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Perfusion-diffusion Mismatch Predicts Early Neurological Deterioration in
Anterior Circulation Infarction without Thrombolysis
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Abstract: Perfusion-diffusion mismatch in magnetic resonance imaging (MRI) represents the non-core hypoperfused area
in acute ischemic stroke. The mismatch has been used to predict clinical response after thrombolysis in acute ischemic
stroke, but its role for predicting early neurological deterioration (END) in acute ischemic stroke without thrombolysis has
not been clarified yet. In this study, we prospectively recruited 54 patients with acute non-lacunar ischemic stroke in ante-
rior circulation without thrombolysis. All patients received the first perfusion MRI within 24 hours from stroke onset.
Target mismatch profile was defined as a perfusion-diffusion mismatch ratio > 1.2. END was defined as an increase of > 4
points in the National Institute of Health Stroke Scale (NIHSS) score within 72 hours. There were 13 (24.1%) patients de-
veloping END, which was associated with larger infarct growth (p = 0.002), worse modified Rankin Scale (p = 0.001) and
higher mortality rate at 3 months (p = 0.025). Target mismatch profiles measured by Ty,.x >4, 5 and 6 seconds were inde-
pendent predictors for END after correcting initial NIHSS score. Among the 3 Ty, thresholds, target mismatch measured
by Tmax = 6 seconds had the highest odd’s ratio in predicting END (p < 0.01, odd’s ratio = 17), with an 80% sensitivity
and a 79.5% specificity. In conclusion, perfusion-diffusion mismatch could identify the patients at high risk of early clini-
cal worsening in acute ischemic stroke without thrombolysis.
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INTRODUCTION

Up to one-third of all ischemic stroke patients may suffer
from early neurological deterioration (END), which often
leads to greater mortality and functional disability [1]. Sev-
eral reversible or irreversible mechanisms are proposed to
cause END, such as recurrent stroke, seizure, brain edema,
hemorrhagic transformation and infectious or metabolic
complications [2]. A substantial proportion of END is re-
ferred to as “progressive stroke” when infarct area expands
in the same vascular territory [2]. Although specific man-
agements can be applied for some causes of END, there is no
effective treatment for “progressive stroke” because infarct
growth is often irreversible [2, 3]. Therefore, developing a
guide to predict which patients are at risk for END and
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applying preventive strategies are important issues in clinical
practice.

Perfusion abnormalities are likely to play a crucial role in
the mechanisms of “progressive stroke” [4]. Ischemic stroke
is a dynamic process involving varying degrees of early
ischemic injury due to the local cerebral blood flow impair-
ment [5]. Ischemic region with very low cerebral blood flow
(<2~10 mL/100 g/min) rapidly become irreversibly damaged
and is referred to as the infarct core [5]. In the surrounding
region with less severely impaired cerebral blood flow, the
brain tissue that is functionally impaired but can be salvaged
if the blood flow is restored is defined as the penumbra, and
the brain tissue that is ischemic but still functional is defined
as the oligemia [4-6]. The combination of penumbra and
oligemia is referred to as “non-core hypoperfused area” [6].
Theoretically, salvage of the penumbra may contribute to
clinical improvement [5, 7], and progression of the oligemic
tissue to a non-functional state and ultimately to infarction
may contribute to clinical deterioration [4, 5]. Based on this
theory, the ischemic stroke patients who have larger non-
core hypoperfused area are more likely to benefit from reper-

© 2015 Bentham Science Publishers



278 Current Neurovascular Research, 2015, Vol. 12, No. 3

fusion, while they are also prone to deterioration if reperfu-
sion does not happen.

In magnetic resonance imaging (MRI), diffusion
weighted imaging (DWI) can detect the infarct core and per-
fusion-weighted imaging (PWI) can detect the hypo-perfused
area in the hyper-acute stage of ischemic stroke [8]. The
mismatch between PWI and DWI represents the non-core
hypoperfused area containing both the penumbra and the
oligemia [8]. The DEFUSE and DEFUSE-2 studies had
found the ischemic stroke patients with PWI-DWI mismatch
had more favorable clinical response after reperfusion by
intravenous thrombolysis or endovascular treatment [9, 10].
By the theory mentioned above, the mismatch may also have
the capacity to predict the ischemic stroke patients who are
at higher risk for END in the absence of reperfusion. Some
studies had found that PWI-DWI mismatch was associated
with infarct growth [11, 12], but few studies had explored
the linkage between mismatch and END. Sener et al. had
found that larger mismatch volume was associated with un-
explained END occurring after thrombolysis therapy [13],
but the association between the mismatch and the END in
natural course has not been examined yet.

In this prospective, observational study, we aim to inves-
tigate whether perfusion-diffusion mismatch can predict
END occurred within 72 hours after acute ischemic stroke
without thrombolysis.

METHOD

Study Population and Clinical Assessment

This prospective study was conducted from December
2010 to November 2013. Patients were recruited if they were
18 years or older, had a clinical diagnosis of ischemic stroke,
and could receive MRI examination within 24 hours after the
stroke onset. Stroke onset was defined as the last time the
patient was known to be without any neurological deficit.
Exclusion criteria of the study were as follows: (1) patients
with contraindications to MRI study or gadolinium injection;
(2) DWI demonstrated no acute ischemic stroke; (3) acute
lacunar ischemic stroke, which was defined as a single DWI
lesion less than 20mm in diameter in the territories of pene-
trating arteries; (4) acute ischemic stroke in the brainstem or
cerebellum; (5) patients who received intravenous or intra-
arterial thrombolysis for the index stroke; (6) premorbid
modified Rankin Scale (mRS) score of 1 or higher.

Neurological deficits were evaluated with the National
Institute of Health Stroke Scale (NIHSS) on admission and
after 24, 48 and 72 hours by the same neurologist or study
nurse (YC Kuo), who was blinded to the patients’ MRI data.
Age, sex, cigarette smoking, and medical history of hyper-
tension, diabetes mellitus, hypercholesterolemia, atrial fibril-
lation, prior coronary artery disease and prior cerebrovascu-
lar disease were recorded. Blood sugar and systolic and dia-
stolic blood pressure values were determined when arriving
hospital. Good supportive care and attention to temperature,
oxygenation, hydration, blood pressure and sugar control,
positioning, and bowel and bladder care were done for all
patients according to the guidelines [14].

Clinical outcome as mRS and mortality at 3 months was
evaluated by a study nurse (YC Kuo), who was blinded to
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the patients” MRI data. Good outcome was defined as a mRS
score of 2 or less, and favorable outcome was defined as a
mRS score of 0 or 1.

The study was performed under a protocol approved by
the Institutional Review Board of Chang Gung Memorial
Hospital, and all examinations were performed after obtain-
ing written informed consent from the patients or appropriate
family members.

Definition of END

END was defined as an increase in the NIHSS score of 4
points or more during the first 72 hours after stroke onset [1].
Any patient who developed END had an urgent CT and/or
MRI scan and a detailed laboratory survey. END was ex-
cluded if it was associated with hemorrhagic transformation,
new ischemic strokes in different vascular territories, seizure
or medical complications, such as pneumonia or anemia.

MRI Protocol and Postprocessing

All data were collected using a 3 Tesla Siemens Verio
MRI system (Siemens Medical System, Erlangen, Germany)
using a 16 channel head coil. The protocol for first MRI scan
included axial T1- and T2-weighted images, axial DWI, MR
angiography, and dynamic susceptibility contrast perfusion
imaging; the protocol for follow-up MRI scan included axial
T1- and T2-weighted images, axial DWI, MR angiography
and fluid-attenuated inversion recovery (FLAIR) imaging. The
imaging above were acquired as described previously [15].

Perfusion Mismatch Analyzer (Ver.3.4.0.6, ASIST, Ja-
pan; http://asist.umin.jp/index-e.htm) was used to generate a
Thax (time to maximum of the residue function) map and
calculate the PWI volume for each patient using standard
singular value decomposition. Automatic arterial input func-
tion was used automatically but was added or deleted if its
quality was not satisfactory. The volume of perfusion defect
measured by Ty > 4, 5 and 6 seconds was estimated. The
volume of infarct core was measured by apparent diffusion
coefficient imaging in the first MRI, and the final infarct size
was measured by FLAIR imaging in the follow-up MRI. All
the imaging data were evaluated by an experienced stroke
neurologist (Y.C.H.) and a neuroradiologist (Y.H.T.), both
blinded to the clinical information.

Definition of PWI-DWI Mismatch and Infarct Growth

PWI-DWI mismatch profiles were determined according
to the following definitions from DEFUSE trial (10). The
“Target Mismatch profile” was defined as a perfusion-
diffusion mismatch ratio (PWI lesion volume / DWI lesion
volume) > 1.2 with the DWI lesion less than 100ml. The
“Malignant profile” was defined as a DWI lesion larger than
100ml. The “No Mismatch” profile was defined as a perfu-
sion-diffusion mismatch ratio < 1.2 with a DWI lesion less
than 100 ml. The infarct growth was defined as final infarct
size minus baseline infarct core volume. MRI data of the
representative patients of each mismatch profile are shown in

Fig. (1).

Statistical Analysis

Statistical analyses were performed using the Statistical
Program for Social Sciences (SPSS) statistical software (ver-
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DWI Tmax Delay FLAIR

Fig. (1). Perfusion-diffusion mismatch profiles of the representative
patients.

(A) The DWI at 3.2 hours after stroke onset showed an acute large
infarct in the right internal carotid artery territory (148.0ml, arrow),
indicating a malignant profile. The follow-up FLAIR imaging
showed progressed infarct and brain swelling. (B) The DWI at 8.6
hours after stroke onset showed an infarct in the right middle cere-
bral artery (MCA) territory (18.7ml, arrow) with larger perfusion
defect (Tyax > 6 seconds: 97.9 ml; arrowhead), indicating a target
mismatch profile. The follow-up FLAIR imaging showed infarct
growth (58.2 ml). (C) The DWI at 5.4 hours after stroke onset
showed an infarct in the left MCA territory (73.2ml, arrow) with
similar perfusion defect in the Ty, map (T > 6 seconds: 67.1ml;
arrowhead), indicating a no mismatch profile. There was no infarc-
tion growth in the follow-up FLAIR imaging (70.3 ml).

sion 18, Chicago, IL, USA). The differences between the
two groups were analyzed with the Mann-Whitney U test or
Student t-test after testing for normality. Categorical data
were analyzed by Fisher’s exact test or Pearson’s Chi Square
test, as appropriate. Univariate logistic regression was used to
evaluate the association between mismatch profiles and END.
A multivariate logistic regression model was constructed ad-
justing for baseline variables when a p-value <0.1 was found
in the univariate analysis. A receiver operating characteristic
(ROC) curves were used to calculate the sensitivity and speci-
ficity for prediction of END by the different Ty, thresholds,
while the Youden index, defined as the maximum of sensitiv-
ity + specificity -1, was used to assess the most optimal Ty,
/DWI ratio. All p values were two-tailed and a p value < 0.05
was considered statistically significant.

RESULTS

During the study period, a total of one hundred and sixty-
three patients with suspected stroke within 24 hours from
symptom onset were enrolled. Twenty-five of them could
not finish the MRI scan and 9 patients finished MRI scan
beyond 24 hours after stroke onset. In the remaining 129
patients, 75 patients were excluded: 17 because of no acute
ischemic stroke or transient ischemic attack, 16 because of
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acute infarction in the brainstem or cerebellum, and 42 be-
cause of lacunar infarctions. Finally, 54 patients fulfilled all
criteria to enter this study.

Table 1. Baseline characteristics, imaging findings and out-
comes between the patients with and without END.

END No END P
Number 13 41
Age (year) 72.1£11.9 71.2+14.6 0.835
Sex (F/M) 4/9 22/19 0.207
Atrial fibrillation 2 (15.4%) 12 (29.3%) 0.475
Diabetes mellitus 4 (30.8%) 10 (24.4%) 0.725
Hypertension 8 (61.5%) 27 (65.9%) 0.776
Hyperlipidemia 2 (15.4%) 12 (29.3%) 0.475
Coronary artery disease 1 (7.7%) 2 (4.9%) 1.000
Old stroke 3(23.1%) 13 (31.7%) 0.732
Smoking 4 (30.8%) 8(19.5%) 0.453
Systolic blood pressure 181.5440.6 | 172.5+41.0 |  0.506
(mmHg)
Diastolic blood pressure
(mmHg) 93.9+24.4 98.0+19.5 0.551
Sugar (mg/dL) 127.6+43 .4 147.7£77.0 0.472
Onset-MRI duration (hour) 11.0£5.0 12.0£6.6 0.642
Core infarct volume (ml) 75.7£133.4 16.9+£32.4 0.103

Partial or complete vessel

11(84.6%) | 27(65.9%) | 0.301

occlusiont
Tonax >4s volume (ml) 125.8+124.7 | 36.4+66.8 0.020*
Tomax =55 volume (ml) 114.4+1242 | 26.7£53.4 0.007*
Tmax =6s volume (ml) 99.3+123.4 21.6+48.3 0.004*
Final infarct volume (ml) 120.7+144.6 26.5£58.5 0.001*
Infarct growth (ml) 39.8+41.3 11.8+£32.7 0.002*
NIHSS baseline 11 (6-19.5) 6 (3-15) 0.050
NIHSS on 3" day 15 (11-27) 4 (2-14) <0.001*
mRS at 3-months 5(3.5-6) 2 (1-4) <0.001*
Favorable outcome at
3-months 0 (0%) 17 (41.5%) 0.005*
Good outcome at 3-months 1 (7.7%) 22 (53.7%) 0.004*
Mortality at 3-months 4 (30.8%) 2 (4.9%) 0.025*

All data was expressed as mean + standard deviation, number (percentage) or median
(interquartile range). TComplete occlusion or >50% stenosis of middle cerebral artery
or internal carotid artery on magnetic resonance angiography attributing to acute infarct
on its territory. *p <0.05

Abbreviations: END: early neurological deterioration; MRI: magnetic resonance imag-
ing; NIHSS: National Institute of Health Stroke Scale; mRS: modified Rankin Scale.

The baseline characteristics, imaging findings and out-
comes between the patients with and without END are
shown in Table 1. The mean time from stroke onset to base-
line MRI was 11.7 £ 6.2 hours and END occurred in 13
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Table 2. Target mismatch profile in different Ty, thresholds
to predict END by univariate and multivariate analy-
sis.

Predict END
Target Mismatch P Odds Ratio 95% Confidence
Profile Interval
Tinax >4s 0.02% 7.1 1.3-38.4
Tinax =58 0.01%* 9.0 1.7~48.9
Tnax =68 <0.01* 15.5 2.7~87.7
Tmax >4s (adjusted)t 0.03* 7.1 1.3~39.3
Tmax >5s (adjusted)t 0.01%* 8.8 1.6~48.2
Tmax >6s (adjusted)t <0.01* 17.0 2.8~105.0

tAdjusted for initial NIHSS score.

*p <0.05.

Abbreviations: END: early neurological deterioration; NIHSS: National Institute of
Health Stroke Scale.

(24.1%) patients. Patients with END had larger PWI vol-
umes for Tp.x > 4, 5 and 6 seconds compared with those
without END. The presence of END was significantly asso-
ciated with larger final infarct volume (p = 0.001), larger
infarct growth (p = 0.002), higher NIHSS score at day 3 (p <
0.001), worse mRS at 3 months (p <0.001), less possibility
of favorable and good outcome at 3 months (p = 0.005 and p
=0.004, respectively) and higher mortality rate (p = 0.025).

The associations of target mismatch profile with END are
shown in Table 2. The target mismatch profile by Ty.x map >
4, 5 or 6 seconds was significantly associated with END by
univariate analysis and by multivariate analysis after adjust-
ment for initial NIHSS score (Table 2). Among the T
thresholds, the target mismatch profile measured by Ty > 6
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seconds had the highest odds ratio in predicting END (Table
2). An ROC curve found that the Ty, threshold of 4-6 sec-
onds all had acceptable AUC values for END prediction
(Table 3). For the Ty threshold of 6 seconds, the optimal
ratio of T lesion volume/infarct core volume was 1.2 in
predicting END, with an 80% sensitivity and a 79.5% speci-
ficity, whereas the optimal ratio for T.x > 5 seconds was 2.2
in predicting END (Table 3).

Among 46 patients with follow-up MRI, the infarct
growth volume was significantly larger in patients with tar-
get mismatch profile than those with no mismatch profile by
Tmax = 5 seconds (78.4 ml vs. 20.3 ml, p = 0.034) and T, >
6 seconds (60.8 ml vs. 15.0 ml, p = 0.017). Patients with
target mismatch profile by T,.x > 6 seconds were less likely
to have favorable outcome (6.2% vs. 48.5%, p = 0.009) at 3
months compared to those with no mismatch profile (Table
4). Furthermore, three patients (60%) with malignant profile
developed END, and none of them had good or favorable
outcomes at 3 months (Table 4).

DISCUSSION

This is the first study demonstrating that perfusion-
diffusion mismatch can reliably predict END in non-lacunar
anterior circulation infarct without thrombolysis. The perfu-
sion-diffusion mismatch ratio > 1.2 determined by a T
threshold of 6 seconds was optimal for the prediction of
END and was associated with worse long-term functional
outcome.

The definitions of END, no matter regarding the degree
or the timeframes, have been inconsistent in different studies
and are still a matter of debate [1]. Nonetheless, NIHSS was
the most commonly used scoring system for evaluating and
defining deterioration [1]. Siegler et al had found that END
defined by an increase in NIHSS > 2 points and NIHSS > 4

Table 3. Receiver operating characteristic curve to assess the sensitivity and specificity of target mismatch profile in different T,,,,

thresholds to predict END.

Predict END
AUC Standard Error Optimal Mismatch Ratio (PWI Volume /DWI Volume) Sensitivity Specificity
Tinax =>4s 0.728 0.106 >3.1 0.800 0.821
Tinax =58 0.772 0.101 >22 0.800 0.846
Tnax =68 0.769 0.100 >12 0.800 0.795

Abbreviations: AUC: area under curve; END: early neurological deterioration; PWI: perfusion weighted imaging; DWI: diffusion weighted imaging.

Table 4. Clinical outcomes in patients with different mismatch profiles.

Patient END (%) Favorabll\je[ (glltlltlcsome at3 Good (;;)tlc:l:ne at3
Target mismatch profile (Tm.x >6s) 16 8 (50.0%)* 1 (6.2%)* 4 (25.0%)*
Malignant profile 5 3 (60%) 0 0
No mismatch profile 33 2 (6.1%) 16 (48.5%) 19 (57.6%)

Abbreviations: END: early neurological deterioration.
* P <0.05 when comparing to No mismatch group.
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points were both related to poorer functional outcome at dis-
charge [1]. We selected an increase in NIHSS > 4 points to
define END because our study focused on “non-lacunar”
infarct, in which the baseline NIHSS was higher (mean
NIHSS was 7 in our study) and small changes in NIHSS
might have limited clinical significance. Moreover, we de-
fined a timeframe of END as the neurological worsening
occurring within 72 hours after stroke onset because one
study had found that most neurological worsening occurring
beyond 72 hours was caused by systemic complications [16].

END after ischemic stroke has heterogeneous mecha-
nisms, including infection, medication, edema, seizure, re-
current stroke, progressive stroke or hemorrhagic transfor-
mation [2]. Siegler ef al. had found the most common etiol-
ogy of END was “progressive stroke”, which was defined as
the infarct growth in the same vascular territory of the origi-
nal stroke [2]. Progressive stroke is often irreversible and is
associated with poor functional outcome [2]. Therefore, ef-
fective preventive strategies for high-risk patients are impor-
tant in acute stroke management. Our study showed that per-
fusion-diffusion mismatch, an estimate of non-core hypoper-
fused area, was an independent predictor for END. There-
fore, managements to preserve the perfusion status in the
hypoperfused area may prevent the occurrence of END.
There had been some studies showed that giving low mo-
lecular weight heparin or dual antiplatelet therapy within 48
hours from the stroke onset might reduce the possibilities of
END [17-19]. A pilot randomized trial conducted by Hillis et
al. found that induced blood pressure elevation given within
7 days from the stroke onset could improve the functional
outcome and reduce the volume of hypoperfused tissue in
the patients with perfusion-diffusion mismatch [20]. Larger
randomized trials are needed to prove the effectiveness of
these preventive strategies, and our study provides a reliable
tool to select the candidates for the study entry.

DEFUSE and DEFUSE-2 studies proved the usefulness
of perfusion-diffusion mismatch to provide an estimate of
the ischemic penumbra [9, 10]. Because penumbra is not
expected to predict clinical deterioration (it is already func-
tionally impaired by its definition) [4], the result of our study
may suggest the presence of oligemic tissue in the area of
mismatch. Actually, the oligemia often intermix with the
penumbra. Given that the ischemic tolerance of the neurons
may be different, some neurons may be functionally im-
paired but others may not even under the same degree of
hemodynamic compromise [21]. Furthermore, the hemody-
namics changing following an ischemic stroke is a dynamic
process and a threshold of single MRI parameter to differen-
tiate the penumbra and the oligemia may oversimplify the
perfusion changes. Therefore, the mismatch is better re-
garded as a critically hypoperfused area containing different
proportions of the penumbra and the oligemia [5]. That ex-
plains why perfusion-diffusion mismatch could predict clini-
cal response in ischemic stroke patients receiving throm-
bolysis (salvage of the penumbra) [9, 10] but also could pre-
dict END in those not receiving thrombolysis (progression of
the oligemia) in our study.

Recently, an increasing number of studies have promoted
the use Ty to define the PWI lesion [22], and a T,y thresh-
old between 4 to 6 seconds were suggested to provide a reli-
able estimate for the penumbra [23, 24]. In our study, the
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target mismatch defined by T« > 4 to 6 seconds all inde-
pendently predict END, but T,,,x > 6 seconds had the highest
odd’s ratio for the prediction. Moreover, the mismatch ratio
chosen by previous perfusion studies ranged from 1.2 to 2.6
[9, 10, 25]. The present study found the optimal mismatch
ratio for END prediction by T,.x > 6 seconds was > 1.2 but
that for Ty, > 5 seconds was > 2.2. Because there is still no
consensus on the best PWI parameter, threshold or mismatch
ratio, we suggest the optimal definition for meaningful mis-
match should depend on the purpose to perform the perfu-
sion images.

Our study has certain limitations. First, the findings of
our study may not be extended to patients with lacunar in-
farctions or infarctions in brainstem or cerebellum. Mis-
match is difficult to be determined in these patients due to
small size of PWI and DWI lesions [26]. Second, the time
from stroke onset to MRI scan was up to 24 hours in our
study. The golden time to save the ischemic neurons and
prevent the END may gradually pass away. But a recent
study using PWI-DWI mismatch to evaluate the temporal
evolution of ischemic lesions in nonhuman primates found
the mismatch was visible at 6 hours and gradually dimin-
ished until 48 hours after the stroke onset [27]. Therefore,
substantial salvageable tissues may still exist in the time
window selected by our study. Last, to predict END with a
single MRI scan may oversimplify the underlying patho-
physiology since the hemodynamic change after stroke is a
dynamic process.

In conclusion, our study demonstrates the usefulness of
perfusion MRI in predicting END in acute non-lacunar ante-
rior circulation infarct without thrombolysis. Our study high-
lights the role of perfusion abnormalities in the pathogenesis
of END and provides a reference to select study candidates
for novel approaches to prevent END in high-risk patients.
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