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Introduction

White matter hyperintensity (WMH) of presumed vascular origin
is frequently found in older adults on MR imaging (MRI). It is
thought that WMH is a marker of cerebral small vessel disease
(SVD) as a result of chronic ischemia leading to vascular endothe-
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SUMMARY

Introduction: Presence of white matter hyperintensity (WMH) on MRI is a marker of
cerebral small vessel disease and is associated with increased small vessel stroke and
increased risk of hemorrhagic transformation (HT) after thrombolysis. Aim: We sought to
determine whether white matter hypoperfusion (WMHP) on perfusion CT (CTP) was
related to WMH, and if WMHP predisposed to acute lacunar stroke subtype and HT after
thrombolysis. Methods: Acute ischemic stroke patients within 12 h of symptom onset at 2
centers were prospectively recruited between 2011 and 2013 for the International Stroke
Perfusion Imaging Registry. Participants routinely underwent baseline CT imaging, includ-
ing CTP, and follow-up imaging with MRI at 24 h. Results: Of 229 ischemic stroke patients,
108 were Caucasians and 121 Chinese. In the contralateral white matter, patients with
acute lacunar stroke had lower cerebral blood flow (CBF) and cerebral blood volume
(CBV), compared to those with other stroke subtypes (P = 0.041). There were 46 patients
with HT, and WMHP was associated with increased risk of HT (R2 =0.417, P = 0.002).
Compared to previously reported predictors of HT, WMHP performed better than infarct
core volume (R* = 0.341, P = 0.034), very low CBV volume (R? = 0.249, P = 0.026), and
severely delayed perfusion (Tmax>14 second R* = 0.372, P = 0.011). Patients with WMHP
also had larger acute infarcts and increased infarct growth compared to those without
WMHP (mean 28 mL vs. 13 mL P < 0.001). Conclusion: White matter hypoperfusion
remote to the acutely ischemic region on CTP is a marker of small vessel disease and was
associated with increased HT, larger acute infarct cores, and greater infarct growth.

lial damage [1]. WMH burden is independently associated with an
increased risk of stroke [2,3], stroke recurrence [4,5], and worse
outcome [6,7]. Increased WMH burden has also been shown to be
associated with an increased risk of lacunar stroke compared to
other pathogenic ischemic stroke subtypes, both in population-
based case control studies [8] and hospital-based stroke cohorts
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[9,10]. Moreover, studies have shown that moderate-to-severe
WMH indicates an increased risk of hemorrhagic transformation
(HT) after stroke thrombolysis [11,12], although this is still con-
troversial [13]. Currently, WMH can only be assessed in the acute
setting using MRIL; however, a practical surrogate marker on per-
fusion CT would provide clinically meaningful data to physicians
when treating acute stroke patients.

Reduced white matter perfusion in patients with WMH has
been previously demonstrated using xenon-CT [14,15], PET [16],
SPECT [17], and MRI [18,19]. CT pertusion (CTP)-derived hemo-
dynamic parameters were also found to be correlated with WMH
severity in a small study [20]. However, it is unknown whether
generalized white matter hypoperfusion (WMHP), presumably as
a marker of chronic small vessel disease, is similarly associated
with increased acute small vessel stroke, nor whether WMHP is
associated with HT after reperfusion therapy. If WMHP does
reflect chronic small vessel ischemia, it is also possible that poorer
blood flow in chronically ischemic white matter in patients with
acute occlusions might be associated with larger acute ischemic
cores, smaller penumbral volumes, and greater subsequent infarct
growth.

The hypotheses tested were that WMHP on CTP will be more
common in patients with WMH on MRI, and that WMHP remote
to the acutely ischemic region will be associated with increased
acute lacunar stroke, and increased risk of HT after reperfusion
therapy. We also hypothesized that those with large volumes of
WMHP with acute occlusions would have larger acute ischemic
cores, smaller penumbral volume, and greater subsequent infarct
growth than those without large WHMP volumes. We aimed to
test these hypotheses in a cohort of acute ischemic stroke patients
assessed for eligibility for reperfusion therapy using advanced CT
imaging at baseline and MRI at 24 h poststroke onset.

Materials and Methods
Population

All consecutive acute ischemic stroke patients undergoing acute
whole brain CTP within 12 h of symptom onset as routine at 2
centers (John Hunter Hospital, NSW, Australia and Huashan
Hospital, Shanghai, China) were prospectively
between 2011 and 2013 for the International Stroke Perfusion
Imaging Registry (INSPIRE). Ethics approval was acquired from
the two relevant ethics committees. Written informed consent
was obtained from all participants. All included patients under-
went baseline multimodal CT imaging with noncontrast CT, CT
perfusion, and follow-up imaging with MRI at 24 h poststroke
onset. Clinical stroke severity was assessed at the two imaging
time points using the National Institutes of Health Stroke Scale
(NIHSS). Eligible patients were treated with intravenous throm-
bolysis according to local guidelines. Detailed clinical history
was prospectively collected, and TOAST stroke subtyping [21]
was assigned to each case by stroke neurologists independently
at each of the respective study sites, blinded to quantification of
WMH and white matter perfusion. At 90 days after stroke
admission, modified Rankin scale (mRS) scores were recorded.
Patient exclusion criteria from this study included incomplete
follow-up data.

recruited
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Imaging

Whole brain CTP and CTA were acquired simultaneously in a sin-
gle acquisition. Subjects recruited at John Hunter Hospital were
scanned using a Toshiba Aquilion One 320-slice CT scanner
(Toshiba Medical Systems; Tokyo, Japan). A total of 19 acquisi-
tions occurred in 60 s. Forty milliliters of contrast agent (Ultravist
370; Bayer HealthCare; Berlin, Germany) was injected at 6 mL/
second, followed by 30 mL of saline. Participants recruited at Hua-
shan Hospital were scanned using a Brilliance iCT 256-slice CT
scanner (Philips Medical Systems, Cleveland, OH, USA). A total of
23 acquisitions occurred in 60 second. Forty milliliters of the same
contrast was injected at 5 mL/second, followed by 20 mL saline.
Images were formatted as 5 mm slices.

All patients underwent MRI at 24 h after symptom onset, using
1.5 T or 3 T scanners (Siemens Avanto or Verio). MRI sequences
included T1-weighted imaging, T2-weighted imaging, diffusion-
weighted imaging (DWI), a gradient echo sequence, and flow-
attenuated inversion recovery (FLAIR).

Image Postprocessing

All perfusion imaging was centrally postprocessed on commer-
cial software MIStar (Apollo Medical Imaging Technology, Mel-
bourne, Vic., Australia). Acute perfusion imaging was processed
using single value deconvolution with delay and dispersion cor-
rection [22]. An arterial input function and venous outflow
function were semi-automatically selected from the nonstroke
hemisphere MCA/ACA and sagittal sinus, respectively. Previ-
ously validated thresholds were applied to measure the volume
of the acute perfusion lesion (relative delay time, DT >3 sec-
onds) and acute infarct core (relative CBF <30%) [23]. Penum-
bral volume was calculated from the volume of the perfusion
lesion (DT threshold >3 seconds) minus the volume of the
infarct core (relative CBF threshold <30% within the DT
>3 second lesion).

Assessment of white matter hypoperfusion was performed
retrospectively using acute CTP. White matter hypoperfusion
(WMHP) was defined in white matter, contralateral to the acute
ischemic hemisphere, where the white matter CBF is <50% of the
hemispheric CBF with an area affected of larger than 20 mL
[14,16,24]. Contralateral to acute ischemic stroke, hemisphere
regions were segmented into gray and white matter using a semi-
automated approach based on a Hounsfield unit change with
manual adjustment where required. Perfusion measurements of
cerebral blood flow (CBF), cerebral blood volume (CBV), mean
transit time (MTT), and delay time (Delay Time) were recorded in
these regions of interest (ROIs) on CTP from the contralateral to
ischemic hemisphere ROIs.

Lacunar infarction was defined using the 24-h MRI DWI as
infarction restricted to the deep white matter. For hemorrhagic
transformation (HT), two stroke neurologists independently
assessed the 24-h MRI and then reached consensus using the
European Cooperative Acute Stroke Study (ECASS) rating system
[25]. Other acute CTP variables known to predict HT were also
measured: acute infarct core volume >50 mL [26,27], ischemic
hemisphere very low cerebral blood volume <2 mL (very low
defined as <2.5% compared to contralateral hemisphere)[28], and
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volume of severe delay within the acute perfusion lesion (large
volume of Tmax 14 second) [29].

WMH was categorized on MRI FLAIR imaging 24 h after
ischemic stroke using semi-automated quantification from a
region of interest tool with manual adjustments by a reader blind
to the acute CTP.

Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics (ver-
sion 20; IBM Corp, Armonk, NY, USA). Kruskal-Wallis and Fish-
er’'s exact tests were used to explore differences in clinical and
neuroimaging characteristics. Univariate analyze was performed
to assess for an association between stroke subtype and WMH (as
a dichotomous variable—a volumetric threshold of >10 ml was
used to define the presence or absence of WMH). Other analyses
included infarct growth from acute to 24-h time points, volume of
the acute penumbra, reperfusion, and other clinical measures
such as the acute and 24-h NIHSS.

Next, we assessed the odds ratio of having any HT and specifi-
cally PH in patients with both WMH and WMHP using linear
regression. We then used logistic regression likelihood ratios to
determine the optimal perfusion thresholds at predicting any HT
and PH. This threshold was then compared to previously described
predictors (infarct core >50 mL, VLCBV and Tmax 14 second
lesion volumes).

Finally, to test the hypothesis that chronic WMHP might predis-
pose patients to more severe acute white matter hypoperfusion
resulting in larger acute cores and smaller penumbras, we com-
pared volumes of the acute CTP defined penumbra and ischemic
core to patients with and without large volumes of WMHP (in
unaffected hemisphere). Similarly, we compared infarct core
growth from acute CTP to 24-h DWI in patients with and without
large volumes of WMHP.

Results

During the study period, 229 patients with acute ischemic stroke
were included in the analysis, 121 Chinese and 108 Caucasians.
The mean age was 68 years (range 28-95 years), median base-
line NIHSS was 13 (IQR 7-19), and median WMH volume was
10 mL (IQR 1.51-19.83, Figure 1). There were 127 patients trea-
ted with intravenous thrombolysis. Fifty-nine patients (25.8%)
had cardioembolic stroke, 93 (40.6%) intracranial large artery
stroke, 63 (27.5%) small vessel stroke, and 15 (6.1%) were cryp-
togenic. Of the stroke subtypes, cardio embolic and small vessel
disease patients had the highest rate of WMH (72% and 81%,
respectively) compared to large vessel occlusions (63%) and
cryptogenic strokes (51%). There were no significant differences
between Chinese and Caucasian populations regarding age, gen-
der, risk factors, baseline NIHSS, stroke etiology, and outcome
(Table 1).

In univariate analysis, individuals with acute lacunar stroke had
larger WMH volumes (lacunar stroke 14.1 mL, IQR 9.7-28.5, car-
dioembolic 8.7 mL, IQR 4.2-32.0; large artery 7.5 mL, IQR 3.2—
28.1; other 7.9 mL, IQR 3.1-19.4, Table 1). In multivariate logistic
regression analysis, patients with WMH were more likely to have
lacunar stroke than cardioembolic (OR = 1.97), large artery
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(OR = 2.09), or other (OR = 2.87) stroke subtypes (P = 0.007).
Age was the only other significant predictor of WMH (OR 1.89,
P =0.003), and Chinese descent was not significantly associated
with the presence of WMH (OR 1.27, P = 0.193).

Patients with WMH on FLAIR had reduced CBF in the hemi-
sphere contralateral to the acutely ischemic region compared to
patients without WMH (12.9 vs. 17.1/100 g/min P < 0.001) and
CBV (2.9 vs. 3.4 mL/100 g P < 0.001). Patients with WMHP
were significantly more likely to have WMH (OR 7.61,
P < 0.001).

Patients with acute large artery occlusion with significant
WMHP had reduced penumbral volume (mean 12 mL vs. 39 mL
P < 0.001) and larger infarct cores compared to patients without
WMHP (mean 23 mL vs. 11 mL P < 0.001). Patients with WMHP
also had more infarct growth from acute to 24-h imaging (mean
growth 13 mL vs. 28 mL, P < 0.001).

There were 46 patients with any HT hemorrhage on follow-
up MR, 7 hemorrhagic infarction 1 (HI1), 11 hemorrhagic
infarction 2 (HI2), 13 parenchymal hemorrhage 1 (PH1), and 15
parenchymal hemorrhage 2 (PH2). Overall, 14 (77%) the HT
patients and 25 (89%) of the PH patients received IV thrombol-
ysis. Table 2 shows the clinical and imaging characteristics in
the stroke patients with and without HT. There was no signifi-
cant difference in the rate of HI or PH between Caucasians and
Chinese (17% vs. 24% P =0.191). HI and PH patients had
higher WMH volumes (18.3 mL vs. 7.4 mL P < 0.001) and con-
tralateral WMHP (8.4 mL vs. 21 mL, P < 0.001). WMHP lesion
volume was significantly associated with PH (r* = 0.417, 95% p
0.002).

Next, we compared WMHP volume to other predictors of HT
or PH, such as acute infarct core volume (r* = 0.341, P = 0.034,
Figure 2), very low ischemic hemisphere CBV volume
(* =0.249, P =0.026), severely delayed perfusion lesion vol-
ume (Tmax>14 second, * = 0.372, P =0.011). In a backwards
multivariate analysis including the significant univariate predic-
tors of PH, only contralateral WMHP volume (P < 0.001) and
ischemic  hemisphere
(P < 0.014) remained significant predictors (overall R* = 0.488
P < 0.001).

Tmax>14 second lesion  volume

Discussion

Our data support the hypothesis that white matter hypoperfusion
(WMHP) was associated with WMH on MRI and, like WHM, was
associated with acute lacunar infarction, and a higher risk of HT.
We also found, for the first time, that WMHP, remote to the
acutely ischemic region, was associated with larger acute infarct
core and smaller penumbral volumes, as well as greater infarct
growth. These results suggest that WMHP is a marker of chronic
small vessel disease, which may make patients more susceptible to
acute small vessel infarction, more vulnerable to accelerated
infarct expansion with acute occlusion, and to reperfusion compli-
cations such as HT. Finally, this has implications for clinical prac-
tice as it is possible to assess for chronic small vessel disease in the
hyperacute stroke situation using the much more practical CTP
modality rather than MRI.

WMH lesions on MRI are associated pathologically with small
vessel disease [30]. It is thought that chronic hypoperfusion of the
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tissue and disruption of the blood-brain barrier leads to chronic
leakage of plasma into the white matter [18,31]. Although the
relationship between WMH and WMHP is unclear, we suggest the
increased risk of hemorrhagic transformation seen in patients with
a large WMHP burden may also be due to a combination of more
intense acute endothelial damage additional to chronic small ves-
sel injury. It was particularly interesting that increased WMHP
volume, which appears to be a chronic marker of small vessel dis-
ease, was a stronger predictor of acute HT than a number of acute
imaging predictors of HT such as very low CBV [28,29] and acute
infarct core volume. In a similar manner to the mechanism of HT
in WMHP patients, our data also suggest patients with large areas
of WMHP may suffer more intense white matter ischemia, which
leads to large acute and subsequent infarcts.

Some study limitations should be acknowledged. Firstly, CTP
does not give truly quantitative measures of CBFE. Additionally,
although we assume the contralateral to acute stroke hemisphere
WMHP is chronic, we cannot exclude that there is some acute
change in contralateral white matter perfusion, although the fact

Figure 1 A 24-h MRI in a patient with extensive WMH (1) and a patient
with extensive WMH (yellow) and a relatively small anterior cerebral artery
stroke (red) that subsequently hemorrhaged (blue, 2).

Table 1 Baseline characteristics of controls and stroke subtypes

White Matter Hypoperfusion Predicts HT in Stroke

that contralateral WM perfusion values were lower in patients
with acute lacunar stroke (than those with larger artery occlu-
sions) is against this and suggests a chronic process [32]. More-
over, we use the term global to describe the extent of the white
matter hypoperfusion beyond the hemisphere of the ischemic
lesion. This was done to avoid white matter CBF calculation errors
in the affected hemisphere where the white matter tissue may be
hypoperfused which would bias our baseline value. Therefore,
assessing the contralateral hemisphere allowed a much more
accurate and specific assessment of the baseline perfusion status.
We have identified a large burden of cerebral white matter
hypoperfusion remote to the acutely ischemic region is a marker
of hemorrhagic transformation and infarct size in patients with
ischemic stroke. These data strongly suggest that WMHP is a mar-
ker of chronic small vessel disease. In addition to this pathophysio-
logic observation, our results have significant clinical implications
as the volume of WMHP on acute CTP could be quantified on

Table 2 Clinical and neuroimaging characteristics between patients
with and without haemorrhagic transformation

Haemorrhage Non Haemorrhage
Patients 46 183
Age 68 68
Median NIHSS 14 9
Median 90 day mRS 3 2
Reperfusion therapy 39 (84%) 90 (49%)
Hypertension 67% 52%
AF 32% 28%
Cholesterol 30% 26%
DM 17% 17%
Mean 24 h infarct 35 mL 29 mL
Mean WMH volume 21 mL 8.42 mL*
(IQR 12.24-31.19) (IQR 1.51-17.83)
Mean CBF 12.9 + 6.1 17.1 + 6.6
Mean CBV 1.8+ 09 28 + 0.5

Statistical comparison is performed using Fisher’s exact test for categorical
variables and Kruskal-Wallis test for continuous variables. *P < 0.001.

Cardio embolic Large Artery Other/Cryptogenic SVD WMHP patients

Patients 59 93 14 63 89

Age 71 70 63 60 69

Median NIHSS 10 16 " 9 12

Median 90 day mRS 2 3 2 1 2
Hypertension 61% 66% 62% 57% 68%

AF (past or acutely) 38% 41% 18% 3% 39%
Hypercholesterolemia 33% 30% 26% 30% 35%

DM 15% 19% 22% 26% 29%

WMH volume 8.72 mL 7.51 mL 7.91 mL 1411 mL 18.37 mL

(IQR 4.21-32.97) (IQR 3.19-28.13) (IQR 3.1-19.4) (IQR 9.71-28.51) (IQR 11.13- 25.61)

Statistical comparison is performed using Fisher’s exact test for categorical variables and Kruskal-Wallis test for continuous variables. White matter
hyperintensity (WMH) was defined as a MRI FLAIR lesion >5 mL. White matter hypoperfusion (WMHP) was defined as CBF <50% of median stroke base-
line values to define contralateral.
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Acute CTP 24-h MRI

Threshold map "BF PWI CBF

Figure 2 Five patients scanned with acute CTP showing the penumbra map (red is ischemic core, green is penumbra, and yellow is white matter
hypoperfusion) and CBF. Patients also underwent a 24-h MRI with perfusion (CBF map shown) a FLAIR and DWI scans. Patients with more extensive white
matter hypoperfusion (first column, yellow areas for patients 3-5) have HT.
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hyperacute CTP prior to reperfusion treatment. This would give

White Matter Hypoperfusion Predicts HT in Stroke

clinicians the ability to prospectively to assess the risk of hemor-
rhage before reperfusion therapy.
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