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Knowledge of the typical lesion topography and volumetry is important for clinical stroke diagnosis as well as for
anatomo-behavioral lesion mapping analyses. Here we used modern lesion analysis techniques to examine the
naturally occurring lesion patterns caused by ischemic and by hemorrhagic infarcts in a large, representative
acute stroke patient sample. Acute MR and CT imaging of 439 consecutively admitted right-hemispheric stroke
patients from a well-defined catchment area suffering from ischemia (n = 367) or hemorrhage (n = 72) were
normalized and mapped in reference to stereotaxic anatomical atlases. For ischemic infarcts, highest frequencies

Keywords:

Lesion mapping of stroke were observed in the insula, putamen, operculum and superior temporal cortex, as well as the inferior
Infarct and superior occipito-frontal fascicles, superior longitudinal fascicle, uncinate fascicle, and the acoustic radiation.
Lesion size The maximum overlay of hemorrhages was located more posteriorly and more medially, involving posterior
Hemorrhage areas of the insula, Heschl's gyrus, and putamen. Lesion size was largest in frontal and anterior areas and lowest
Volumetry in subcortical and posterior areas. The large and unbiased sample of stroke patients used in the present study

accumulated the different sub-patterns to identify the global topographic and volumetric pattern of right
hemisphere stroke in humans.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The area of damaged tissue in stroke follows patterns determined by
the structure of the vascular trees (Stoeckel et al., 2007; Lee et al., 2009).
Knowledge of typical lesion patterns is crucial in clinical stroke diagno-
sis as well as in anatomo-behavioral studies using statistical techniques
such as voxel-based lesion-behavior mapping (Bates et al., 2003;
Rorden et al., 2007). Nonetheless, studies describing the anatomy of
brain damage are rare and often focused on subpopulations of strokes
as for example patients with aphasia (Mirman et al., 2015; Caviness
et al., 2002), included small sample sizes, and/or were based on acute
perfusion MRI (Stoeckel et al., 2007; Caviness et al., 2002; Phan et al.,
2005, 2007), which is not necessarily equivalent to final lesion demarca-
tion (Neumann-Haefelin et al., 1999). A study by Lee et al. investigated a
large sample of 205 patients. (Lee et al., 2009) Their results lacked a de-
tailed topography as they concentrated on a binary classification
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(lesioned vs. non-lesioned) of large regions of interest (ROIs). More-
over, the study was restricted to infarcts of the PCA territory. To our
knowledge the largest sample of lesion data has recently been published
by Mah et al. (2014). The authors evaluated 581 left or right hemispher-
ic stroke patients who had obtained diffusion weighted MR imaging,
covering all vascular trees. Unfortunately, no descriptive information
(location, size, phase of stroke, etc.) from the lesion groups and the illus-
trated anatomical overlay was provided.

The present study aimed to analyze a large, representative sample of
stroke patients and describes lesion size and topography caused by is-
chemic and by hemorrhagic infarcts. To avoid any loss of representa-
tiveness individuals should be included independent of the imaging
modality applied at admission. The latter is of relevance since in many
stroke centers, a dominant brain imaging method applied at admission
is CT with advantages typically including speed, cost, and reduced ex-
clusion criteria relative to MRI. In clinical routine, there is a tendency
to examine patients with severe and clear stroke symptoms at admis-
sion by CT imaging, since the dominant interest in those cases is to
quickly identify hemorrhages. Contingent upon individual on-site orga-
nization achievement of this purpose is often faster and definitely
cheaper by CT than by MR imaging. To exclude a systematic bias of
our sample towards patients with less severe and less clear symptoms
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on admission, the present analysis should be based not only on acute
MR but also on acute CT imaging.

2. Methods
2.1. Patient selection

Neurological patients admitted between 1999 and 2013 to the
Centre of Neurology at Tiibingen University Hospital were screened
for an acute first unilateral, right-hemispheric stroke as indicated either
by magnetic resonance (MR) imaging or computed tomography (CT).
Patients with left-hemisphere stroke, with diffuse, bilateral, or cerebel-
lar brain lesions, with previous large-artery or embolic stroke or patho-
logical morphological changes of brain anatomy (e.g. massive brain
atrophy), patients with tumors, patients with marked anatomical dis-
tortion due to intracerebral bleeding, patients who did not survive the
acute stage of stroke, and patients without obvious lesion shown in
MRI or CT were excluded. We included 439 patients (188 f, 251 m)
with an average age of 62.4 years (SD = 13.4) at stroke onset. Of
these patients, 367 had an infarct and 72 a hemorrhage. All patients or
their relatives gave informed consent to participate in our study,
which was performed according to the ethical standards laid down in
the 1964 Declaration of Helsinki.

2.2. Imaging and lesion mapping

For all patients, an acute lesion was demonstrated by either CT or
MR imaging. If both scan modalities were available, MR scans were

preferred. As the validity to accurately identify stroke differs between
imaging modalities dependent on time since stroke, under both proto-
cols the initial scanning optionally was repeated during the following
days until a firm diagnosis could be made and the infarcted area became
clearly demarcated such that a clinically experienced researcher or a cli-
nician experienced in lesion mapping could clearly identify lesion bor-
ders. The final scans were used for the present study. The present
study included lesions that were demonstrated by using MR imaging
in 210 cases and by CT in 229 cases. Time between stroke onset and
imaging was 4.2 days (SD = 7.0) on average. In the subjects who
underwent MRI scanning, we used diffusion-weighted imaging (DWI)
in the hyper-acute phase until 48 h after stroke onset and T>-weighted
fluid attenuated inversion recovery (FLAIR) imaging in later stages
after stroke onset.

For a majority of patients (n = 274) CT or MR imaging data were
available in digital format. For these patients, the lesion was manually
delineated on axial slices of the individual CT or MR scans using MRIcron
(www.mccauslandcenter.sc.edu/mricro/mricron). Normalization of CT
or MR scans was performed by using the Clinical Toolbox (Rorden
et al,, 2012) under SPM8 (www.fil.ion.ucl.ac.uk/spm), which provides
age-specific templates oriented in MNI space for both CT and MR
scans. If available, the MR scans were co-registered with a high-
resolution T;-weighted structural scan in the normalization process.
For the remaining patients (n = 165) admitted before digital scans
became available, lesions were drawn manually on slices of the
Ti-weighted ‘ch2’ template MRI from the Montreal Neurological
Institute (www.bic.mni.mcgill.ca/cgi/icbm_view) which is distributed
with MRIcron. For the slices with the z-coordinates — 40, — 32, — 24,

Fig. 1. Simple overlay plots for (A) all 439 acute right brain damaged patients, (B) for infarcts only (n = 367), (C) for hemorrhages only (n = 72), and (D) a 3D-rendered overlay plot for all

439 acute right brain damaged patients.
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—16, —8, 0, 8, 16, 24, 32, 40, and 50 mm in MNI space lesions were
drawn using the identical or closest matching transversal slice of each
individual. To compute an estimate for lesion size in these cases, the
build-in interpolation algorithm of MRIcron was used. Delineation of le-
sion borders was verified by consensus of two experienced investigators.

Region-based analyses of cortical lesion anatomy were carried out
using the Automatic Anatomical Labeling atlas (AAL) distributed with
MRIcron (Tzourio-Mazoyer et al., 2002). White matter structures were
analyzed with the white matter fiber tract templates from the Jiilich prob-
abilistic cytoarchitectonic atlas (Biirgel et al., 2006). Regions of interest
were defined as voxels with a relative frequency to belong to a certain
fiber tract of >30%. All analyses were performed by using the MRIcron
software package and the ‘Tools for NIFTI and ANALYZE image’ Toolkit
(http://www.mathworks.com/matlabcentral/fileexchange/8797-tools-
for-nifti-and-analyze-image) in MATLAB 20009. All resulting topographies
were illustrated on the ‘ch2’ template set in MNI space.

3. Results

The overlay lesion plot of the 439 patients showed a wide distribution
of lesions covering the whole right hemisphere (Fig. 1). Overall normal-
ized lesion size was 52.2 cm® (SD = 60.1; median 31.9 cm®; 25%-quantile
9.4 cm?; 75%-quantile 72.9 cm?), while infarcts were 54.1 cm® (SD =
63.4) and hemorrhages 42.9 cm> (SD = 38.2) in size. Table 1 gives an
overview of the percentage of affection of cortical and subcortical gray
and white matter structures. The maximum was located in the territory
of the middle cerebral artery (MCA). Within this territory, we observed
the highest frequencies of affection in the insula, putamen, operculum,
and superior temporal cortex, as well as the inferior and superior
occipito-frontal fascicles, superior longitudinal fascicle, uncinate fascicle,
and the acoustic radiation. This maximum overlay was mainly due to
infarcts (Fig. 1b); the maximum overlay of hemorrhages was found in a
more posterior and medial region (Fig. 1c), involving posterior areas of
the insula, Heschl's gyrus, and putamen.

In order to compute a topography for lesion size, we identified for
every voxel that was affected in at least n = 5 patients all individual
lesions that included this voxel. We then averaged the size of these le-
sions to compute an estimate for the average size of lesions that affected
this voxel. A lesion size topography for all 439 patients (Fig. 2a) showed
that lesions affecting occipital areas were smaller than those affecting
other regions; lesions reaching into prefrontal cortex tended to be the
largest. Again, this distribution was mainly due to infarcts (Fig. 2b).
The lesion size topography of hemorrhages (Fig. 2c) showed that hem-
orrhages affecting the thalamus were smallest; maxima were observed
in several cortical and subcortical areas, most notably in the pre- and
post-central gyri and the prefrontal cortex.

For a more detailed view within the MCA territory, we changed map
scaling to account for the variation within this area only (Fig. 2d). This
map showed that inside the MCA territory lesions affecting subcortical
structures including the putamen, pallidum and insula, tended to be
the smallest. There was a tendency for lesions to increase in size as
they were located more cortically. In particular, the pre- and post-
central gyri as well as prefrontal and anterior temporal cortices were
typically affected by lesions of larger size.

4. Discussion

Based on a representative patient sample of 439 acute right
hemisphere stroke patients, we found highest frequencies of over-
lap for ischemic infarcts in the insula, putamen, operculum and su-
perior temporal cortex. The maximum overlay of hemorrhages was
located more posteriorly and more medially, involving posterior
areas of the insula, Heschl's gyrus, and putamen.

Our results differ from those by Caviness et al. who investigated a
sample of 21 patients with MCA infarction (Caviness et al., 2002).
Beyond a center of affection around the sylvian fissure that included

Table 1

Averaged stroke frequency and lesion size for cortical and subcortical regions of interest,
including all 439 acute right brain damaged patients. Gray matter areas are in reference
to the AAL atlas, white matter areas in reference to the Jiilich atlas (probability of p >
30% for the latter). Average overlay is the mean percentage of affection of each area over
all lesions. Average lesion size is the mean volume of lesions affecting an area, as obtained
for the size lesion plot (Fig. 2a) and averaged over all voxels in the area. (The same table
can be found for infarcts and hemorrhages separately in online Supplementary Tables 1
and 2.)

Area Average Area Average lesion
overlay in % size in cm®
Gray matter structures
Heschl_R 22.35 Frontal_Inf_Orb_R 143.86
Insula_R 21.54 Amygdala_R 130.89
Putamen_R 21.23 Temporal_Pole_Mid_R 130.49
Rolandic_Oper_R 19.12 Temporal_Pole_Sup_R 129.55
Temporal_Sup_R 16.21 Frontal_Mid_R 129.39
Pallidum_R 1417 SupraMarginal_R 127.26
Frontal_Inf_Oper_R 13.07 Temporal_Sup_R 125.14
SupraMarginal_R 12.62 Rolandic_Oper_R 124.77
Temporal_Mid_R 11.37 Frontal_Inf_Tri_R 12417
Caudate_R 943 Frontal_Inf_Oper_R 123.47
Angular_R 9.23 Heschl_R 12234
Amygdala_R 8.60 Precentral_R 121.59
Frontal_Inf_Tri_R 7.67 Temporal_Mid_R 120.57
Parietal_Inf_R 7.59 Frontal_Mid_Orb_R 120.08
Temporal_Pole_Sup_R 7.02 Insula_R 119.53
Occipital_Mid_R 6.51 Pallidum_R 113.27
Precentral_R 5.99 Postcentral_R 112.25
Frontal_Inf_Orb_R 5.99 Parietal_Inf_R 111.59
Hippocampus_R 5.96 Temporal_Inf_R 106.77
Postcentral_R 5.54 Angular_R 103.09
Calcarine_R 5.50 Putamen_R 102.46
Lingual_R 461 Caudate_R 102.42
Occipital_Inf_R 422 Frontal_Sup_R 101.77
Temporal_Inf_R 4,02 Occipital_Mid_R 96.30
Thalamus_R 3.89 Hippocampus_R 95.24
Occipital_Sup_R 3.85 Supp_Motor_Area_R 87.15
Cuneus_R 3.19 Occipital_Inf_R 83.16
Frontal_Mid_R 3.18 Occipital_Sup_R 80.91
Temporal_Pole_Mid_R 3.00 Thalamus_R 74.63
Fusiform_R 2.69 ParaHippocampal_R 72.08
ParaHippocampal_R 231 Frontal_Sup_Orb_R 65.66
Parietal_Sup_R 2.12 Cuneus_R 64.38
Frontal_Mid_Orb_R 1.89 Cingulum_Mid_R 63.26
Olfactory_R 1.53 Parietal_Sup_R 58.84
Frontal_Sup_R 1.31 Fusiform_R 54.21
Supp_Motor_Area_R 1.14 Cingulum_Ant_R 53.35
Precuneus_R 1.06 Calcarine_R 53.28
Cingulum_Mid_R 1.06 Lingual_R 47.74
Frontal_Sup_Orb_R 1.02 Paracentral_Lobule_R 47.61
Cingulum_Ant_R 0.97 Olfactory_R 40.16
Paracentral_Lobule_R 0.84 Precuneus_R 31.55
Frontal_Med_Orb_R 0.74 Frontal_Med_Orb_R 24.94
Frontal_Sup_Medial_R 0.66 Frontal_Sup_Medial_R 22.46
Rectus_R 0.65 Rectus_R 21.97
Cingulum_Post_R 0.30 Cingulum_Post_R 5.07
White matter fibers
Inf occ-frontal fascicle 21.33 Corticospinal tract 129.20
Uncinate fascicle 20.55 Acoustic radiation 120.77
Acoustic radiation 19.40 Sup longitudinal fascicle 119.70
Sup occ-frontal fascicle  19.16 Inf occ-frontal fascicle 114.87
Sup longitudinal fascicle 15.99 Callosal body 11447
Corticospinal tract 9.86 Uncinate fascicle 110.66
Optic radiation 8.56 Sup occ-frontal fascicle ~ 109.94
Callosal body 4,78 Optic radiation 81.06

pre- and post-central gyri, they observed maxima of lesion frequency
in frontal and temporo-occipital areas. The difference could be due to
sample size as well as patient selection criteria; Caviness et al. only in-
cluded stroke patients with dysphasic disturbances. More similarity ex-
ists between our results and those reported by Phan et al. (2005). Their
aim was to evaluate the boundaries of the MCA territory and thus re-
stricted the included patients to only those with large artery thrombotic
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Fig. 2. Lesion size topographies in cm? for each voxel lesioned in at least five patients for (A) all 439 acute right brain damaged patients, (B) for infarcts only (n = 367), and (C) for
hemorrhages only (n = 72), each scaled to show the complete possible range from zero to maximal average lesion size. Panel (D) shows average lesion size for all 439 acute right
brain damaged patients (same data as in panel A), but with the color-coding rescaled to more effectively visualize variation that is not visible with the color-coding in panel A, especially

the variability of lesion size within the territory of the MCA.

MCA stroke. Comparable with our findings they observed highest levels
of affection in the striatocapsular area, the insula, and adjacent white
matter.

As the documentation of lesion topography in the study of Mah et al.
(2014) was limited to a visual illustration of the overlay map, compari-
sons with the present data can only be made by approximation. In
general, lesion topography appears similar to our dataset. One differ-
ence appears to be that highest frequency peaks were located around
z-slice 20 in MNI-space, while our data set revealed highest frequency
peaks more inferiorly. For example, we obtained the absolute maximum
of lesion frequency in infarcts (n = 119) on z-slices 6, 8, and 9. This
might be due to differences in patient selection criteria. While Mah
et al. included only patients who had obtained diffusion weighted MR
imaging, our study included all stroke patients admitted to our center,
and independent of the imaging modality (CT or MR) applied at admis-
sion. Linked to this issue there might also be differences in the type of
strokes included in the two studies. In many stroke centers, patients
with severe and clear stroke symptoms at admission (and thus poten-
tially larger brain areas affected) are examined by CT rather than MR
imaging (see introduction chapter above). Thus, it is possible that in a
study relying selectively on MR diffusion imaging as the one by Mah
et al., lesions of larger volume might be underrepresented and - vice
versa - smaller, punctual stroke overrepresented. In fact, lacunar strokes
are often found especially in the putamen and in cerebral white matter,
(Alistair Lammie, 2000; Benavente et al., 2014) i.e. in those areas where
the study by Mah et al. (2014) observed lesion frequency maxima.

Although we consider the inclusion of both CT and MR imaging as
essential for our study, this procedure also comes with possible draw-
backs. The demarcation of stroke is a dynamic process and imaging mo-
dalities differ in their capability to demonstrate damaged tissue at
different time points after stroke onset (Welch et al.,, 2000). Therefore,
lesion size estimates might be biased between imaging modalities.
Moreover CT imaging, compared to MR imaging, provides a lower reso-
lution and is more prone to artifacts (Audebert and Fiebach, 2015),
while diffusion weighted MR imaging in the hyper-acute phase might
slightly overstate final lesion size, etc. However, these methodological
constrains inherent in our data sample should have non-systematic ef-
fects with respect to anatomy, i.e. should occur without a systematic
bias in anatomical localization that would favor particular anatomical
structures over others.

To conclude, by using a large, representative stroke patient sample
the present study accumulated the different sub-patterns of stroke
lesions related to the vascularisation of the brain to identify a global
stroke pattern in right brain damaged individuals. The middle cerebral
artery is the artery which is known to be the most susceptible to occlu-
sion. (e.g., Caplan et al., 1986) Not surprisingly, the present study ob-
served the highest frequencies of affection within the media territory.
However, as the present study has also shown, there are different loci
inside the vascular territory of the middle cerebral artery that differ in
their susceptibility to stroke. The present study offers detailed anatom-
ical information on this pattern, allowing clinicians and researchers to
refer to a representative topography of acute stroke.
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