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Abstract

The fate of subcortical diffusion-weighted imaging (DWI) lesions in stroke patients is highly variable, ranging from
complete tissue loss to no visible lesion on follow-up. Little is known about within-lesion heterogeneity and its relevance
for stroke outcome. Patients with subcortical stroke and recruited through the prospective DEDEMAS
study (NCTO01334749) were examined at baseline (n=45), six months (n =45), and three years (n =28) post-stroke.
We performed high-resolution structural MRI including DWI. Tissue fate was determined voxel-wise using fully auto-
mated tissue segmentation. Within-lesion heterogeneity at baseline was assessed by free water diffusion imaging meas-
ures. The majority of DWVI lesions (66%) showed cavitation on six months follow-up but the proportion of tissue turning
into a cavity was small (9 £ 13.5% of the DWI lesion). On average, 69 &=25% of the initial lesion resolved without any
visually apparent signal abnormality. The extent of cavitation at six months post-stroke was independently associated
with clinical outcome, i.e. modified Rankin scale score at six months (OR =4.71, p =0.005). DWI lesion size and the free
water-corrected tissue mean diffusivity at baseline independently predicted cavitation. In conclusion, the proportion of
cavitating tissue is typically small, but relevant for clinical outcome. Within-lesion heterogeneity at baseline on advanced
diffusion imaging is predictive of tissue fate.

Keywords
Clinical outcome, diffusion tensor imaging, free water, stroke, subcortical infarction

Received |9 February 2019; Revised 27 June 2019; Accepted 28 June 2019

Introduction

Subcortical infarcts identified on diffusion-weighted ima-
ging (DWI) have variable fates. Previous studies have
shown that DWI lesions can result in complete tissue
loss (cavitation), T2 hyperintense lesions without appar-
ent tissue loss, or resolve without a visible lesion on
follow-up MRL.' ' However, these studies mostly did
not consider heterogeneity within individual lesions.
Conceivably, the degree of cavitation and conversion
into T2-visible lesion might influence clinical outcome.
Only one previous study distinguished between fully
and partially cavitated infarcts, acknowledging that dif-
ferent parts of a DWI lesion can have different fates.’
However, clinical outcome was not considered.
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Little is known about the factors that determine tissue
fate after subcortical infarcts. The severity of periventricu-
lar white matter hyperintensities (WMH)® and the spatial
relationship to WMH'® were found to predict cavity for-
mation. Another study found that a lower apparent dif-
fusion coefficient within a DWI lesion predicts subsequent
cavitation,” suggesting that within-lesion heterogeneity
might already be present in the subacute phase of
stroke and detectable by diffusion (tensor) imaging.

In the current study, we examined the evolution of
DWI lesions in stroke patients over 36 months with the
following aims: (i) to characterize within-lesion hetero-
geneity of tissue fate by quantifying the lesion parts
that appear cavitated, T2 hyperintense or normal at
follow-up; (ii) to explore relationships between tissue
fate and stroke outcome; and (iii) to identify baseline
predictors of tissue fate. We hypothesized that (i) DWI
lesions show a variable extent of cavitation at follow-
up, (ii) that the extent of cavitation is associated with
stroke outcome, and (iii) that baseline features predict
tissue fate, in particular diffusion imaging metrics
within the DWI lesion.

To address these aims, we obtained multimodal, iso-
tropic high-resolution MR images in a prospective
cohort of stroke patients with subcortical infarcts and
followed these patients up to three years. We applied a
voxel-based, rater-independent analysis as well as
advanced diffusion modelling.

Subjects and methods
Study cohort

Patients with acute or subacute ischemic stroke (within one
week from symptom onset) were recruited from the
local stroke unit through the prospective DEDEMAS
(Determinants of Dementia After Stroke, NCT01334749)
study.'""1? Stroke subtypes were classified according to the
Trial of Org 10172 in Acute Stroke Treatment (TOAST)
classification'® using all available clinical information at
baseline. Ninety-seven patients had a supratentorial infarct
and were thus considered for study inclusion. Eighteen
patients were excluded because of missing follow-up
MRI scans at six months (n=12) or protocol violations
(n=6). The analysis was restricted to patients with subcor-
tical DWI lesions and available data at baseline as well as
at six months post-stroke (n =45, Supplemental Figure 1).
Twenty-eight patients were also rescanned at three years
post-stroke.

All procedures were performed in compliance with
the Declaration of Helsinki of 1975 (and as revised in
1983) and protocols were approved by the ethics com-
mittee of the medical faculty at Ludwig-Maximilians-
Universitdit Munich. Written informed consent was
obtained from each patient.

MRI acquisition

All MRI scans (baseline and follow-ups at six months
and three years’ post-stroke) were obtained on a single
3T system (Magnetom Verio, Siemens Healthineers,
Erlangen, Germany) with a 32-channel head coil. The
standardized protocol included a 1 mm isotropic 3D
T1-weighted sequence, a 1 mm isotropic 3D fluid-attenu-
ated inversion recovery (FLAIR) sequence, 2 mm iso-
tropic DWI (30 diffusion directions with a b-value of
1000s/mm?, 1 b=0 image), a 2D T2-weighted sequence,
and a gradient echo fieldmap (see online-only data sup-
plement for detailed sequence parameters). Baseline
examinations (including MRI) were performed within
one week of symptom onset (median 4.2 days, interquar-
tile range 2.7 days).

DWI lesion detection

Baseline DWI scans were corrected for susceptibility-
induced distortions using the gradient echo fieldmap
and the ‘fugue’ tool of the Functional Magnetic
Resonance Imaging of the Brain Software Library
(FSL, version 5.0.6).'* Head motion and eddy current-
induced distortions were corrected using the FSL tool
‘eddy_correct’.'” Next, the trace image (geometric mean
of all DWI volumes) was calculated using MATLAB
(version R2012b, The MathWorks, Inc). Infarct voxels
were semi-automatically segmented on trace images by
combining the FSL tissue segmentation tool ‘fast’'® with
an Otsu histogram segmentation'’ implemented in
MATLAB. If required, the resulting infarct map was
manually edited to correct the segmentation (e.g.
removal of artifacts) using a custom-written cluster-
based software tool implemented in MATALB.'®

Assessment of tissue fate

The fate of tissue within DWI lesions was classified on
follow-up scans into the following three classes: (1)
cavitated, (2) hyperintense on T2, (3) normal appear-
ing, i.e. no visible lesion. Cavitation was defined as a
CSF-isointense signal'®?® on 3D-T1 images, since high
resolution T1 images are known to have the highest
sensitivity for cavitation.> Hyperintensity on T2 was
determined on 3D-FLAIR images.

To analyze all imaging modalities in the same space,
a half-way image was estimated from baseline and
follow-up T1 scans using non-linear registration as
implemented in the FSL tool ‘fnirt.>! Next, FLAIR
and DWI were co-registered to half-way space.

For the voxel-based analysis, the segmentation into
the three fate classes was performed automatically for
every DWI lesion voxel using the FSL tissue segmenta-
tion tool ‘fast’ and Otsu histogram segmentation on
images in half-way space. Individual DWI lesion
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voxels were classified automatically on follow-up scans
as cavitated, hyperintense or normal (Figure 1).
All automated segmentations were visually checked,
but no manual editing was conducted at this stage to
avoid rater bias. We visually checked surrounding ana-
tomical landmarks for signs of lesion/tissue shrinkage
to ensure that results for tissue fates were not substan-
tially biased by shrinkage. To obtain the extent (pro-
portion) of each fate, the number of voxels classified as
cavitated, hyperintense, or normal was divided by the
total number of DWI lesion voxels.

We further classified individual DWI lesion voxels
depending on whether there was a FLAIR hyperintense
signal already on the baseline images.

For comparison, visual assessment of tissue fate was
also conducted (see online-only data supplement).

Baseline

6 months post-stroke
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M

Figure |. Heterogeneity of tissue fate within a DWI lesion
followed over six months.

Baseline (left) and follow-up images (right) of an example DWVI
lesion. The margin was automatically identified on baseline DWI
(trace image) and is marked by a black line. Voxels within this
margin were classified into the following three classes using
images obtained six months post-stroke. C: cavitation (red); H:
T2 hyperintense (green); N: normal (blue).

-
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White matter hyperintensity segmentation

White matter hyperintensities (WMH) as a marker for
small vessel disease burden were segmented on baseline
FLAIR images using the FSL tool ‘fast’ and subse-
quent Otsu segmentation. The segmentations were
manually edited by a trained rater using a custom-
written, cluster-based software tool implemented in
MATLAB to remove artifacts.'® WMH volumes were
normalized by intracranial volume as segmented on T2
images using the tissue segmentation algorithm®* in
SPM12 (Statistical Parametric Mapping software tool-
kit, by the Wellcome Trust Centre for Neuroimaging).
The inter-rater reliability for the resulting normalized
WMH volume was excellent (intraclass correlation
coefficient = 0.998).

Diffusion measures at baseline

Diffusion measures at baseline were estimated using the
free water imaging toolbox running on MATLAB.>*
In addition to providing conventional diffusion tensor
measures such as mean diffusivity (MD), this method
fits a two compartment model (free water compartment
and tissue compartment) to estimate the free water frac-
tion and the free water corrected tissue mean diffusivity
(MDt). The free water compartment is modeled by an
isotropic tensor with fixed diffusivity, reflecting freely
diffusing extracellular water. The tissue compartment
is the diffusion signal after eliminating free water.
It reflects water restricted by tissue structures, such as
intracellular water, and is modeled by a diffusion tensor
fit. Conventional MD, free water corrected MDt and
free water fraction were averaged across voxels that
cavitated, across voxels that turned into a hyperintensity,
and across voxels that turned into normal. Contralateral
control regions were created by mirroring the DWI lesion
in standard space (Montreal Neurological Institute,
MNI-152).

Statistical analysis

All statistical tests were conducted using R (R software
package, v.3.1.0; R Foundation for Statistical Computing,
Vienna, Austria)®> with each DWI lesion considered inde-
pendently in the analyses.

The effects of tissue fate on clinical outcome six
months post-stroke were determined by ordered logistic
regressions (R package ‘ordinal’*®), with the modified
Rankin scale score as dependent variable. Independent
variables in simple regression models included the pro-
portion of cavitation six months post-stroke and the
following baseline variables: age, sex, NIHSS score,
time between symptom onset and MRI scan, propor-
tion of voxels appearing T2 hyperintense on baseline
scans and DWTI lesion size. Odds ratios were calculated



Duering et al.

1485

per standard deviation change. For multiple regres-
sions, we used least absolute shrinkage and selection
operator (lasso) variable selection (R package
‘glmnet’?”). This analysis was restricted to the subset
of patients with a single subcortical DWI lesion
(n=25) since the effects of multiple lesions with differ-
ent fates are difficult to model.

Non-parametric regression (simple and multiple, R
package ‘robustbase’, version 0.92-5%%) was used to
identify predictors for tissue fate since the Shapiro—
Wilk test and Q—Q plots of the residuals suggested
non-normal distribution for most variables. The follow-
ing baseline parameters were considered as independent
variables: age, sex, smoking (past or current, when
more than six months), hypertension, diabetes, time
between stroke onset and MRI scan, proportion of
voxels appearing T2 hyperintense on baseline scans,
DWI lesion size, normalized WMH volume (as a
marker of cerebral small vessel disease), the presence
of high-grade stenosis (>70%, NASCET criteria) in
extra- or intracranial arteries (as a marker of large
artery disease), and the presence of atrial fibrillation
(as a marker of cardiac pathology). The proportion of
cavitated and hyperintense voxels served as dependent
variables (separate analyses). For multiple regressions,
we used lasso variable selection. All analyses were
repeated for a subset of patients having a single sub-
cortical DWI lesion (n =25).

The effects of baseline diffusion tensor measures on
tissue fate were determined using simple ordered logis-
tic regressions. Independent variables included average
MD, MDt, and the free water fraction within regions
that were cavitated, hyperintense and normal appearing
on follow-up. The dependent variable was tissue fate
ordered according to severity (cavitated > hyperintense
> normal appearing). DWI lesion size and proportion
of hyperintense voxels at baseline were added as cov-
ariates in multiple ordered logistic regressions. Again,
all analyses were repeated for the subset of patients
having a single subcortical DWI lesion (n = 25).

Results
Baseline characteristics

The demographic and clinical characteristics of the 45
stroke patients are provided in Table 1. Overall, there
were 59 subcortical DWI lesions (see Supplemental
Figure 2 for lesion probability map). The most frequent
underlying etiology was small vessel disease (31.1% of
patients). In addition to MRI at six months post-stroke
(all 45 patients), 28 patients (34 subcortical DWI
lesions) had follow-up-imaging at three years post-
stroke. There was no cavitation of DWI lesions on
baseline scans. All DWI lesions showed some degree

of T2/FLAIR hyperintensity at baseline. The propor-
tion of voxels appearing T2 hyperintense on baseline
scans (n =159 lesions) was 44 £26% (mean £ SD).

Tissue fate

Using automated segmentation of MR scans obtained
six months post-stroke, 39 (66%) DWI lesions were
classified as showing some degree (>1 voxel) of cavita-
tion, 15 (25%) DWI lesions were classified as being
hyperintense on T2/FLAIR-weighted images without
cavitation, and in 5 DWI lesions (9%) the initial
lesion was no longer detectable (Figure 2(a)). Visual
rating-based classification (see online-only data supple-
ment) showed poor inter-rater agreement (Cohen’s
kappa =0.263).

Using automated segmentation and voxel-wise ana-
lysis, the proportion of cavitation within cavitated
lesions (n=39) was low (group mean=+SD: 13+ 15%
of the initial DWI lesion volume). Considering all DWI
lesions (n=159), the proportion of voxels showing cavi-
tation, hyperintensity, and appearing normal was
94+13.5%, 22+21%, and 69+25%, respectively
(Figure 2(b)). Similar results were obtained when
restricting the analysis to subjects with a single subcor-
tical DWI lesion (n=25, cavitation: 8.5+ 12%; hyper-
intensity: 19.1 £16%; normal: 72.4 £23%). Focusing
on the subgroup of patients with follow-up until three
years post-stroke (n =34 lesions) revealed similar tissue
fates at six months and three years post-stroke
(Supplemental Figure 3).

Tissue fate is independently associated with clinical
outcome

To explore the potential relevance of tissue fate for
clinical outcome as assessed by the modified Rankin
scale (mRS), we next performed ordered logistic regres-
sion analyses with mRS at six months post-stroke as the
dependent variable and the proportion of cavitation as
an independent variable. We further considered age,
sex, baseline NIHSS, time between stroke onset and
MRI scan, DWI lesion size, and the proportion of
T2-hyperintense DWI lesion voxels at baseline as inde-
pendent variables. To exclude interactions between
multiple lesions with different fates, we focused on
patients with a single subcortical DWI lesion (n=25).

In simple regressions analyses, the significant pre-
dictors for mRS at six months were DWI lesion
size at baseline (OR=6.66, 95% CI=1.45-30.67,
p=0.01), the proportion of T2-hyperintense DWI
lesion voxels at baseline (OR=2.71, 95% CI=1.17-
6.27, p=0.02), and the proportion of cavitation at six
months post-stroke (OR=4.71, 95% CI=1.59-14.00,
p=0.005) (Figure 3). In multiple regression analysis
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Table I. Characteristics of the study cohort.

Six months follow-up
(n=45)

Three years follow-up
(n=28)

Demographic characteristics
Age at baseline, mean (SD, range) [years]

Male, n (%)

Stroke etiology (TOAST classification), n (%)
Large artery atherosclerosis, extracranial
Large artery atherosclerosis, intracranial
Cardioembolism
Small vessel occlusion
Stroke of other determined etiology
Competing etiologies (two or more causes)
Stroke of undetermined etiology

Vascular risk factors, n (%)
Smoking (past or current, >6 months)

Hypertension
Hypercholesterolemia
Diabetes

Clinical scores, median (IQR)
Modified Rankin Scale, before stroke

Modified Rankin Scale, baseline
Modified Rankin Scale, follow-up
NIHSS, baseline

Imaging characteristics
Time from stroke onset to MRI, median (IQR) [days]

Subcortical DWI lesions per subject, median (range)
DWI lesion volume, median (IQR) [mm?]

DWI lesion axial diameter, median (IQR) [mm]
Normalized WMH volume, median (IQR) [%]

Deep WMH score (Fazekas scale), median (IQR)

73 (7.9, 53-82) 75 (7.4, 55-82)

32 (71) 19 (68)
5 (11.1) 2 (7.1)
409 3(10.7)
5 (I1.1) 4(143)
14 (31.1) 9 (32.1)
0 (0) 0 (0)

6 (13.3) 4(143)
11 (24.4) 6 (21.4)
23 (51.1) 13 (46.4)
25 (55.6) 16 (57.1)
21 (46.7) 11 (39.3)

9 (20) 5(17.9)

0(0) 0 (0)

2(2) | (1.5)

I ) 0.5 (1)

3 (4) 2.5 (4)
42 (2.7) 42 (2.8)

I (1-3) | (1-2)

196 (811.5) 228.5 (773)

9.6 (8.2) 9.8 (7.0)

0.41 (0.0068) 0.36 (0.0070)

I (1) I (1)

IQR: interquartile range; NIHSS: NIH Stroke Scale; TOAST: Trial of Org 10172 in Acute Stroke Treatment; WMH: white matter

hyperintensities.

including all variables, lasso variable selection retained
DWI lesion size and the proportion of cavitation in
the model.

Predictors of infarct fate

Given the relevance of infarct fate for clinical outcome,
we next explored potential baseline factors determining
infarct fate. We performed linear regression analyses
with age, sex, smoking, hypertension, diabetes, time
between stroke onset and MRI scan, the proportion
of T2-hyperintense voxels on baseline scans, and DWI
lesion size as independent variables. We further
included normalized WMH volume, the presence of
high-grade stenosis in extra- or intracranial arteries,
and the presence of atrial fibrillation as markers of vas-
cular or cardiac pathology, respectively.

In simple regression analyses using the proportion
of DWI lesion voxels with cavitation at six
months post-stroke as the dependent variable, DWI
lesion size (standardized B=0.45, t=6.05, p=1.21
e-07) and the proportion of T2-hyperintense DWI
lesion voxels on baseline scans (B=0.31, t=23.46,
p=0.001) were the only significant predictors
(Figure 4). In multiple regression, lasso variable selec-
tion retained DWI lesion size in the final model
(adjusted R*=0.36). Similar results were obtained in
patients with a single subcortical DWI lesion (n=25,
see online-only data supplement). DWI lesion volume
was also weakly associated with the proportion of
normal appearing voxels at six months (p=0.015).
We found no significant baseline predictors for the
proportion of voxels appearing hyperintense at six
months post-stroke.
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Figure 2. Tissue fate at six months post-stroke. Proportions of DWI lesion voxels appearing cavitated (C), hyperintense (H), and
normal (N) six months post-stroke. (a) Results for individual DWI lesions (n=159). Lesions are arranged from left to right by
decreasing extent of cavitation. (b) Boxplots for the whole sample of DWI lesions.

p=5.24e-03

modified Rankin Scale (mRS) score

T T

T T
0 0.1 0.2 0.3 0.4
Extent of cavitation (proportion)

Figure 3. The extent of cavitation predicts clinical outcome.
Swarm plots showing the distribution of modified Rankin scale
scores at follow-up plotted against the proportion of DWI lesion
voxels that turned into a cavitation at six months post-stroke.
Vertical bars represent median values.

Within-lesion heterogeneity of diffusion measures at
baseline predicts tissue fate

To determine whether the diffusion characteristics at
baseline are predictive of tissue fate, we next explored
whether DWI lesion regions that were cavitated, hyper-
intense, or normal appearing on follow-up differed in

their diffusion characteristics at baseline. We analyzed
the conventional mean diffusivity (MD), the free water
corrected MDt, and the free water fraction. Using ordi-
nal logistic regression, conventional MD values showed
no association with tissue fate (p =0.90). MDt values in
DWI lesion regions were significantly associated with
tissue fates in that lower MDt values were associated
with more severe tissue fate (cavitation > hyperintensity
>normal; OR=0.69, 95% CI= 0.51-0.93, p=0.016)
(Figure 5). There was a trend for an association between
free water content and tissue fate (OR=1.32,
95% CI=0.96-1.82, p=0.086). Similar results were
observed when controlling for DWI lesion size and the
proportion of T2-hyperintense DWI lesion voxels on
baseline scans (MD: OR=1.02, 95% Cl= 0.74-1.41,
p=090; MDt: OR=0.68, 95% CI=0.49-0.95,
p=0.02; Free water: OR=1.34, 95% CI=0.97-1.86,
p=0.07). Similar results were further observed in patients
with a single subcortical DWI lesion (see online-only data
supplement).

Discussion

State-of-the-art neuroimaging enabled us to explore the
fate of subcortical DWI lesions at an unprecedented
level of detail. Our main findings can be summarized
as follows: (1) While most subcortical DWI lesion
showed some degree of cavitation over time, the pro-
portion of tissue turning into a cavity was typically
small, illustrating high within-lesion heterogeneity. On
average, more than two-thirds of the initial DWI lesion
resolved without any apparent signal abnormality on
follow-up scans. (2) The proportion of cavitation
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during follow-up was independently associated with
clinical outcome six months post-stroke. (3) Within-
lesion-heterogeneity was already detectable at baseline
and was predictive of tissue fate; the free water cor-
rected MDt was the most informative diffusion meas-
ure. Collectively, these findings contribute to our
understanding of DWI lesion evolution and its associ-
ation with clinical outcome.

0.7 adjusted R2=0.36
p=1.21e-07

0.6

0.5 4

Extent of cavitation (proportion) at follow-up

4 5 6 7 8 9
DWI lesion volume (log) at baseline

Figure 4. DWI lesion volume at baseline predicts the extent of
cavitation at six months post-stroke.

Previous studies on infarct evolution provided highly
variable results regarding the cavitation of subcortical
DWI lesions over time, with figures ranging from 28%
to 97% of lesions."™” Figures for DWI lesions that
resolved without visible lesion on follow-up likewise
varied from 5.3% to 30%.5® However, these studies
assigned the entire lesion to a single category and
thus did not account for within-lesion heterogeneity.
We found that the part of an individual subcortical
DWI lesion that cavitates or turns into a hyperintense
lesion is often very small. Hence, technical aspects such
as image resolution and variable criteria for classifying
lesions into one or the other category may have influ-
enced previous results. Of note, applying visual rating
to our own data, the agreement between two experi-
enced raters was relatively poor. Collectively, these
findings highlight the advantage of voxel-based and
rater-independent analyses.

We found tissue fate to be mostly determined within
the first six months after stroke with little change from
six months to three years post-stroke. This finding
broadly agrees with a recent study that found no
change for cavitation status between 3 and 15 months
post-stroke, although that study did not consider
within-lesion heterogeneity.” Voxel-based studies with
serial MRI over the first months after stroke are needed
to characterize the temporal evolution of subcortical
DWI lesions in more detail.

Our study highlights the importance of tissue fate for
stroke outcome. Specifically, we found the proportion
of cavitation to independently predict mRS scores at six
months, thus adding to previous studies on outcome
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predictors. Multiple regression analysis further retained
DWI lesion size in the model. As such, our findings
confirm and expand earlier findings on outcome
predictors.?®-3°

Given the clinical relevance of tissue cavitation, we
searched for baseline predictors for cavitation on
follow-up in our study. DWI lesion size and the free
water corrected MDt at baseline were independent pre-
dictors. In contrast to a prior study,® we found no influ-
ence of WMH volume on tissue fate. Also, we found no
effect of the presence of large artery stenosis or of atrial
fibrillation on cavitation at follow-up. This might indi-
cate that the underlying vascular cause (e.g. cerebral
small vessel disease or large artery stenosis of proximal
blood vessels) does not have a major influence on tissue
fate, although this would need to be examined in a
targeted study with cerebral blood flow measurement
in relevant arteries and vascular territories.

Our findings on within-lesion heterogeneity of
DWI lesions at baseline and the observation that
most voxels showing a diffusion restriction at baseline
resolved without apparent MRI changes on follow-up
add to the broader discussion whether subcortical
DWI lesions represent irreversible tissue damage
(infarct core). Some studies on larger infarcts includ-
ing cortical infarcts suggest that the infarct core can
be well represented by the DWI lesion,*'*? However,
it has been demonstrated that DWI lesions can con-
tain penumbra.’® This is consistent with (partial)
DWI lesion reversal after recanalization therapy in
some patients as well as in animal models.*** In
accord with our results, studies on subcortical infarcts
consistently showed that the final infarct size on long
term follow-up is typically smaller than the initial
DWI lesion.>’

Advanced diffusion models, such as the free water
imaging model allow characterizing the DWI lesion in
more detail. While we found no difference in conven-
tional MD between voxels with different fates, the free
water corrected MDt was significantly lower in voxels
that subsequently turned into a cavity. Lower MD in
DWI lesions is commonly explained by cytotoxic
edema,’® i.e. a shift of water from the extracellular to
intracellular space, where diffusion is more restricted.
Our results on the free water corrected MDt suggest
that more severe cytotoxic edema is indeed associated
with a higher risk of cavitation, but this was only
picked up after free water correction. The superiority
of free water corrected diffusion measures over conven-
tional measures in predicting tissue fate is likely based on
the complexity of the diffusion signal and its temporal
evolution in the acute and subacute phase of stroke. The
free water imaging method allows separating cellular
(tissue compartment) and extracellular (free water com-
partment) contributions to DWI.*"* The free water

corrected MDt is expected to be more sensitive to cyto-
toxic edema affecting cellular restrictions.

Extracellular free water was overall reduced in DWI
lesions compared with the contralateral hemisphere.
Within lesions, however, we found a trend towards
higher extracellular free water in voxels that subse-
quently cavitated. One explanation for this free water
increase is vasogenic edema, which is accumulated in
addition to cytotoxic edema in the subacute phase.**0
Another explanation might be beginning tissue necro-
sis. Regardless of the exact source of the extracellular
water increase, the conventional diffusion model cannot
differentiate between cellular and extracellular water
and the contribution of cytotoxic edema to the diffu-
sion signal (decrease in diffusivity) is offset by the con-
tribution of extracellular free water to the diffusion
signal (increase in diffusivity). Hence, within-lesion het-
erogeneity in the subacute phase is not picked up by
conventional diffusion imaging and is only unmasked
after free water correction.

Limitations of our study include the variable time
interval between symptom onset and baseline MRI.
This might have resulted in some variability regarding
diffusion characteristics, since both cytotoxic and
vasogenic  edemas are  dynamic  processes.
Furthermore, the number of patients with follow-up
data three years post-stroke and with a single subcor-
tical DWI lesion was relatively low, resulting in limited
power for some analyses. The inclusion of all stroke
etiologies might limit comparability to the results of
previous studies, which focused on cerebral small
vessel disease. However, the broader scope of our
study can also be regarded as a strength in terms of
generalizability. Tissue shrinkage or focal atrophy
occurring between baseline and follow-up might have
biased the results on tissue fate, especially for the
extent of cavitation. While we found no indication of
shrinkage in surrounding structures, subtle atrophy
might still have led to an underestimation of the
extent of cavitation. As a main strength, we used a
voxel-based approach for determination of tissue
fate. This was enabled by the standardized imaging
protocol with isotropic diffusion imaging and iso-
tropic high-resolution 3D imaging for both T1 and
FLAIR. Also, rater bias was excluded by automated
tissue segmentation. Finally, application of the free
water imaging allowed better characterization of the
diffusion signal and predicting tissue fate.
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