirror region
(compared to the unconnected cortical areas, Figure 4).

Analysis of white matter integrity

We first analyzed integrity of ipsilesional white matter
fiber tracts connecting the stroke lesion to the cortical
surface as well as integrity of analogous fiber tracts at
the contralesional hemisphere. No differences of FA
values were observed at T1 between the ipsi-and con-
tralesional fiber tracts. White matter integrity of the
ipsilesional fiber tract declined significantly demon-
strated by lower FA values at T2 (0.39; 95% CI 0.37—
0.41) compared to T1 (0.44; 95% CI 0.42-0.46;
p=0.008). In contralesional fiber tracts, white matter
integrity remained almost unchanged between T1 and
T2 (Table 3). As a second step, callosal FA values were
measured at the intersection with the interhemispheric
fiber tracts connecting cortical regions on the ipsi- and
contralesional hemispheres. Figure 3(c) illustrates the
distribution of interhemispheric fiber tracts intersecting
the corpus callosum, which were primarily located at
the sensory and motor callosal sections extending to
anterior, premotor sections as previously defined by a
DTI-based atlas (Sections II, III and IV of the corpus
callosum classified by Hofer and Frahm'”). FA values
of transcallosal tracts between cortical regions con-
nected to the stroke lesion and mirror lesion declined
significantly between T1 (0.67; 95% CI 0.64-0.68) and
T2 after one year (0.63; 95% CI 0.61-0.64, p =0.032).
In contrast, no changes of FA values were observed at
the intersection with the control tract between both pri-
mary visual cortices located at the posterior end of the
corpus callosum (section V based on the atlas of Hofer
and Frahm').

Correlation with clinical parameters and white/grey
matter integrity

Changes of cortical thickness did not correlate signifi-
cantly with the rate of clinical recovery (absolute

Table 2. Absolute change of cortical thickness one year after stroke.

Connected cortex

Unconnected cortex

Mean [mm] 95% Cl (up/low) Mean [mm] 95% ClI (up/low)
Ipsilesional hemisphere —0.15 —0.23/-0.07 —0.04 —0.08/-0.01
Contralesional hemisphere —0.13 —0.19/-0.07 —0.04 —0.09/0.01

Note: Absolute values in millimeter are reported in areas connected and unconnected to subcortical stroke and mirrored contralesional regions. Mean

values and 95% confidence intervals are shown.
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Figure 4. Individual values (circles) and mean absolute change (A Focal cortical thickness [mm]) of cortical thickness one year after
stroke in areas connected and unconnected to subcortical stroke and mirrored contralesional regions. Unconnected areas are shown
in green, connected areas are shown in red. * Analysis from the univariate linear model (ANOVA) demonstrated significant effects of
time (T1 or T2; F=12.5, p <0.001), region of interest (ROI; connected or not connected; F=20.4; p <0.001) as well as the
interaction time and ROI (F =3.0; p = 0.047) with lower cortical thickness in areas connected to the subcortical stroke and mirrored
contralesional regions.

Table 3. Fractional anisotropy (FA) values in reconstructed white matter fiber tracts.

Region of measurement Tl

Lesion tract
Mirror tract
Interhemispheric tract at corpus callosum

VI-VI tract at corpus callosum

0.44 (0.42-0.46)
0.44 (0.43-0.46)
0.67 (0.64-0.68)
0.69 (0.67-0.72)

T2 p*

0.39 (0.37-0.41) 0.008
0.43 (0.42-0.45) 0.712
0.63 (0.61-0.64) 0.032
0.69 (0.66-0.71) 0.501

Note: Longitudinal results on days 3-5 (T|) and one year after stroke (T2) are shown. See also Figure | illustrating areas of measurement. VI-VI
corresponds to interhemispheric fiber tracts connecting primary visual cortices on both hemispheres. *p-values resulting from Mann—Whitney—U-Test

between T1 and T2.

Significant differences (p<0.05) of FA between Tl and T2 are marked with bold values.

change of clinical scores) over one year measured by the
NIHSS, UEFM and grip strength of the affected hand.
Similarly, integrity of intra- and interhemsipheric white
matter fiber tracts did not correlate with clinical meas-
urements over time. We did not observe significant cor-
relations between measures of white matter (FA) and
grey matter (change of cortical thickness) integrity (see
Supplementary Material).

Discussion

Our study yielded three major results: First, specific
focal atrophy of cortical brain areas connected to the
subcortical stroke is found in the chronic phase one
year after ischemic stroke. Second, we detected signifi-
cant decreases of cortical thickness in the contralesional

hemisphere in cortical regions homologous to brain
areas connected to the primary lesion side. Lastly, we
found evidence of altered integrity of white matter fiber
tracts connecting the stroke lesion to the cortical sur-
face, and in sections of the corpus callosum traversed
by interhemispheric connections between connected
cortical brain areas and homologous regions. These
changes, however, were not found to be associated
with clinical recovery after stroke in our patients.

Our findings of reduced cortical thickness in brain
areas connected to the subcortical stroke lesion add to
the increasing amount of evidence that confined, focal
white matter injuries induce remote alterations of gray
matter integrity as observed in experimental animal
models, as well as structural imaging studies of patients
with vascular or demyelinating brain injury.”'®!
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Complimentary to observations based on shorter time
intervals (i.e. three and six months) after stroke,>'¢
we demonstrate that pronounced, lesion-dependent and
specific regional cortical atrophy is a consistent finding
in subcortical stroke after one year. In our population,
cortical thinning in connected cortical areas occurred at
an extend of 5% after one year, which clearly exceeds
previous estimates of annual cortical thinning in elderly,
healthy individuals that ranges between 0.3% and 3%
per year, depending on the average age of the studied
population.”®?! This finding supports the concept of spe-
cific, lesion-dependent mechanisms underlying cortical
atrophy beyond the global rate of general atrophic pro-
cesses observed in healthy aging.

In our study, the pattern of connected cortical sur-
face areas involved a cortical network of primary and
secondary motor control located on the precentral,
postcentral and superior frontal gyrus. This distribu-
tion results from our inclusion criteria of upper extrem-
ity motor deficits and the subsequent involvement of
the pyramidal tract by the stroke lesion. We explain
the specific atrophy by retrograde degeneration of
underlying white matter tracts disrupted by the subcor-
tical stroke lesion. In line with this hypothesis and pre-
vious findings from stroke imaging studies,'®** loss of
microstructural integrity in white matter fiber tracts,
connecting to the lesion, was observed in our patients
as signified by a significant decrease of fractional
anisotropy after one year. However, other factors,
such as diffusely distributed cortical hypometabolism
found in previous studies of diaschisis after subcortical
stroke?®>* might as well have contributed to these
changes via transneuronal mechanism at the ipsi- and
contra-lesional hemisphere.

In addition to regional cortical atrophy at the
lesioned hemisphere, we observed cortical thinning on
the contralesional hemisphere in areas linked with the
spatially corresponding subcortical region. Similar to
changes observed on the lesioned hemisphere, signifi-
cant cortical atrophy occurred exclusively in connected
cortical regions, whereas unconnected areas did not dis-
play significant changes. Interestingly, we did not detect
significant cortical thinning during the early chronic
stage after stroke in our previous, methodically analo-
gous, analysis, although a trend to contralesional atro-
phy was apparent.” Taken together, these findings
indicate that gray matter atrophy of homologous, con-
tralesional brain areas might occur during the late
chronic time span after isolated subcortical stroke. As
of today, only few studies have demonstrated cortical
atrophy contralesional to the ischemic injury after
stroke. Extensive global decreases in gray matter vol-
umes of contralesional gray matter one to four years
after stroke were shown by VBM, specifically at the

(contralesional) pre- and postcentral gyrus.>>-*¢

Secondary reductions of contralesional insular gray
matter volumes have furthermore been described as
early as 12 weeks after stroke in data from VBM ana-
lysis.® These findings are supported by data from
experimental animal studies demonstrating a spatial
pattern of cortical thinning in the contralesional hemi-
sphere mirroring the atrophy of the healthy hemisphere
in a forelimb motor cortex stroke model.” It has been
hypothesized that these changes in the contralesional
hemisphere are mediated by secondary neuroinflamma-
tory response or neurodegeneration. However, given
previous findings on diaschisis after stroke, we would
argue that mechanisms involving the secondary degen-
eration of transcallosal fibers are much more likely can-
didates to explain our findings.

In this study, we present novel data from the
combined analysis of gray and white matter integrity,
which point towards a possible mechanism underlying
contralesional cortical changes. Focal cortical thinning
of homologues, contralesional brain areas was asso-
ciated with structural disintegration of the corpus cal-
losum, specifically in sections crossed by fiber tracts
connecting contralesional cortical regions to brain
areas directly linked to the stroke lesion. These inter-
sections were located in the sensory, motor and pre-
motor sections of the corpus callosum, in line with
imaging studies in humans'’ as well as anatomical
tracer work in non-human primates that demonstrate
transcallosal white matter tracts connecting primary
and secondary cortical motor areas of both hemi-
spheres.?”?® Based on our results, we propose that the
observed atrophy of contralesional homologous cor-
tical areas in our patients one year after stroke is
mediated by the degeneration of interhemispheric,
transcallosal white matter tracts, secondary to ipsile-
sional cortical changes.

We can only hypothesize on the pathophysiological
causes underlying this proposed “‘transcallosal diaschi-
sis” in our group of patients with isolated subcortical
stroke. As a main mechanism, we suggest that isolated
subcortical lesions could induce contralesional cortical
degeneration via an indirect pathway through inter-
neurons at the ipsilesional hemisphere that have an
intermediary function by inducing apoptosis in neurons
following loss of synaptic input.” After subcortical
stroke, disintegration of ipsilesional white matter
tracts connecting to the cortical surface may propagate
such effects by retrograde degeneration of pyramidal
cell bodies in layer V and subsequent (anterograde)
degeneration of cell bodies of interhemispheric neurons
in layer III via cortical inhibitory GABA inter-
neurons.” The localized and specific degeneration of
gray and white matter (reduced FA and cortical thin-
ning) in our study would lend support to his hypothesis.
Alternatively, functional under-activation of primary
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and secondary motor areas could contribute to a non-
use cortical atrophy in line with observations of co-
localized structural and functional plasticity in the som-
atosensory cortex after stroke. Analogous to co-loca-
lized over-activation and increases of cortical
thickness,?! the opposite mechanism of loss of excita-
tory inputs from the affected cerebral hemisphere could
in turn induce contralesional cortical atrophy conveyed
by the corpus callosum. Furthermore, diminished inter-
hemispheric resting state functional connectivity is a
prominent feature observed during the acute and sub-
acute period after stroke,** although a gradual normal-
ization toward the pre-stroke functional connectivity
pattern tends to occur specifically in well-recovered
patients. Thus, one might speculate that diminished
callosal integrity as observed in our patients represents
a long-term structural imprint of functional disconnec-
tion between homotopic cortical areas after subcortical
stroke. However, these hypotheses cannot be substan-
tiated by our data and further studies combining struc-
tural and functional imaging data are needed.

In our study, neither remote changes of cortical
thickness nor integrity of subcortical white matter
tracts were associated with clinical parameters of
motor function. Thus, we cannot link our findings to
the degree of recovery after subcortical stroke.
However, these negative findings are consistent with
results from previous studies focusing on the atrophy
of remote, yet connected cortical areas after stroke.** In
addition, recent work on thalamic diaschisis in terms of
local hypometabolism after stroke has not been shown
to be associated with clinical outcomes,>* similar to the
lack of clinical correlates of falling contralesional hemi-
spheric oxygen metabolism after stroke over time.>”
Thus, our findings would be in line to the hypothesis
that ipsi- and contralesional hemispheric diaschisis and
atrophy after stroke appear largely an epiphenomenon
with no clinical implication. Thus, the observed conse-
quences of secondary neurodegeneration would
develop, while patients actually improve motor func-
tion after stroke, rendering it plausible that the
reorganization subserving recovery takes place in alter-
native circuits of the damaged neural network. In terms
of potential methodological limitations, lack of clinical
associations may also relate to the relatively small
sample size of our study, which has to be considered
as a limitation. Furthermore, one has to consider tech-
nical limitations of established methods for measure-
ment of cortical thickness. Specifically, we cannot rule
out the possibility that part of the atrophy seen in the
ipsilesional, connected ROI may reflect resolution of
subacute edema travelling along the connecting fibers,
although these alterations — if severe — would be detect-
able by alterations of the signal intensity of diffusion
weighted images. Lastly, although our methodological

approach planned for the unconnected cortices as
intrinsic control regions, the lack of data from healthy
controls is an additional limitation.

In conclusion, we demonstrated that atrophy of
remote cortical areas connected to single subcortical
lesions remains prominent one year after ischemic
stroke. At the same time, contralesional cortical atro-
phy is detectable in homologous cortical areas. These
changes are potentially mediated by degeneration of
transcallosal white matter tracts. Our findings underline
the long-range impact of focal subcortical brain lesions
on the structural integrity of networks involving both
directly and indirectly connected cortical areas.
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