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Abstract

Purpose Infarct lesion segmentation has been problematic
as there are a wide range of relative and absolute diffusion-
weighted imaging (DWI) and apparent diffusion coefficient
(ADC) thresholds that have been used for this purpose. We
examined differences of stroke lesion volume and evolution
evaluated by magnetic resonance imaging (MRI) during the
immediate post-treatment phase (<5 h) and at 24 h.
Methods 1In this study 33 acute ischemic stroke patients
were imaged with MRI <5 h and 24 h post-reperfusion treat-
ment. Lesion volumes were segmented on ADC maps and
average DWI using literature cited absolute ADC and rela-
tive DWI thresholds. The segmented lesion volumes within
both time points were compared and the absolute change in
lesion volume (infarct growth) between the two time points
was calculated and compared using Bland-Altman analysis.
Results Lesion volumes differed significantly when differ-
ent relative DWI or absolute ADC thresholds were used
(p < 0.05), which held true for baseline as well as follow-
up lesions. The median absolute changes in lesion volume
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from baseline to follow-up for ADC thresholds of 550 x
10°mm?¥s, 600 x 10°mm?¥s, 630 x 10°mm?/s and 650 x
10°*mm?s were 3.5ml, 4.2 ml, 4.5ml, and 6.5 ml, respec-
tively (p < 0.05). Likewise, the median absolute changes in
lesion volume from baseline to follow-up for DWI thresh-
olds, k = 0.85, 1.28, 1.64, 1.96, and 2.7 were 10.1 ml,
7.3ml, 5.7ml, 5.4ml and 4.2ml, respectively (p < 0.05).
Conclusion Absolute lesion volumes and changes in le-
sion volumes (infarct growth) measured after recanaliza-
tion treatment were dependent on absolute ADC and rela-
tive DWI thresholds, which may have clinical significance.
Standardization of techniques for measuring DWI lesion
volumes requires immediate attention.

Keywords Ischemic - Diffusion weighted magnetic
resonance imaging - Infarction - Reperfusion

Introduction

An improved understanding of infarct evolution following
reperfusion therapy may be an opportunity to therapeuti-
cally mitigate secondary injury processes associated with
blood flow restoration. Measurement of infarct volume by
magnetic resonance imaging (MRI) has been used as a sec-
ondary endpoint in many randomized control trials [1, 2];
however, segmentation of infarct volumes, both pre-reper-
fusion and postreperfusion therapy, has been problematic
as there is a wide range of relative and absolute diffusion-
weighted imaging (DWI) and apparent diffusion coefficient
(ADC) thresholds that have been used for this purpose
[3-16].

A major reason for the variations in DWI thresholds
used to segment the infarct core is related to the proposed
definitions of infarct core and the heterogeneity of study
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Table 1 Clinical details of all the patients (n = 33)

Total patients

Demographic characteristics:
Age (years)

Median 75
Interquartile range 57-82
Female sex, no. (%) 17 (51)
Clinical characteristics:

Admission NIHSS score

Median 15
Interquartile range 12-20
Time from onset to baseline MRI (h)

Median 4.9
Interquartile range 3.6-6.5
Time from onset to follow-up MRI (h)

Median 26.5
Interquartile range 24.5-32.5
Imaging characteristics:

Recanalization

Good reperfusion (TICI > 2a) 16
Poor reperfusion (TICI < 2a) 7

No recanalization (TICI = 0) 6

No recanalization status 4

NIHSS The National Institutes of Health Stroke Scale, TICI Throm-
bolysis in Cerebral Infarction scale

designs; therefore, standardization of MRI sequences and
threshold-based techniques applied for measuring stroke le-
sion volumes are overdue. Future clinical therapeutic trials
and observational acute stroke studies using MR DWI will
require standardization of MRI sequences and threshold-
based techniques applied for measuring stroke lesion vol-
umes and to permit comparison between studies.

In this work, we examined the stroke lesion volume and
its evolution evaluated by MR imaging during the imme-
diate post-treatment phase (<5h) and at 24 h. Specifically,
we determined whether different ADC and DWI thresholds
affect the measurement of lesion volume at two time points
after reperfusion: <5h and 24h. In addition, we quanti-
fied the differences in volumetric change between the two
imaging time points measured by the prespecified absolute
ADC and relative DWI intensity thresholds and quantified
the mean differences by estimating the bias and the lim-
its with which differences will lie with 95% confidence.
We hypothesize that the change in stroke lesion volumes
between two time points will not depend on the absolute
ADC and relative DWI thresholds applied, and therefore
provides a standardized metric for future stroke trials.
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Material and Methods
Patient Details

This was a prospective single-center study including a to-
tal of 33 acute ischemic stroke patients. Reperfusion treat-
ment, either tissue plasminogen activator (tPA), mechanical
thrombectomy or both, was administered before MR imag-
ing. Written informed consent was obtained from either
the patient or the surrogate. The Calgary Health Regional
Ethics Board (CHREB) institutional ethical committee ap-
proved the study.

Inclusion criteria were: (i) acute ischemic stroke last seen
normal within 12h as per the ESCAPE trial inclusion cri-
teria [17], (ii) occlusion detected by computed tomography
angiography (CTA) with hemispheric stroke involving the
middle cerebral artery, posterior cerebral artery, or anterior
cerebral artery territory, (iii) age =18 years and (iv) MR
imaging performed immediately following acute treatment
<5h (baseline), and at 24 h (follow-up) after treatment.

MRI Acquisition

All imaging was performed on a 3.0 T clinical MR scanner
(Discovery 750; General Electric Healthcare, Waukesha,
WI) using a 12-channel receive-only head neck and spine
(HNS) coil. Subjects were positioned supine with head first
position into the head coil. Diffusion-tensor imaging (DTI)
was performed using a spin echo — echo planar imaging
(SE-EPI) sequence (repetition time/echo time [TR/TE] =
9000/94.3 ms, field of view [FOV] = 250-350 mm, flip an-
gle = 90°, number of signals averaged [NSA] = 1, EPI
factor = 128, acquisition matrix = 144 x 144 and slice
thickness = 5 mm without gap) with diffusion sensitizing
gradients (b = 1000s/mm?) applied in 15 directions and
one non-diffusion-weighted (b = 0 s/mm?) volume.

Reperfusion Assessment

Reperfusion status was determined using the thrombolysis
in cerebral infarction (TICI) score based on Intra-arterial
Therapy (IAT) on digital subtraction angiography (DSA;
[18]). Where DSA was not available, the TICI was as-
sessed using the modified arterial occlusion lesion (mAOL)
approach from multi-phase CTA (mCTA) data [17].

Image Processing

The DTI data were motion-corrected by aligning all DW
volumes to the b = 0 s/mm? volume using the ANTONIA
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Table 2 Median (IQR) baseline and follow-up lesion volumes (ml), and the median absolute change in lesion volumes (ml) from baseline to

follow-up for specific ADC thresholds

ADC thresholds 550 x 10 mm?'s

600 x 10°mm?/s

630 x 10°°mm?¥'s 650 x 10°°mm?/s

Baseline absolute lesion volume 4.0 5.3 6.3" 10.1"

(ml) 0.2, 14.5) 0.6, 21.9) (0.9, 26.3) (1.1, 28.7)
Follow-up absolute lesion volume ~ 4.7° 7.6™ 9.7 16.9"
(ml) (13,25.1) (2.8, 34.6) (4.4, 41.0) (6.7, 53.3)
Median absolute change in lesion 35 4.2 4.5 6.5
volume (ml) 0.7, 17.5) (1.2,21.2) (1.6,25.4) (1.6, 35.4)

*and ™" denote absolute volumes were significantly different for all apparent diffusion coefficient (ADC) thresholds (550, 600, 630, and 650) x
107 mm?/s used for lesion segmentation between baseline and follow-up (P < 0.05; Wilcoxon test).

Table 3 Median (IQR) baseline and follow-up lesion volumes (ml), and the median absolute change in lesion volume (ml) from baseline to

follow-up for specific DWI thresholds

DWI thresholds k =0.85 (80%) k =1.28 (90%)

k=1.64 (95%) k=1.96 (97.5%) k=2.7(99.7%)

Baseline absolute lesion 18.9 13.17
volume (ml) (8.4,52.9) (5.1,41.6)
Follow-up absolute lesion ~ 32.6™ 25.35™
volume (ml) (11.0, 63.5) (7.0, 46.1)
Median absolute change 10.1 7.3

in lesion volume (ml) (2.4, 18.5) (1.6, 15.1)

77" 5.6" 1.8"

(2.1, 30.1) (1.1, 22.5) 0.2, 13.4)
17.7" 11.6" 6.7

(4.3, 39.6) (3.3, 34.7) (1.9, 28.0)
5.7 5.4 42

(2.4, 16.4) (1.8, 16.4) (1.4,17.3)

“and ™ denote absolute volumes were significantly different at all the diffusion weighted imaging (DWTI) intensity thresholds between baseline

and follow-up (P < 0.05; Wilcoxon test).

software [19]. The pre-processed data were subsequently
used to compute an average DWI and the ADC map us-
ing the Stejskal-Tanner equation [20]. Lesion volumes were
semi-automatically segmented at baseline and follow-up us-
ing commonly used ADC thresholds of 550 x 10-°mm?/s,
600 x 10°mm?/s, 630 x 10°mm?/s and 650 x 10°mm?s
using the ANTONIA software [7, 9-12, 20]. Lesion seg-
mentation using relative DWI intensity thresholds was per-
formed using MeVisLab software [21]. Therefore, the mean
(w) and standard deviation (o) of the DWI values in normal
contralateral brain tissue was obtained from the average
DWI datasets using manually defined regions of interest
(ROI) approximately mirroring the visible ischemic region.
Different relative thresholds (t) were calculated as t = (u +
k*o0), with k = 0.85, 1.28, 1.64, 1.96, and 2.7 [7, 13-16].
The DWI thresholds were used to segment the lesion us-
ing a volume growing approach. The absolute change in
lesion volume (infarct growth) between baseline and fol-
low-up was calculated for each ADC and DWI threshold
by subtracting the baseline volume from the corresponding
follow-up volume. This method for measuring DWI volume
is highly correlated to other methodologies, such as voxel-
based analysis [22]. Any acquisitions containing hemor-
rhage were not included in the analysis (n = 4 for <5h, n =
5 for 24 h).

Statistical Analysis

Calculation of the distributions of all variables was per-
formed using descriptive statistics, e.g. means, medians,
standard deviations, frequency distributions, interquartile
range (IQR) and estimated proportions. Non-parametric
Wilcoxon test was used for comparisons between base-
line and follow-up absolute lesion volumes using different
ADC and DWI thresholds. Kruskal-Wallis H (K-indepen-
dent sample test) was performed for comparisons of the
absolute change in lesion volume (infarct growth) from the
corresponding ADC and DWI thresholds. We quantified the
differences in volumetric change acquired using the pre-
specified ADC and DWI thresholds by estimating the bias,
which is the mean difference of the volumetric change, and
the limits within which most differences will lie at 95%
confidence intervals. We estimated these limits from the
mean standard deviation of the differences. For example,
for the thresholds to agree in terms of these volumetric
measurements, we wanted them to be the same for high
and low threshold values used for lesion measurement.
This can be checked from the Bland-Altman Plot [23].
A p-value of <0.05 was considered significant. All statis-
tical analyses were performed using Statistical Package for
the Social Sciences (SPSS) software (version 19.0; IBM,
Armonk, NY).
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Fig.1 Following ischemia
reperfusion, the absolute stroke
injury volume is dependent

on Apparent diffusion coeffi-
cient (ADC) and relative Diffu-
sion weighted imaging (DWI)
thresholds. In this example,

a 45-year-old female (Throm-
bolysis in Cerebral Infarction
[TICI] 2b reperfusion) pre-
senting with a severe stroke at
baseline with National Institute
of Health Stroke Scale (NIHSS)
score of 20 demonstrated M1
occlusion on Computed To-
mography Angiogram (CTA).
Intravenous-tissue plasminogen
activator (tPA) was adminis-
tered at 3.35 h following stroke
symptoms and MR imaging was
performed at 4.08 h post-stroke.
Reperfusion was confirmed by
digital subtraction angiogram
(DSA) at this time point. a—e
The absolute lesion volume de-
termined by applying (i); f—j
absolute ADC lesion volume at
baseline and at follow-up for
ADC thresholds of 550 x 1070
mm?/s to 650 x 107° mm?s and
(ii) a—f; absolute DWI lesion
volume at baseline and g-i at
follow-up using thresholds of
K =0.85tok =2.7. The ADC
and relative DWI thresholds
demonstrates considerable vari-
ation depending on the threshold
used
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Results

Subject demographics are summarized in Table 1 and one
patient was excluded due to Digital Imaging and Communi-
cations in Medicine (DICOM) image corruption. The me-
dian absolute lesion volumes for baseline and follow-up
were significantly different for each ADC threshold 550 x
10°mm?¥s, 600 x 10°mm?¥s, 630 x 10°mm?/s and 650 x
10°*mm?s (p < 0.05; Table 2). Similarly, the median ab-
solute lesion volumes for baseline and follow-up were sig-
nificantly different for each DWI threshold k = 0.85, 1.28,
1.64, 1.96, and 2.7 (p < 0.05; Table 3). Fig. 1 shows the rep-
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resentative examples for both diffusion sequences. For both
ADC and DWI sequences, there was a significant difference
in lesion volume between each time point (p < 0.05). Fig. 2
shows the Bland-Altman plots for the absolute change in
lesion volumes between baseline and follow-up for the ab-
solute ADC and relative DWI thresholds. Although the bias
of agreement was similar when the absolute ADC and rela-
tive DWI thresholds were similar, both the bias and limits of
agreement increased as the difference of the compared ADC
and DWI threshold increases. For example, when compar-
ing lesion growth as determined using the ADC threshold
of 550 x 10°mm?/s with 600 x 10°mm?s, the mean dif-
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Fig. 2 Shows the Bland-Altman plots comparing (i) apparent diffusion coefficient (ADC) thresholds: a absolute change in lesion volume (ml)
for 550 and 600 x 10~® mm?/s, b absolute change in lesion volume for 550 and 650 x 10-° mm?/s. (ii) Relative diffusion weighted imaging (DWI)
thresholds: ¢ absolute change in lesion volume (ml) for k = 0.85 and k = 1.28, d absolute change in lesion volume for k = 0.85 and k = 2.7. In all
plots, the Y-axis depicts the difference between the thresholds while the X-axis shows the mean of both threshold values. The bias of agreement
is represented by the gap between the X-axis (bold black line) and the corresponding zero line (dashed line). The shaded area represents the

confidence intervals around the mean difference. The red line represents the + 95% (2 SD) limits of agreement

ference between the measurements is 2.5 ml but the limits
of agreement, i.e. 95% CI around the mean difference, can
be as high as 12.4 ml. When the difference in thresholds
applied increases, for instance, when comparing absolute
volume change at thresholds 550 x 10°mm?/s and 650
x 10°mm?/s the mean difference (the bias agreement) is
7.2ml and the 95% CI around that mean difference is as
high as 29.5 ml. Similar results were obtained for DWI ab-
solute volume change (Fig. 2ii)

Discussion

In this study, the absolute lesion volumes differed when
different ADC absolute and DW intensity thresholds were
applied at both 5-h and 24-h time points. For instance, the
median absolute lesion volume at 24h for ADC 550 x

10°mm?¥s versus 650 x 10°mm?s was 16.9ml versus
4.8 ml, almost a 4-fold difference. Without standardization
of the measurement of MR diffusion lesion volumes us-
ing absolute ADC thresholds and DWI intensity thresholds,
the infarct volumes significantly vary, which will have con-
sequences for interpretation of stroke volume data, com-
parison of such data between studies, and affect sample
size calculations for future clinical trials. Also, contrary to
our hypothesis, the absolute lesion volume changes (lesion
growth over 24 h after acute revascularization treatment) for
both ADC and DWI sequences tended to be threshold de-
pendent, which may have clinical significance. The limits
of agreement shown in the Bland-Altman analysis increase
as the difference between comparative thresholds increase,
and the mean bias of agreement also changes when the
threshold comparisons are more disparate. The large differ-
ence in volume change between specific thresholds at the
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95% CI (limits of agreement) support the conclusion from
these data that any two threshold methods are not compa-
rable and that one threshold method cannot reliably replace
another threshold method. These observations have signifi-
cant importance in terms of measuring stroke lesion growth
reliably and reproducibly as a suitable outcome measure in
MR imaging stroke clinical trials by applying standardized
post-imaging analysis methods.

Also of relevance are the limitations of automated thresh-
olding techniques for volumetric analysis of the ischemic
lesion. We observed several cases where the ADC and DWI
thresholds either failed to segment the lesion completely or
underestimated the lesion size compared to visual assess-
ment by experts. Generally, following cerebral ischemia
there is restricted diffusivity of water in the extracellular
space related to cytotoxic edema, and the diffusivity of wa-
ter is a time-dependent phenomenon [24]; there is an initial
drop in ADC and concomitant increase in DWI [25]. The
decline in ADC starts to normalize after 7-10 days, after
which the ADC starts to increase supporting the presence
of vasogenic edema [25]; however, in some cases, we ob-
served an increase in ADC and a decrease in DWI signal
intensity, contradicting the conventional DWI signature of
ischemia. This is reflective of the acute increase in water in
the extracellular space indicating severe vasogenic edema
in the acute phase of ischemia reperfusion [26, 27].

In this study we demonstrated that absolute lesion vol-
umes measured and change in lesion volumes over 24 h
after recanalization treatment is dependent on the absolute
ADC and relative DWI thresholds used. Standardization of
stroke lesion segmentation, either by automated or man-
ual techniques, will be required based on these results. At-
tempts to salvage ischemic brain tissue with thrombectomy
do not always produce a significant clinical benefit in a sub-
stantial proportion of stroke patients that receive the ther-
apy. One consideration in the design of future therapeutic
stroke trials is the utilization of surrogates of disease pro-
gression, such as the temporal change of DWI volume. Mea-
suring an acute change in DWI volume calculated from se-
rially acquired MRI could significantly enrich clinical trial
design by reducing sample sizes required to show a biolog-
ical effect of a potential neuroprotective agent compared
with traditional clinical outcome measures or infarct vol-
ume measured on MRI at a single time point, e.g. 30-day
fluid-attenuated inversion recovery (FLAIR) MRI [28]. We
anticipate that our results will support the need for greater
standardization of image segmentation methods for measur-
ing acute stroke lesions. This will be imperative to our un-
derstanding of reperfusion related secondary lesion growth
that will need to be explored in future phase II clinical
therapeutic stroke trials, with the aim of improving stroke
outcome by attenuating secondary injury processes.
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