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and GM proportions were calculated for each compartment. 
 Results:  Fifty patients were eligible for the study. Median de-
lay between symptom onset and baseline MRI was 140 min. 
The percentage of WM was significantly greater in the fol-
lowing compartments: initial mismatch (52.5 vs. 47.5%, p = 
0.003), final infarct (56.7 vs. 43.3%, p  < 0.001) and lesion 
growth (58.9 vs. 41.2%, p < 0.001). No significant difference 
was found between GM and WM percentages within the ini-
tial DWI lesion, DWI reversal and salvaged mismatch com-
partments.  Conclusions:  Ischemic lesions may extend pref-
erentially within the WM. Specific therapeutic strategies tar-
geting WM ischemic processes may deserve further 
investigation.  © 2016 S. Karger AG, Basel 

 Introduction 

 The different vulnerability of the white matter (WM) 
and gray matter (GM) compartments to ischemia reflects 
their distinct thresholds of cerebral blood flow (CBF) and 
metabolism  [1–3] . Neuroprotective and reperfusion ther-
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 Abstract 

  Background:  In acute ischemic stroke (AIS), gray matter 
(GM) and white matter (WM) have different vulnerabilities to 
ischemia. Thus, we compared the evolution of ischemic le-
sions within WM and GM using MRI.  Methods:  From a 
 European multicenter prospective database (I-KNOW), avail-
able T1-weighted images were identified for 50 patients pre-
senting with an anterior AIS and a perfusion weighted imag-
ing (PWI)/diffusion weighted imaging (DWI) mismatch ratio 
of 1.2 or more. Six lesion compartments were outlined: initial 
DWI (b = 1,000 s/mm 2 ) lesion, initial PWI-DWI mismatch (T max  
>4 s and DWI-negative), final infarct mapped on 1-month 
fluid-attenuated inversion recovery (FLAIR) imaging, lesion 
growth between acute DWI and 1-month FLAIR, DWI lesion 
reversal at 1 month and salvaged mismatch. The WM and GM 
were segmented on T1-weighted images, and all images 
were co-registered within subjects to the baseline MRI. WM 
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apies aim to salvage the ischemic penumbra. Given the 
differences in vulnerability to ischemia between GM and 
WM, it is relevant to quantify ischemic damage separate-
ly in each component.

  In stroke studies, brain tissue segmentation into GM 
or WM is usually based on probabilistic maps  [3–5] , but 
this does not take into account the inter-individual vari-
ability. Furthermore, T1-weighted images are more ap-
propriate for defining these 2 components  [6] .

  The purpose of this study was to compare the baseline 
and outcome of ischemic lesions within both GM and 
WM components using individual segmentation based 
on T1-weighted images.

  Methods 

 Patients and Clinical Data 
 We analyzed a European multicenter, prospective database of 

patients who underwent sequential MRI for acute ischemic stroke 
(AIS) (I-KNOW). Several previously published reports are based 
on this cohort  [7–10] . The inclusion criteria were National Insti-
tutes of Health Stroke Scale (NIHSS) score  ≥ 4, diffusion-weighted 
images (DWI; b = 1,000 s/mm 2 ) and perfusion-weighted images 
(PWI) consistent with an acute anterior circulation ischemic 
stroke and admission MRI completed within 6 h for patients treat-
ed with intravenous tPA or within 12 h if conservative treatment 
was proposed. No patient received intra-arterial therapy. Exclu-
sion criteria were lacunar or posterior circulation stroke, unknown 
time of onset and intracerebral hemorrhage on admission MRI. 
Additional inclusion criteria were applied for the present retro-
spective analysis: a relevant PWI/DWI mismatch ratio of 1.2 or 
more  [11–14]  and available T1-weighted images for individual tis-
sue segmentation.

  For each patient, the NIHSS score was assessed at admission 
and information on age, gender, time from symptom onset to im-
aging and use of tPA was recorded. The regional ethics committee 
approved the study, and informed consent was obtained from all 
patients or their next of kin.

  MRI Protocol 
 At the time of admission, all patients underwent DWI (3 or 12 

directions; repetition time >6,000 s, field of view 24 cm, matrix 
128 × 128, slice thickness 3 or 5 mm), fluid-attenuated inversion 
recovery (FLAIR; repetition time 8,690 ms, echo time 109 ms, in-
version time 2,500 ms, flip angle 150°, field of view 21 cm, matrix 
224 × 256, 24 sections, section thickness 5 mm, slice gap 1 mm) 
imaging, T2 * -weighted gradient echo and T1-weighted spin echo 
imaging (repetition time 498 ms, echo time 11 ms, flip angle 70°, 
field of view 172 cm, matrix 384 × 512, 24 sections, section thick-
ness 5 mm, slice gap 1 mm), time of flight magnetic resonance 
angiography and PWI (echo time 30–50 ms, repetition time 1,500 
ms, field of view 24 cm, matrix 128 × 128, 18 slices, thickness 
5 mm with 1 mm gap, gadolinium contrast at 0.1 mmol/kg). A 
repeat MRI using the same sequences was performed 3 h after the 
first scan. Follow-up examinations were acquired at 1 month 
without PWI.

  Image Processing and Analysis 
 Stroke Lesion Segmentation and Definitions 
 Masks of the acute ischemic lesion on DWI (b = 1,000 s/mm 2  

images) were generated semi-automatically by an independent 
reader using in-house developed software. Post-processing was 
performed on perfusion data using in-house developed software 
(Penguin software, MATLAB 2010b; MathWorks Inc., Natick, 
Mass., USA). After motion correction, perfusion maps were gener-
ated using the single value deconvolution method  [15]  with an 
arterial input function placed on the contralateral middle cerebral 
artery. Hypoperfusion was defined as voxels with T max   ≥ 4 s  [14, 
16] .

  The final infarct was mapped on 1-month FLAIR images, ex-
cluding pre-existing microangiopathy lesions. Four raters, to 
whom only acute T2-FLAIR, DWI and ADC images were avail-
able, manually outlined the final ischemic lesion. Next, the 4 sets 
of lesion masks were combined to create a final common lesion 
mask comprising voxels marked by at least 2 readers.  Figure 1  
shows an example of the different lesion masks.

  Recanalization was evaluated after 3 h using the arterial occlu-
sive lesion (AOL) classification  [17]  by a rater blinded to clinical 
data and then dichotomized into absent (AOL 0–1) or present 
(AOL 2–3).

  GM and WM Segmentation 
 Tissue segmentation was performed using Statistical Paramet-

ric Mapping 8 (SPM8; Wellcome Trust Centre for Neuroimaging, 
University College London, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/). GM, WM and cerebrospinal fluid (CSF) were seg-
mented on each patient’s individual T1-weighted sequence using 
SPM8 with a threshold of 0.5  [6, 18] . An example of individual 
segmentation obtained in this study is shown in  figure 2 .

  For each patient, all morphological images, perfusion maps and 
corresponding lesion masks were co-registered to the initial ADC 
map using SPM8 and MATLAB (MathWorks Inc., Natick, Mass., 
USA), and the accuracy of co-registration was visually assessed.

  Compartment Definitions 
 Six tissue compartments were defined: initial ischemic lesion 

on DWI, initial PWI-DWI mismatch (voxels with T max   ≥ 4 s but 
not included in the initial DWI lesion), final infarct, lesion growth 
(i.e., the difference between the baseline DWI lesion and the final 
FLAIR lesion), DWI lesion reversal (i.e. voxels included in the ini-
tial DWI lesion but not in the final FLAIR lesion) and salvaged 
mismatch (i.e. voxels with T max   ≥ 4 s included in the initial mis-
match but not in the final FLAIR lesion). The volumes and per-
centages of GM and WM were calculated for each compartment 
using a voxel-counting algorithm.

  Statistical Analysis 
 All continuous variables were checked for normal distribution. 

Continuous variables are presented as mean ± SD or median and 
interquartile range (IQR) when variables are not normally distrib-
uted, and categorical variables are presented as number (percent-
age). GM and WM volumes were not normally distributed. We 
compared the volume in a lesion using the Wilcoxon signed rank 
test for paired observations. The relationship between lesion 
growth and percentage of WM in the initial PWI-DWI mismatch 
was determined using Pearson correlation and linear regression. 
Subgroup analyses were performed according to recanalization 
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status. All p values were 2-tailed, and values <0.05 were considered 
significant. Statistical analyses were performed using SAS (version 
9.3, SAS Institute Inc., Cary, N.C., USA).

  Results 

 Out of the I-KNOW cohort of 168 patients, 50 were 
eligible for the present study. Causes for exclusion were 
incomplete data set (n = 29), missing or poor quality T1-

weighted images (n = 46), PWI-DWI mismatch <1.2 or 
PWI images with artifacts (n = 37) and co-registration 
inaccuracies (n = 6). We found no imbalance between in-
cluded and excluded patients regarding baseline clinical 
parameters (i.e. age, gender and NIHSS score at admis-
sion). The median age was 71 (IQR 56–77) years, and 29 
of the patients (58%) were men. The median NIHSS score 
at admission was 10 (IQR 6–14), and the median time 
from symptom onset to first imaging was 140 min (IQR 
107.5–170.5 min). The initial occlusion level was distal 
(>M1) in 25 patients (50%) and proximal ( ≤ M1) in 20 
patients (40%) but could not be assessed in 5  patients.

  The median initial DWI lesion and final FLAIR lesion 
volumes were 10.76 ml (IQR 4.64–19.51 ml) and 13.89 ml 
(IQR 4.08–28.06 ml), respectively. The median initial 
mismatch, growth compartment and DWI reversal vol-

a

b

c

  Fig. 1.  Example of lesion masks after co-registration to the initial 
ADC map.  a  Lesion masks were outlined on the initial DWI, PWI 
(T max  map, threshold 4 s) and 1-month follow-up FLAIR.  b  Next, 
all images (T max  map and FLAIR) and corresponding lesion masks 
were co-registered to the initial DWI (ADC map). Note the lower 
in-plane spatial resolution of the FLAIR images after co-registra-
tion. 

  Fig. 2.  Individual T1 segmentation. From the original T1-weighted 
image ( a ), GM (light gray, left) and WM (white, right) masks were 
obtained after segmentation ( b ) and co-registration to the initial 
ADC map ( c ). 
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umes were 27.07 ml (IQR 10.32–47.66 ml), 8.31 ml (IQR 
1.22–17.2 ml) and 4.17 ml (IQR 1.87–7.04 ml), respec-
tively. The median percentages of GM and WM in each 
compartment are shown in  table 1 .

  We found no significant difference between the GM 
and WM percentages within the initial DWI lesion. WM 
percentages were significantly greater than GM percent-
ages in the following compartments: initial mismatch 
(52.5 vs. 47.5%, p = 0.003), lesion growth (58.9 vs. 41.2%, 
p < 0.001) and final infarct (56.7 vs. 43.3%, p < 0.001). 
 Figure 3  shows an example of WM being greater in the 
lesion growth compartment. GM and WM percentages 
were not significantly different in the DWI reversal or in 
the salvaged mismatch compartments.

  The percentage of WM in the initial mismatch was not 
correlated with the percentage of WM in the lesion growth 
compartment (β  = –0.225; SE  = 0.289; p  = 0.439; R  = 
–0.113;  fig. 4 ).

  Thirty-eight patients (76%) received intravenous tPA. 
Of the 28 patients assessed for recanalization at 3 h, only 
10 patients (36%) exhibited recanalization. Patients with-
out recanalization (n = 18) had significantly greater WM 
percentages in the final infarct (59.2 vs. 40.8%, p = 0.008) 
and lesion growth compartments (60.1 vs. 39.9%, p  = 
0.002).

  Discussion 

 In line with previous studies  [1–6] , but using individ-
ual GM and WM segmentation based on T1-weighted 
scans, our results confirm the need to assess changes in 
GM and WM at the acute stage of ischemic stroke sepa-
rately. WM constitutes approximately 50% of human 
brain  [19] . Thus, the differing evolution of ischemic inju-
ries between GM and WM can be attributed to differ-

Compartment GM, % WM, % p value

Initial DWI lesion 49.2 (35.6–60.3) 50.9 (39.7–64.4) 0.420
Final FLAIR infarct 43.3 (35.6–48.7) 56.7 (51.3–64.4) <0.001
Lesion growth 41.2 (30.4–52.0) 58.9 (48.0–69.7) <0.001
Diffusion reversal 49.1 (0.71–3.12) 50.9 (30.2–63.6) 0.523
Initial PWI-DWI mismatch 47.5 (42.1–40.8) 52.5 (49.2–57.9) <0.01
Salvaged mismatch 48.5 (43.7–52.4) 51.5 (47.6–56.3) 0.156

 Data are presented as median (IQR).

Table 1.  Percentage of GM and WM in the 
different compartments

  Fig. 3.  Example of lesion growth. Mask of the initial DWI lesion ( a ), final FLAIR lesion ( b ) and the lesion growth 
compartment ( c , DWI mask subtracted from the FLAIR mask) superimposed on GM/WM segmentation maps 
after co-registration, showing that the extension of the ischemic lesion predominates in the WM. 

a b c
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ences in structure and metabolism  [20] . In our study, 
WM percentages were significantly larger in the initial 
mismatch, final infarct and lesion growth compartments, 
but no baseline difference was found between GM and 
WM in the initial ischemic core.

  We selected patients presenting with a PWI/DWI ratio 
>1.2  [11–14] , excluding small mismatch volumes in order 
to minimize co-registration and spatial resolution prob-
lems. In our study, the mismatch compartment had a sig-
nificantly greater proportion of WM, suggesting that 
WM predominates within salvageable tissue. Previous 
studies using PET or MRI have also suggested that the 
amount of salvageable tissue is greater within WM  [4–6] . 
This difference is likely due to different ischemic thresh-
olds between GM and WM  [1–3, 21]  as documented by 
lower CBV, CBF and ADC infarct thresholds in WM  [1, 
3] .

  Ischemic penumbra is a dynamic concept; the infarct 
grows with time at the expense of the penumbra  [22] . As 
the percentage of WM was significantly more important 
not only in the mismatch but also in the final infarct and 
lesion growth compartments, the infarct growth within 
WM might only reflect the distribution of the mismatch. 
However, we did not find a significant correlation be-
tween the percentage of WM in the mismatch and in the 
lesion growth, suggesting that the differing evolution be-

tween GM and WM might not be only due to the initial 
mismatch distribution.

  These results are consistent with the post-ischemic 
cascade differing between WM and GM components  [20, 
23] . Initially, increased resistance of WM to ischemia can 
be supported by protective mechanisms due to GABA re-
ceptor and adenosine accumulation  [4, 24] , but after the 
mechanisms of the ischemic cascade are triggered, both 
axons and oligodendrocytes exhibit rapid structural 
changes, including cytoskeletal breakdown of axons and 
oligodendrocyte swelling  [25] . WM injuries may also in 
part result from the destruction of white fiber tracts re-
lated to irreversibly damaged GM regions, but this issue 
could not be evaluated on the standard MRI sequences 
available.

  In addition to reperfusion therapies, the development 
of neuroprotective strategies is an important issue in 
stroke treatment  [26] . Although many positive trials have 
investigated neuroprotective molecules in animal mod-
els, none have translated effectively to humans  [20, 26] . 
One reason could be the inability of the molecules to pre-
vent WM damage  [23] . Most of these molecules have 
been tested in rodents, in which GM represents only 
 ∼ 80% of the brain volume versus 50% in humans  [19] . 
Thus, they were probably more efficient at preventing 
GM damage than WM damage, and neuroprotective tri-
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  Fig. 4.  Scatterplot of percentage of WM in the lesion growth plotted against percentage of WM in the initial PWI-
DWI mismatch. Data are presented with regression line and 95% CIs. 

D
ow

nl
oa

de
d 

by
: 

IN
S

E
R

M
 D

IS
C

 IS
T

19
8.

14
3.

43
.1

 -
 3

/1
8/

20
16

 4
:4

5:
41

 P
M



 Berner    et al. Cerebrovasc Dis 2016;41:291–297
DOI: 10.1159/000444131

296

als have been found to focus less on protecting WM  [20, 
23] .

  We did not find any difference between GM and WM 
volumes in the reversible abnormalities (salvaged mis-
match and diffusion lesion reversal compartments). Sim-
ilarly, Koga et al.  [6]  found an equal proportion of GM 
and WM salvaged at 3 months. Conversely, Tisserand et 
al.  [5]  analyzed large reversal acute DWI (RAD) lesions 
(>10 ml) and showed that WM was more prone to early 
diffusion lesion reversal after thrombolysis. This differ-
ence might be explained by the smaller median RAD vol-
ume in our study and by the fact that the frequency and 
amount of DWI reversal are still unclear and remain a 
matter of debate  [27, 28] .

  Few studies have evaluated the differences between 
GM and WM based on individual segmentation  [1, 2] . 
In most AIS studies, segmentation of the GM and WM 
is generally based on a probabilistic map  [3–6, 21, 23]  
because T1-weighted images are not part of a standard 
stroke MRI protocol  [5, 6] . To the best of our knowl-
edge, this is the first study to analyze the differences be-
tween GM and WM using T1-weighted images, which 
are considered the reference for anatomical tissue seg-
mentation. However, the main limitations of this ap-
proach are the need to set a probability threshold to 
classify voxels into one of the 3 categories (GM, WM or 
CSF) and potential partial volume effects related to the 
thickness of the T1-weighted axial slices. Three-dimen-
sional high-resolution T1 acquisitions would have been 
more appropriate for accurate segmentation but would 
have been too time consuming in the acute stroke set-
ting.

  Co-registration of DWI and PWI images allows a 
more precise estimation of mismatch volumes and is 
important for accurate assessment of lesion volume 
changes over time  [13, 29] . However, co-registration 

analyses may be hampered by several limitations in-
cluding errors due to motion artefacts or structural 
changes such as hemorrhagic transformation or tissue 
shrinkage  [29]  and lower spatial resolution after co-reg-
istration.

  The limitations of our study mainly relate to the ret-
rospective nature of the analysis in a heterogeneous and 
limited sample. Absolute volumes were relatively small, 
and the clinical significance of the difference in WM ver-
sus GM proportions remains debatable. I-KNOW was 
not designed to assess the efficacy of intravenous throm-
bolysis, and treatment allocation was not randomized or 
otherwise controlled. Thus, no conclusion can be made 
about the effect of treatment with intravenous throm-
bolysis. We could not take into account some possible 
confounding factors, such as the effects of recanaliza-
tion, and no conclusion could be drawn regarding the 
response to thrombolysis because the number of pa-
tients in each group was too small to reach significance. 
So, larger prospective cohorts are required to confirm 
these results in patients treated with reperfusion thera-
pies.

  In conclusion, the present results suggest that ischemic 
lesions may extend preferentially within WM. The devel-
opment of therapeutic strategies targeting WM ischemic 
injuries may deserve further investigation.
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