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Boundary and vulnerability
estimation of the internal
borderzone using ischemic
stroke lesion mapping

Sylvain Grange?!, Rémi Grange?, Pierre Garnier?, Jérdme Varvat?, Doina Marinescu?,
Fabrice-Guy Barral'?, Claire Boutet! & Fabien C. Schneider*

Distinction between deep and superficial middle cerebral artery (MCA) territories and their junctional
vascular area (the internal borderzone or IBZ) constitutes a predictor of stroke patient outcome.
However, the IBZ boundaries are not well-defined because of substantial anatomical variance. Here,
we built a statistical estimate of the IBZ and tested its vulnerability to ischemia using an independent
sample. First, we used delineated lesions of 122 patients suffering of chronic ischemic stroke grouped
in deep, superficial and territorial topographies and statistical comparisons to generate a probabilistic
estimate of the IBZ. The IBZ extended from the insular cortex to the internal capsule and the anterior
part of the caudate nucleus head. The IBZ showed the highest lesion frequencies (~30% on average
across IBZ voxels) in our chronic stroke patients but also in an independent sample of 87 acute patients.
Additionally, the most important apparent diffusion coefficient reductions (—6%), which reflect stroke
severity, were situated within our IBZ estimate. The IBZ was most severely injured in case of a territorial
infarction. Then, our results are in favour of an increased IBZ vulnerability to ischemia. Moreover, our
probabilistic estimates of deep, superficial and IBZ regions can help the everyday spatial classification
of lesions.

Identifying factors that can predict the clinical outcome of the patients is a major concern for acute stroke man-
agement. This is of particular importance in the context of reperfusion therapy. Diffusion weighted imaging
(DWTI) has driven considerable interest as a biomarker of patient functional outcome. Indeed, larger DWT lesion
volumes are associated with worse outcome’2. Besides ischemic volume and diffusion-perfusion mismatching,
early neurological predictors are limited. Nevertheless, the spatial arrangement of injuries identified on DWI can
be a surrogate as it is correlated with the pathogenic mechanisms of stroke and patient outcome®*; after intrave-
nous thrombolysis® or not*®. Indeed, infarct location within the middle cerebral artery (MCA) territory reflects
stroke severity”® and may be more influential than lesion volume®. Consequently, the lesion topography can
motivate diverse therapeutic strategies either at the acute®, sub-acute or chronic stages of the illness. Moreover,
working with spatial lesion pattern has several practical advantages in the emergency setup compared to volume
analysis which is more complex and time consuming. MCA infarctions are commonly categorized according to
the territories of the deep and the superficial perforating arteries. Additionally, it has been suggested to distin-
guish stroke situated in the borderzone between these two vascular fields, that is the Internal Borderzone or IBZ,
from other infarct types!®!!. Pure IBZ watershed infarcts are relatively rare® and underlying physiopathological
mechanisms appear to be different from other strokes®!2. Because of their distal situation, IBZ infarcts are likely to
reflect an area of high hemodynamic susceptibility, more prone to ischemia than cortical regions'. Moreover, the
size of IBZ lesions correlates with neurological worsening', especially in patients with MCA stenosis'*. Since the
IBZ appears to be more sensitive to ischemia, we hypothesize that this region would be more frequently injured
than other brain areas. Its identification on a day to day basis may help the therapeutic decision®. Nevertheless,
the large variabilities of both the vascular anatomy'” and the supplied territories'® confuse the interpretation of
the lesion pattern seen on acute images. In many cases, the distinction between the IBZ, the superficial and the
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Chronic lesions Acute lesions

Deep Superficial | Territorial All Deep Superficial | Territorial All
Number of 38 55 29 122 20 51 16 87
patients
Female gender | 29% 29% 45% 33% 50% 53% 63% 549%
Age (years) 64+13 69412 66+ 14 67+13 67+16 70414 74413 70+£15
NIHSS (t0) 6.6+4.9 7.147.1 15.6+6.3 90473 84487 59459 160+6.3 83477
DelaytoMRL 1, , 54 3.0433 39443 29436 46+7.1 694100 [63+58 6.0+8.6
(months/hours)
(L;j;gn Volume | 114190 |526+642 | 188941260 |724+1010 | 1834227 |33.64387 | 162241274 |53.7480.9

Table 1. Demographic, clinical and imaging results of chronic and acute stroke patients. Average
values £ standard deviations are reported. Average delay to MRI is reported in months for chronic lesions and
in hours for acute strokes.

Figure 1. Lesion overlay plots for deep (A), superficial (B) and territorial (C) lesions of the sample used for
the IBZ estimation. The lesion plot of the whole sample is displayed in (D). Warmer colors indicate increasing
number of overlapping lesions. Black lines show the IBZ outer contours estimated from relation (3).

deep MCA territories is not straightforward. In this work, we used a probabilistic methodology to identify the
spatial distribution of the IBZ. Moreover, its susceptibility to ischemia was further tested using an independent
sample of acute patients and Diffusion-weighted imaging (DWT). Whether the most frequent and the most severe
(in terms of Apparent Diffusion Coefficient, ADC, reduction) injuries would be observed in the IBZ then we
would conclude to an increased vulnerability of this brain region.

Results

Among 784 patients meeting the inclusion criteria, 560 lesions appeared in the MCA territory. A follow-up MR
examination could not be retrieved for 232 patients. 119 were excluded because of poor image quality, recurrent
stroke, or hemorrhagic transformation. Overall, the data of 209 patients were analysed. The internal borderzone
(IBZ) was estimated from 122 patients and its vulnerability to ischemia was tested on an independent sample of
87 patients.

IBZ estimation. A summary of demographic, clinical and imaging results of the chronic patient sample
is given in Table 1 (a more complete version is available in the Supplementary Table S1). 56 examinations were
performed using scanner 1 (1T), 46 using scanner 3 (1.5T) and 21 with scanner 2 (3T). Every patient had a visible
infarct on FLAIR images. 84 lesions were located in the right hemisphere. Infarcts were distributed either in the
superficial (55) or the deep (38) territories and 29 were territorial. The spatial occurrence of the lesions is shown
in the lesion overlay plots of Fig. 1 (a more detailed version is available in the Supplementary Fig. S1). Highest
frequency of injuries was concentrated in the striato-capsular region and the insula for the deep (Fig. 1A, injured
in more than 20 out of 38 individuals) and territorial (Fig. 1C, lesioned in all patients) groups. S lesions were more
spatially distributed (Fig. 1B) with a maximum frequency positioned in the insula and peri-rolandic areas (about
20/55 individuals).
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Chronic lesions Acute lesions

Volume (cm®) | Fy (%) | Fr (%) | Fy (%) | Fr(%) | rADC,, rADC;
IBZ 21 32 77 29 73 0.94£0.12 0.81+£0.13
Deep 32 16 41 12 26 1.00£0.12 0.96£0.16
Superficial 285 16 40 15 47 0.96+0.08 0.92+£0.09

Table 2. Region characteristics of chronic and acute stroke patients. F,: average lesion frequency across all
region voxels and all patients, F: average lesion frequency for patients with territorial stroke, rADC,: average
rADC across all region voxels and all patients, rADCy: average rADC for patients with territorial stroke. Mean
rADC values are reported + standard deviations.

Figure 2. Overlay plots of the sample used to test the IBZ susceptibility to ischemia: deep (A), superficial
(B), territorial lesions (C) and all the patients (D). Warmer colors indicate increasing number of overlapping
lesions. Black lines show the IBZ outer contours estimated from the chronic patient sample.

IBZ estimation from relation (3) involved the putamen, the insular cortex, the anterior part of the internal
capsule, the external section of the globus pallidus, the rostral part of the corona radiata and the anterior portion
of the caudate nucleus head (Fig. 1). Its volume was 21 cm? which can be compared to the estimated volume of the
deep (32 cm®) and the superficial (285 cm?) regions. Notably, areas of highest injury frequency of the territorial
infarcts were encompassed within the IBZ illustrating the probable increased susceptibility to ischemia of this
region. A mean lesion frequency was calculated across all voxels of the ROIs. In the whole sample, the voxels of
the IBZ were lesioned at 32% on average (Table 2). This proportion was of 16% for both S and D regions. When
considering patients with territorial stroke, the average lesion frequency was 77% within the IBZ and 41% and
40% for the D and S regions respectively.

Moreover, gender-specific differences were estimated using Brunnel-Munzel tests. We did not find any signif-
icant difference between males and females in the IBZ, S or D topographies.

IBZ vulnerability. A summary of main demographic, clinical and imaging results of the acute stroke
patients is given in Table 1 (and Supplementary Table S2). DW images showed an ischemic infarct for every
patient. 45 lesions were situated in the right hemisphere, 16 were territorial, 51 superficial and 20 deep. 7 patients
were imaged with scanner 1 (3T), 13 with scanner 2 (3T) and 67 using scanner 3 (1.5T). Overlay plots (Fig. 2,
Supplementary Fig. S3) were comparable to the ones of the chronic lesion sample. Lesions were most frequently
detected within the IBZ estimate of the chronic patient sample. Of note, all patients with a territorial stroke
showed an IBZ injury. The average lesion frequency was of 29% across all voxels of the IBZ in the whole sample
whereas 12% and 15% for D and S regions. For territorial lesions, the average lesion frequency of the IBZ was
73% while 26% and 47% in S and D regions (Table 2). Beside frequency of injuries, Fig. 3 (and Supplementary
Fig. S4) illustrates averages of individual ADC maps. The IBZ showed the most severe ADC reductions. Average
rADC values across all patients (+standard deviations) were 0.96 £ 0.08, 0.94 £ 0.12 and 1.00 £+ 0.12 for S, IBZ
and D regions respectively (P < 0.05 paired t-tests). The rADC was particularly reduced in the IBZ (0.81 +0.13)
for patients with territorial lesions compared to S and D areas (0.92 £ 0.09 and 0.96 £ 0.14, P < 0.001). Taken
together, our DW1 results revealed more frequent and more severe stroke lesions within the IBZ at the acute stage
of the illness.
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Figure 3. Average ADC maps for patients with deep (A), superficial (B) and territorial stroke (C). The whole
sample is shown in (D). Dark lines contour the IBZ estimate (from the chronic patient sample). Warmer colors
indicate more important ADC reductions (units are 10~ mm?/s). For display purposes, regions with normal
ADC values are not displayed (>0.0015 mm?/s). Stronger ADC decreases are within the IBZ, especially for
patients with territorial stroke (C).

Discussion

Our study provides a probabilistic estimate of the IBZ and we report more frequent and more severe stroke lesions
in this region. Where the watershed/borderzone regions do exactly lie between the different vascular territories is
a longstanding issue'®. To the best of our knowledge, our results are the first probabilistic estimate of the internal
borderzone (IBZ) topography. Figure 1 illustrates the cerebral structures concerned by this MCA junctional ter-
ritory: the putamen, the insular cortex, the anterior part of the internal capsule, the external section of the globus
pallidus, the rostral part of the corona radiata and the anterior portion of the caudate nucleus head. These regions
sustain many essential brain functions which contribute to critical symptomatology of acute stroke patients. They
appear to be more frequently injured in the literature*®*!3!°-2 than any other brain areas. Several studies have
connected the insula to stroke severity. Strokes involving of the insula are the largest??, signal MCA occlusion®!
and are associated with poor clinical outcome®*?*. In a multivariate analysis, an infarction of more 50% of the
insular ribbon predicts poor outcome independently of DWI lesion volume and NIHSS?® (National Institutes
of Health Stroke Score). Voxel-based lesion symptom mapping approaches not only linked the insula®** to
negative functional outcome but also the corona radiata® and the caudate nucleus”. The IBZ constitutes the vas-
cular field irrigating these regions and they are encompassed in our IBZ estimate. Moreover, we demonstrate an
increased IBZ vulnerability in two independent samples both with higher lesion frequencies (at the early, Fig. 2,
and late, Fig. 1, stages) and with stronger ADC reductions (Fig. 3). We propose that our results and the ones of
previous reports reflect the particular susceptibility of the IBZ to ischemia which may trigger large infarction and
poor patient outcome.

Infarct volume is a biomarker of stroke severity. However, to date, lesion volumes have shown only moderate
correlation with long-term clinical outcome measures?. Recent studies®?** demonstrated that models taking
into account accurate lesion topography (in addition to lesion volume) improve stroke prediction outcome and
identify patients likely to benefit most aggressive reperfusion intervention and personalized rehabilitation ther-
apies. Indeed, when deciding whether to perform reperfusion therapy, it is important to confirm whether the
lenticulostriate arteries are involved in the ischemia!®3®3!. The distinction of deep from the IBZ territories was
also shown to be important'®!! for these considerations. However, it can be puzzling for the radiologist to clearly
differentiate the superficial, deep and IBZ territories because of the anatomic variability of these vascular fields
and because of the morphologic image distortions induced by the lesions. Our report can help the classification
of deep, superficial and IBZ MCA territories in the clinical setting. Indeed, the anatomical structures included
in our IBZ estimate (such as the putamen, the corona radiata, ...) are easily detectable and this investigation is
less time-consuming than infarct volume quantification. Moreover, the DWT adaptation of the Alberta Stroke
Program Early CT score (ASPECTS) has drawn controversies and correlation with DWT hypersignals appeared
moderate’®*.

We observed the strongest ADC decreases in the IBZ of acute stroke patients (Fig. 3). This was especially the
case for territorial infarcts where no collateral flow from deep or superficial systems would be possible. ADC
reduction is commonly used to monitor acute stroke severity**. Larger drop of ADC values being associated
with more severe stroke. Taken together that we observed both the most frequent and the most severe infarcts in
the IBZ, we conclude that this region is prone to develop permanent ischemic lesion; more than any other brain
areas. Our results are then in line with the hypothesis of a higher vulnerability to ischemia of the IBZ!*-'>.
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Figure 4. MCA sub-territories are defined according to the lesion topography: superficial (S), deep (D) or
territorial (T). The border-zone between deep and superficial areas is labeled IBZ (internal borderzone).

To cartography the IBZ, a standard methodology would imply to image patients suffering of lesions exclu-
sively within this region. However, since these infarcts are rare®'? and since the vascular anatomy demonstrates
considerable variability'”*, a large sample would then be necessary. Instead, we used an alternative methodology
exploiting MCA infarcts with different topographies. This allowed the inclusion of a larger number of patients.
Moreover, the work of lesions affecting the entire MCA territory also offers the chance to border the full extension
of the IBZ region; capturing the spatial variance of the IBZ. Indeed, the IBZ rises from the lenticulostriate-middle
cerebral artery border zone, which is supplied by the end branches of deep perforating lenticulostriate arteries
and medullary penetrators from the pial-middle cerebral artery'*. Thus a global MCA blood supply dysfunction
undoubtedly encompasses the entire IBZ whereas it would be uncertain with small IBZ infarcts.

Probabilistic estimates of S, D and IBZ regions are of particular interest when considering the substantial
spatial variability of the different vascular fields***’. Lang et al.’® used the spatial distributions reported by van
der Zwan et al.*’ to study its impact on the topographical infarct characterization. Depending of the vascular
variability map chosen, the detection frequency of border-zone lesions varied from 19% to 64%. In our study,
we used a specific reference atlas® to group the patients depending of their lesion location (deep, superficial or
territorial). As a consequence of this substantial vascular variability, we cannot exclude differences whether using
another vascular atlas.

A potential limitation of our study lies in the use of different MR-scanners. Indeed, a larger proportion of deep
lesions were investigated using a 1.5T MR-system in our chronic sample whereas most of patients with territorial
and superficial infarcts were imaged at 1T (Supplementary Table SI). Furthermore, we used several scanners for
the constitution of the acute sample (3 different MR-systems, Supplementary Table SII). About 80% of the images
were acquired using a 1.5T magnetic field strength and 20% with two different 3T scanners. However, the impact
of the use of different MR-system either on the IBZ estimation (chronic sample) or the IBZ vulnerability testing
(acute sample) is indeterminate. Of note all lesions were visible on chronic FLAIR and acute DW images and we
did not find any influence of the field strength on the infarct volume of each MCA sub-territories. Another limi-
tation of our study may be linked to the exclusion of patients with haemorrhagic or recurrent strokes because of
practical analysis purposes. Consequently, our results cannot be generalised to these populations.

In this work, we provide a probabilistic estimate of the IBZ location and describe the spatial variance within
common clinical subdivisions of the MCA territory. Our results support the specific vulnerability to ischemia of
the IBZ. A better classification of the injured territories can increase the prediction power of models based on
spatial lesion patterns. Moreover, clinical decision may also benefit from our IBZ estimate especially when evalu-
ating the risk of a reperfusion therapy.

Methods

The topography of the internal borderzone (IBZ) was estimated using images of patients with chronic lesions and
its vulnerability to ischemia was tested using an independent sample of acute patients. This retrospective analysis
of clinical data was approved by the institution’s review board (Comité Ethique Territorial Ouest Rhone-Alpes
Terre d’Ethique, IORG0007394). The research was conducted in accordance with the principles of the Declaration
of Helsinki. All the patients or their legal representatives were informed of the storage of their data in a local data-
base and of the potential use for research purpose and provided written informed consent.
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IBZ estimation. Patients and clinical data. 'The spatial distribution of the IBZ was approximated from a
population of consecutive patients with chronic stroke lesions of the MCA territory. Exclusion criteria consisted
of an association with hemodynamic disturbances in posterior or anterior cerebral arteries, hemorrhagic stroke,
other neurological disease and recurrent stroke between acute and chronic MR examinations. Patients with bilat-
eral lesions were also removed from further analyses because of their low occurrence and potential confounding
factors (aetiology, outcome, lesion side ...). Clinical data were collected within 24 hours (t0), approximately one
week (t1) and three months (t2) following symptom onsets.

Image acquisition. Vessel status was explored using Time of Flight Magnetic Resonance Angiography (MRA)
at t0 (acute stage). Stenosis of the MCA (including occlusion) was assumed either with a reduction of more
than 50% of the signal column, a signal discontinuity or with a complete signal loss. It was considered as prox-
imal when appearing between the carotid and the M1 segment and distal in any other segments. Volumetric
analysis of stroke lesions was performed at t2 (chronic stage) using the Fluid Attenuated Inversion Recovery
(FLAIR) sequence. FLAIR images were interpreted by three independent experienced neuroradiologists (CB, FS,
SG) blinded to clinical data. Infarct locations were categorized in three vascular distributions: deep, superficial
or territorial (when involving both subdivisions) according to a reference atlas®®. Imaging was performed using
whichever one of three different scanners and the following MR protocols:

o Scanner 1: 1T Magnetom Impact Expert (Siemens, Erlangen, Germany). FLAIR parameters: TI/TR/TE
2200/9000/119 ms, FOV 230 x 230 mm, slice thickness 5mm with an inter-slice gap of 0.5 mm, acquisition
matrix 256 x 256. MRA: TR/TE 37/9.6 ms, FA 20°, FOV 250 x 250 mm, matrix 512 x 512, slice thickness
1.3 mm.

o Scanner 2: 1.5T Magnetom Aera (Siemens, Erlangen, Germany). FLAIR parameters: TI/TR/TE
2370/8000/79 ms, FOV 256 x 256 mm, slice thickness 4 mm with an inter-slice gap of 0.4 mm, acquisition
matrix 256 x 256. MRA: TR/TE 25/7.15ms, FA 20°, FOV 180 x 180 mm, matrix 512 x 512, slice thickness
0.5mm.

o Scanner 3: 3T Magnetom Verio (Siemens, Erlangen, Germany). FLAIR parameters: TI/TR/TE
2500/9000/92 ms, FOV 240 x 217.5 mm, slice thickness 3 mm with an inter-slice gap of 0.3 mm, acquisition
matrix 300 x 272. MRA: TR/TE 23/3.82ms, FA 18°, FOV 210 x 210 mm, matrix 512 x 512, slice thickness
0.5mm.

Lesion analysis. Infarcts were manually delineated on FLAIR sequences (t2) using Mricron (www.mricron.
com). If necessary, images were left-right inverted so that all lesions appeared in the right hemisphere. Then,
images were registered to the FLAIR template of the clinical toolbox (www.nitrc.org/projects/clinicaltbx/) which
is based on healthy individuals with similar ages (mean: 65 years old) compared to characteristic stroke patients
using SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12) and lesion cost function masking®. This procedure
was shown to be robust for normalizing brain scans with stroke lesions*’. From normalized and binarized lesions,
overlap maps were generated for the deep (D), superficial (S) and territorial (T) lesions. These maps show the
frequency of injuries on a voxel-by-voxel basis. Statistical comparisons between groups were performed using
Z-scores derived from the Brunner-Munzel test through the Non-Parametric Mapping formulation implemented
in MRIcron. We used False Discovery Rate corrections (P <0.05) to balance for multiple testing. To investigate
the minimal extension of the deep territory, a direct comparison of the number of deep lesions to superficial ones
was performed (D vs. S). Since collateral flow could be involved either for D or S infarcts and thus reduced the
lesion size, a larger expansion of the deep territory was estimated by comparing territorial to superficial lesions (T
vs. S). No collateral flow was expected for territorial infarct and then (T vs. S) is likely to reflect the largest spatial
distribution of deep infarcts. The deep territory was consequently estimated with:

D., = {(D > ) OR (T > S)} 1)

where D, is the estimated extension of the deep territory, “>” indicates a Brunner-Munzel test to compare
groups and “OR” is the logical operator.
Accordingly, the distribution of the superficial territory was determined using:

Sest = {(S > D) OR (T > D)} (2)
Finally, the IBZ was defined as the intersection of the estimated deep and superficial territories:

IBZ = {S. AND D} 3)

est

In the following, we refer to D and S regions to designate D, and S, with the exclusion of the IBZ voxels as
illustrated in Fig. 4.

IBZ vulnerability. Patients and clinical data.  An independent sample of acute stroke patients was used to
test for the IBZ susceptibility to ischemia. Clinical data were collected at t0 (acute stage) and at t2 (chronic stage).

Image acquisition. Images were acquired at t0 using either which one of three different scanners:

o Scanner 1: 1.5T Magnetom Aera (Siemens, Erlangen, Germany). DWI: TR/TE 5600/64 ms, FOV
256 x 256 mm, slice thickness 4 mm (gap 0.4 mm), acquisition matrix 160 x 160. FLAIR: TI/TR/TE
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2370/8000/79 ms, FOV 256 x 256 mm, slice thickness 4 mm (gap 0.4 mm), acquisition matrix 256 x 256.
MRA: TR/TE 25/7.15ms, FA 20°, FOV 180 x 180 mm, matrix 512 x 512, slice thickness 0.5 mm.

o Scanner 2: 3T Magnetom Spectra (Siemens, Erlangen, Germany). DWI: TR/TE 7150/63 ms, FOV
256 x 256 mm, slice thickness 3 mm (gap 0.4 mm), acquisition matrix 160 x 160. FLAIR: TI/TR/TE
2500/9000/91 ms, FOV 218 x 256 mm, slice thickness 3 mm (gap 0.4 mm), acquisition matrix 232 X 256.
MRA: TR/TE 23/3.82ms, FA 18°, FOV 180 x 210 mm, matrix 652 X 768, slice thickness 0.6 mm.

o Scanner 3: 3T Magnetom Prisma (Siemens, Erlangen, Germany). DWI: TR/TE 7760/51 ms, FOV
240 x 240 mm, slice thickness 2 mm (gap 0.2 mm), acquisition matrix 160 x 160. FLAIR parameters: TI/TR/
TE 2543/9600/88 ms, FOV 240 x 240 mm, slice thickness 2 mm (gap 0.2 mm), acquisition matrix 320 x 320.
MRA: TR/TE 21/3.43 ms, FA 18°, FOV 180 x 200 mm, matrix 696 x 768, slice thickness 0.5 mm.

Apparent Diffusion Coeflicient maps were generated from averages of three diffusion measurements in per-
pendicular directions at b= 1000 s/mm? and a b =0 image.

Lesion analysis. Volumetric analysis of stroke lesions was performed using Diffusion-Weighted Images and
Mricron. Acute DW images were registered on acute FLAIR images for each patient. Then, FLAIR images were
normalized to the MNI space using the FLAIR template of the clinical toolbox, SPM12 and lesion cost function
masking. The same transformations were applied to the registered DW images, ADC maps and lesion segmen-
tations. Lesion overlay and mean ADC maps were generated for the whole sample and for patients with deep,
superficial and territorial infarcts and compared to the IBZ region estimated from the chronic patient sample.
Relative ADC values (rADC) were generated by dividing ADC values of the affected hemisphere to mean ipsilat-
eral mirrored values for each ROI (D, S and IBZ).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 15 September 2019; Accepted: 13 January 2020;
Published online: 03 February 2020

References

1. Thijs, V. N. et al. Is early ischemic lesion volume on diffusion-weighted imaging an independent predictor of stroke outcome? A
multivariable analysis. Stroke J. Cereb. Circ. 31, 2597-2602 (2000).

2. Schaefer, P. W. et al. Combining MRI with NIHSS thresholds to predict outcome in acute ischemic stroke: value for patient selection.
AJNR Am. J. Neuroradiol. 36, 259-264 (2015).

3. Gandolfo, C., Del Sette, M., Finocchi, C., Calautti, C. & Loeb, C. Internal borderzone infarction in patients with ischemic stroke.
Cerebrovasc. Dis. Basel Switz. 8, 255-258 (1998).

4. Bang, O. Y. et al. Specific DWI lesion patterns predict prognosis after acute ischaemic stroke within the MCA territory. J. Neurol.
Neurosurg. Psychiatry 76, 1222-1228 (2005).

5. Liu, D. et al. DWI Lesion Patterns Predict Outcome in Stroke Patients with Thrombolysis. Cerebrovasc. Dis. Basel Switz. 40, 279-285
(2015).

6. Del Sette, M. et al. Internal borderzone infarction: a marker for severe stenosis in patients with symptomatic internal carotid artery
disease. For the North American Symptomatic Carotid Endarterectomy (NASCET) Group. Stroke J. Cereb. Circ. 31, 631-636 (2000).

7. Munsch, F. et al. Stroke Location Is an Independent Predictor of Cognitive Outcome. Stroke J. Cereb. Circ. 47, 66-73 (2016).

8. Cheng, B. et al. Influence of stroke infarct location on functional outcome measured by the modified rankin scale. Stroke J. Cereb.
Circ. 45, 1695-1702 (2014).

9. Puy, L. et al. Neuroimaging Determinants of Poststroke Cognitive Performance. Stroke (2018).

10. Bogousslavsky, J. & Regli, F. Centrum ovale infarcts: subcortical infarction in the superficial territory of the middle cerebral artery.
Neurology 42, 1992-1998 (1992).

11. Donnan, G. A., Norrving, B., Bamford, J. M. & Bogousslavsky, J. Subcortical Infarction: Classification and Terminology. Cerebrovasc.
Dis. 3, 248-251 (1993).

12. Hupperts, R. M., Warlow, C. P, Slattery, J. & Rothwell, P. M. Severe stenosis of the internal carotid artery is not associated with
borderzone infarcts in patients randomised in the European Carotid Surgery Trial. J. Neurol. 244, 45-50 (1997).

13. Momjian-Mayor, I. & Baron, J.-C. The Pathophysiology of Watershed Infarction in Internal Carotid Artery Disease. Stroke 36,
567-577 (2005).

14. Mangla, R, Kolar, B., Almast, J. & Ekholm, S. E. Border zone infarcts: pathophysiologic and imaging characteristics. Radiogr. Rev.
Publ. Radiol. Soc. N. Am. Inc 31,1201-1214 (2011).

15. Tamura, A. et al. The relationship between neurological worsening and lesion patterns in patients with acute middle cerebral artery
stenosis. Cerebrovasc. Dis. Basel Switz. 35, 268-275 (2013).

16. Yokogami, K., Nakano, S., Ohta, H., Goya, T. & Wakisaka, S. Prediction of hemorrhagic complications after thrombolytic therapy for
middle cerebral artery occlusion: value of pre- and post-therapeutic computed tomographic findings and angiographic occlusive
site. Neurosurgery 39, 1102-1107 (1996).

17. Dunas, T. et al. A Stereotactic Probabilistic Atlas for the Major Cerebral Arteries. Neuroinformatics 1-10, https://doi.org/10.1007/
§12021-016-9320-y (2016).

18. Bladin, C. F, Chambers, B. R. & Donnan, G. A. Confusing stroke terminology: watershed or borderzone infarction? Stroke 24,
477-478 (1993).

19. Lang, E. W. et al. Variability of vascular territory in stroke. Pitfalls and failure of stroke pattern interpretation. Stroke 26, 942-945
(1995).

20. Wang, X. et al. Topographic Patterns of Small Subcortical Infarcts Associated with MCA Stenosis: A Diffusion-Weighted MRI Study.
J. Neuroimaging 16, 266-271 (2006).

21. Kodumuri, N. et al. The association of insular stroke with lesion volume. Neurolmage Clin. 11, 41-45 (2016).

22. Sperber, C. & Karnath, H.-O. Topography of acute stroke in a sample of 439 right brain damaged patients. NeuroImage Clin. 10,
124-128 (2016).

23. Laredo, C. et al. Prognostic Significance of Infarct Size and Location: The Case of Insular Stroke. Sci. Rep. 8, 1-10 (2018).

24. Kim, D.-E. et al. Mapping the Supratentorial Cerebral Arterial Territories Using 1160 Large Artery Infarcts. JAMA Neurol. 76, 72-80
(2019).

SCIENTIFIC REPORTS |

(2020) 10:1662 | https://doi.org/10.1038/s41598-020-58480-y


https://doi.org/10.1038/s41598-020-58480-y
https://doi.org/10.1007/s12021-016-9320-y
https://doi.org/10.1007/s12021-016-9320-y

www.nature.com/scientificreports/

25. Fink, J. N. et al. Insular cortex infarction in acute middle cerebral artery territory stroke: predictor of stroke severity and vascular
lesion. Arch. Neurol. 62, 1081-1085 (2005).

26. Timpone, V. M. et al. Percentage insula ribbon infarction of >50% identifies patients likely to have poor clinical outcome despite
small DWTI infarct volume. AJNR Am. ]. Neuroradiol. 36, 40-45 (2015).

27. Reynolds, A. M. et al. Neuronal injury in the motor cortex after chronic stroke and lower limb motor impairment: a voxel-based
lesion symptom mapping study. Neural Regen. Res. 9, 766-772 (2014).

28. Wu, O. et al. Role of Acute Lesion Topography in Initial Ischemic Stroke Severity and Long-Term Functional Outcomes. Stroke J.
Cereb. Circ. 46, 2438-2444 (2015).

29. Payabvash, S., Noorbaloochi, S. & Qureshi, A. I. Topographic Assessment of Acute Ischemic Changes for Prognostication of
Anterior Circulation Stroke. J. Neuroimaging, n/a-n/a, https://doi.org/10.1111/jon.12383 (2016).

30. Theron, J. et al. Local intraarterial fibrinolysis in the carotid territory. AJNR Am. J. Neuroradiol. 10, 753-765 (1989).

31. Nakano, S. et al. Correlation of early CT signs in the deep middle cerebral artery territories with angiographically confirmed site of
arterial occlusion. AJNR Am. J. Neuroradiol. 22, 654-659 (2001).

32. Schréder, J. et al. Validity of acute stroke lesion volume estimation by diffusion-weighted imaging-Alberta Stroke Program Early
Computed Tomographic Score depends on lesion location in 496 patients with middle cerebral artery stroke. Stroke J. Cereb. Circ.
45, 3583-3588 (2014).

33. Phan, T. G. et al. The ASPECTS template is weighted in favor of the striatocapsular region. Neurolmage 31, 477-481 (2006).

34. Warach, S., Gaa, ], Siewert, B., Wielopolski, P. & Edelman, R. R. Acute human stroke studied by whole brain echo planar diffusion-
weighted magnetic resonance imaging. Ann. Neurol. 37,231-241 (1995).

35. Shen, J.-M,, Xia, X.-W,, Kang, W.-G., Yuan, J.-J. & Sheng, L. The use of MRI apparent diffusion coefficient (ADC) in monitoring the
development of brain infarction. BMC Med. Imaging 11, 2 (2011).

36. Hupperts, R. M. M., Lodder, J., Wilmink, J., Boiten, J. & Heuts-van Raak, E. P. M. Haemodynamic Mechanism in Small Subcortical
Borderzone Infarcts? Cerebrovasc. Dis. 3, 231-235 (1993).

37. van der Zwan, A. & Hillen, B. Review of the variability of the territories of the major cerebral arteries. Stroke J. Cereb. Circ. 22,
1078-1084 (1991).

38. Tatu, L., Moulin, T., Bogousslavsky, J. & Duvernoy, H. Arterial territories of the human brain: cerebral hemispheres. Neurology 50,
1699-1708 (1998).

39. Brett, M., Leff, A. P,, Rorden, C. & Ashburner, J. Spatial normalization of brain images with focal lesions using cost function masking.
Neurolmage 14, 486-500 (2001).

40. Andersen, S. M., Rapcsak, S. Z. & Beeson, P. M. Cost function masking during normalization of brains with focal lesions: still a
necessity? Neurolmage 53, 78-84 (2010).

Acknowledgements
This work was funded by a grant of the French ministry of health (EDEPI PHRC).

Author contributions

Conception and study design: C.B., ES. and S.G. Acquisition of data: C.B., D.M., EG.B,, ES., ].V,, PG., R.G. and
S.G. Analysis and/or interpretation of data: C.B., ES. and S.G. Drafting of the manuscript: ES. and S.G. Revising
the manuscript critically for important intellectual content: C.B., EG.B. and R.G. Approval of the version of the
submitted manuscript: C.B., D.M., EG.B,, ES., ].V,, PG., R.G. and S.G.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58480-y.

Correspondence and requests for materials should be addressed to E.C.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:1662 | https://doi.org/10.1038/s41598-020-58480-y


https://doi.org/10.1038/s41598-020-58480-y
https://doi.org/10.1111/jon.12383
https://doi.org/10.1038/s41598-020-58480-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Boundary and vulnerability estimation of the internal borderzone using ischemic stroke lesion mapping

	Results

	IBZ estimation. 
	IBZ vulnerability. 

	Discussion

	Methods

	IBZ estimation. 
	Patients and clinical data. 
	Image acquisition. 
	Lesion analysis. 

	IBZ vulnerability. 
	Patients and clinical data. 
	Image acquisition. 
	Lesion analysis. 


	Acknowledgements

	Figure 1 Lesion overlay plots for deep (A), superficial (B) and territorial (C) lesions of the sample used for the IBZ estimation.
	Figure 2 Overlay plots of the sample used to test the IBZ susceptibility to ischemia: deep (A), superficial (B), territorial lesions (C) and all the patients (D).
	Figure 3 Average ADC maps for patients with deep (A), superficial (B) and territorial stroke (C).
	Figure 4 MCA sub-territories are defined according to the lesion topography: superficial (S), deep (D) or territorial (T).
	Table 1 Demographic, clinical and imaging results of chronic and acute stroke patients.
	Table 2 Region characteristics of chronic and acute stroke patients.




