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Original Article

ASPECTS-based reperfusion status

on arterial spin labeling is associated
with clinical outcome in acute ischemic
stroke patients

Songlin Yu'-2% Samantha ) Ma** David S Liebeskind®,
Dandan Yu®, Ning Li®, Xin J Qiao’, Xingfeng Shao?,

Lirong Yan3, Bryan Yoo7, Fabien Scalzo4, Jason D Hinman',
Latisha K Sharma', Neal Rao', Reza jahans,

Satoshi Tateshimaz, Gary R Duckwilers, Jeffrey L Saver',
Noriko Salamon’ and Danny JJ Wang"3

Abstract

The purpose of this study was to develop and evaluate a scoring system for assessing reperfusion status based on arterial
spin labeled (ASL) perfusion MRI in acute ischemic stroke (AIS) patients receiving thrombolysis and/or endovascular
treatment. Pseudo-continuous ASL with background suppressed 3D GRASE was acquired along with DWI in 90 patients
within 24 h post-treatment. An automatic reperfusion scoring system (auto-RPS) was devised based on the Alberta
Stroke Program Early CT Score (ASPECTS) template, and compared with manual RPS and DWI-ASPECTS. TICI
(thrombolysis in cerebral infarction) scores were graded in 48 patients who received endovascular treatment.
Favorable outcomes were defined by a modified Rankin Scale score of 0-2 at three months. Auto-RPS was positively
correlated with DWI-ASPECTS (p =0.6, P <0.001) and was on average | point lower than DWI-ASPECTS (P < 0.001).
The area under the receiver operating characteristic curve for discriminating poor functional outcome (n =90) was 0.75
(95% Cl, 0.64-0.86) for manual RPS, 0.85 (95% ClI, 0.76—0.94) for auto-RPS, and 0.81 (95% Cl, 0.71-0.90) for DWVI-
ASPECTS. Multiple logistic regression analysis in the TICl-graded patients (n=48) showed that auto-RPS is highly
associated with functional outcome (OR=25.2, 95% Cl 4.02-496, P <0.01). Post treatment auto-RPS within 24 h
provides a useful tool to predict functional outcome in AlS patients.
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tPA'? in acute ischemic stroke (AIS) patients.
Recently, a series of randomized clinical trials (MR
CLEAN, ESCAPE, EXTEND-IA, SWIFT PRIME,
and REVASCAT) have consistently shown the efficacy
of adding endovascular therapy versus standard care in
treating patients with acute anterior circulation
ischemic stroke.>’ These encouraging developments
provide increased options for thrombolytic and revas-
cularization therapy to improve the rate of reperfusion
and ensuing clinical outcome of ischemic stroke
patients.

Previous studies have shown that recanalization, if
achieved early, can predict better clinical outcomes.® !
However, despite an excellent recanalization rate,
favorable clinical outcomes are not as satisfactory as
expected.'? The hemodynamic status following success-
ful recanalization is complex due to a variety of factors
including heterogeneity of hyper and hypo-perfusion,
no reflow phenomenon, and reperfusion injury;'? all
of which contribute to clinical outcome despite success-
ful recanalization.

It has been posited that reperfusion, rather than
recanalization, is the key factor determining the clinical
outcome of stroke patients."* Indeed, recent research
indicates that reperfusion outperforms recanalization
in  predicting  patient  clinical  outcome.'>!¢
Nevertheless, these studies have largely overlooked
the detrimental effect of reperfusion injury on patient
clinical outcome. In animal models, reperfusion-
induced injury may impair microcirculatory reflow
and negatively affect survival despite recanalization of
an occluded artery.'” Clinically, post-ischemic hyper-
perfusion is significantly related to hemorrhagic trans-
formation (HT)'™ which is a major risk and a
potentially life-threatening complication in patients
who receive clot-dissolving or retrieving therapies.'>*

Hyper- and hypo-perfusion can occur on post-
treatment perfusion maps and may display as a hetero-
geneous reperfusion pattern. Also, a small stroke lesion
in a critical location can be far more serious than a
large stroke encompassing a less critical area.”' Based
on these considerations, we devised an automatic reper-
fusion scoring system (auto-RPS) based on the Alberta
Stroke Program Early CT Score (ASPECTS) system to
individually predict patient clinical outcome post
thrombolysis/endovascular treatment. For comparison,
we also evaluated the predictive value of DWI (diffu-
sion weighted imaging)-ASPECTS on post treatment
MRI?? concurrent with ASL. We hypothesize that: (1)
post treatment auto-RPS and DWI-ASPECTS have
good predictive value of patients’ functional outcome;
(2) auto-RPS score adds additional predictive value,
compared to that of recanalization alone and the bene-
ficial effects of recanalization are attributable to benign
reperfusion.

Material and methods
Patient selection

The present study utilized data collected from July 2010
to June 2014 in an ongoing prospective registry of
patients evaluated with diffusion—perfusion MRI at
UCLA medical center. Patients with AIS were included
in this study if: (1) they were adults (aged >18 years);
(2) they had unilateral acute ischemic stroke with prox-
imal vascular occlusion in anterior circulation (e.g.,
internal carotid artery, middle cerebral artery Ml
and/or M2 segments) based on admission MR angiog-
raphy (MRA) results; (3) intravenous tPA or endovas-
cular therapy was performed; (4) ASL and DWI
imaging were acquired within 24h post-treatment,
and (5) absence of previous intracranial hemorrhage,
brain surgery, or large territorial lesion. The institu-
tional review board of the University of California
Los Angeles approved the study and waived require-
ment for informed consent. Analysis of patient data
was performed in accordance with the Declaration of
Helsinki.

MRI protocols and analysis

All patients underwent MRI on Siemens 1.5T Avanto
or 3.0 T TIM Trio systems (Erlangen, Germany), using
12 channel head coils. ASL was acquired along with
other MR sequences within 24 h after treatment as a
routine clinical protocol. A pseudo-continuous ASL
(pCASL) pulse sequence with background suppressed
3D GRASE (gradient and spin echo) readout was
applied with the following parameters: TR/TE/label
time/post-labeling  delay (PLD), 4000/22/1500/
2000 ms; field of view, 22cm; matrix size, 64 x 64,
26 x Smm slices; GRAPPA factor of 2, 4/8 partial k-
space, 30 pairs of label and control images with a scan
time of 4 min. In Dec 2011, a pCASL GRASE protocol
with four PLDs (1500, 2000, 2500, 3000 ms) was imple-
mented and the present analysis included CBF data
obtained with the PLD of 2000 ms. The imaging par-
ameters of the four-PLD ASL protocol were the same
as those of the single PLD protocol except that eight
pairs of label and control images were acquired for each
PLD resulting in a scan time of 4 min30s. Two global
inversion pulses were applied during the PLD for back-
ground suppression (BS).>**

Data analysis was performed with interactive data
language (IDL (Boulder, CO, USA)) software pro-
grams developed in-house. Motion correction was
performed on ASL images of each PLD, respectively.
Pairwise subtraction between label and control images
was performed followed by averaging to generate the
mean difference image. Quantitative CBF maps were
calculated based on a previously published model.*
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CBF maps were co-registered with DWI and normal-
ized into the Montreal Neurological Institute template
space using SPM8 (Wellcome Department of Cognitive
Neurology, UCL, UK).

A 1-3 Likert-type scale was used by two reviewers
respectively to evaluate the ASL image quality with
scoring as follows: (1) severe image artifact (e.g. head
motion), not interpretable; (2) fair diagnostic image
quality, some distortion and noise, acceptable delinea-
tion of major structures; and (3) good image quality, no
to minimal distortion with detailed delineation of all
structures. ASL images with an image quality score of
1 by both reviewers were discarded.

Development of automatic reperfusion
scoring (auto-RPS) system

According to our preliminary data, patients with extre-
mely low whole brain perfusion generally had bad out-
come because very low CBF can lead to complete
electrical failure of neurons based on animal litera-
ture.”>*® Due to the difficulty in differentiating low
CBF due to physiological or technical reasons
(e.g., poor labeling effect), we excluded patients with
extremely low whole brain perfusion (less than 16 ml/
100 g/min) in analyses. For the rest of the patients,
auto-RPS was automatically calculated based on the
ASPECTS template,”’ which is a 10-point scale
used clinically to assess early ischemic changes after
stroke and is now extended to DWI due to excellent

intermodality agreement.>”*® This ASPECTS template
(Figure 1) was developed based on the PickAtlas ana-
tomical template (http://fmri.wfubmc.edu/software/
pickatlas), and a published reference of anatomic
regions and vascular territories.””> The ASPECTS
regions studied included the insula, caudate, lentiform,
internal capsule, and six cortical distributions of the
MCA vascular territory.’ Regional perfusion param-
eters in the 10 ASPECTS brain regions and their
contralateral mirror regions were extracted automatic-
ally from the calculated CBF in each patient using
in-house  developed  Matlab  programs  (The
MathWorks, Inc., Natick, MA, USA). The relative
ratio of CBF in the lesion region to that in its unaf-
fected contralateral mirror region was calculated to
describe reperfusion in the lesion hemisphere relative
to the unaffected contralateral hemisphere. Because
either hyper- or hypo-perfusion is related to bad out-
come as seen in the result of our preliminary study,'®
points are deducted from 10 where hyper- or hypo-
perfusion of a scored region warrants a point
deduction.

The flow chart of the proposed scoring system is
shown in Figure 2. Based on our database of CBF
measurements, hypo- and hyper-perfusion was tenta-
tively defined as the 12.5 and 87.5th percentiles, 25
and 75th percentiles, 37.5 and 63.5th percentiles using
box plot construction analysis, respectively, in each
ASPECTS region to identify the optimal range that
provided the best performance for association with

A = anterior circulation
P = posterior circulation
C = caudate

L = lentiform nucleus

£ N
)

A

P

IC = internal capsule

I =insular ribbon

MCA = middle cerebral artery
M1-Mé6 = Territories of MCA cortex

Figure 1. ASPECTS template with 10 regions for scoring. Subcortical structures (C, L, and IC) account for three points. Middle
cerebral artery cortex accounts for seven points (I, M| to M6). A published reference of anatomic regions and vascular supply
territories was used in the three-dimensional region-drawing process.
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Figure 2. The flow chart of the proposed reperfusion scoring (auto-RPS) system. Post treatment ASL-CBF maps were registered to
the MNI Structural Atlas, and relative regional CBF ratio was calculated based on the devised ASPECTS template. Points are deducted
from 10 where hyper- or hypo-perfusion of a scored region warrants a point deduction. Auto-RPS is finally acquired by taking the sum

of all regions.

outcome. Furthermore, to test whether hyperperfusion
is associated with good or bad functional outcome,
points were deducted from 10 where only hypoperfu-
sion of a scored region warrants a point deduction. The
association of hypoperfusion- only auto-RPS with
functional outcome was compared with that including
both hypo- and hyperperfusion.

Manual RPS, DWI-ASPECTS, and TICI (thrombolysis
in cerebral infarction) scores

Two stroke fellows with ASPECTS training who were
blinded to clinical information except the affected hemi-
sphere calculated manual RPS on post treatment ASL
perfusion maps by manually detecting hyper- and
hypo-perfusion in each ASPECTS region. One week
later, they were required to calculate DWI-ASPECTS
based on post treatment DWI imaging where visible
lesion of a scored region warrants a point deduction
from 10. The average score from the two raters was
regarded as the final result for manual RPS and
DWI-ASPECTS.

For patients who underwent endovascular treat-
ment, the thrombolysis in cerebral infarction (TICI)
score®® was rated by two experienced neurologists to
evaluate the degree of recanalization on digital subtrac-
tion angiography (DSA). For the purposes of dividing
the cohort, TICI 2B/3 was considered adequate
recanalization.

Clinical variables and outcomes

Patients’ medical charts were reviewed for demograph-
ics, comorbidities (hypertension, diabetes and

hyperlipidemia), and neurological deficits using the
National Institutes of Health Stroke Scale (NITHSS)
score. Patient functional outcomes (modified Rankin
Scale (mRS) score) were routinely collected three
months after the occurrence of stroke and assessed by
phone interview at our institution.

Statistical analysis

Statistical analysis was performed using SPSS (IBM
SPSS Statistics, Armonk, NY) and R (R Core Team
(2012) Vienna, Austria). The linearly weighted kappa
test was used to evaluate the inter-rater agreement in
terms of ASL imaging quality. Inter-rater agreement
of manual RPS (for each ASPECTS region and total
scores) and DWI-ASPECTS was calculated using the
intraclass correlation coefficient (ICC). Interpretation
of ICC was as follows: poor, <0.40; fair-to-good,
0.40 to 0.75; excellent, >0.75. A Bland—Altman plot
was used to illustrate the magnitude of differences
between auto-RPS and DWI-ASPECTS. Paired-
Samples T test was used to investigate if there was
significant difference between auto-RPS and DWI-
ASPECTS. The correlation between different scoring
methods  (auto-RPS  vs. DWI-ASPECTS and
auto-RPS vs. TICI) was assessed by Spearman rank
test. To evaluate the predictive value of auto-RPS,
manual RPS, and DWI-ASPECTS, receiver operating
characteristic (ROC) curves was constructed. The
area under the ROC curve (AUC) was used as a
scalar measure to assess the performance of prognos-
tic risk scores. The AUC between groups was
compared by using the Delong et al.>' method imple-
mented in R.
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In patients who received endovascular treatments and
thus had TICI results, univariate analysis was performed
to evaluate the predictive value of the imaging and clinical
variables. Subsequently, multiple logistic regression
model fitting (forward, backward, and bi-directional step-
wise analysis) was applied to identify predictors for favor-
able clinical outcome from the variables that had a
univariate probability value <0.1. Good functional out-
come was defined as a 90-day mRS score of 0 to 2.
The stepwise analyses chose the best multivariate model
fit by selecting variables that minimized the Akaike
Information Criterion (AIC). A p value of less than
0.05 (2-sided) was considered to be statistically significant.

Results

A total of 99 patients (age=72.4+ 14.4 (mean + SD)
years; 43 males) were collected from July 2010 to
June 2014, excluding two patients whose ASL scans
were rated as non-diagnostic (see Supplement Table
1). Nine patients had extremely low whole brain perfu-
sion and were excluded from the study. In the remain-
ing 90 patients, the median NIHSS score was 16
(interquartile range, 9-20). All the patients had ASL
and concurrent DWI examinations within 24h post
thrombolysis or endovascular treatments. The median
(interquartile range) time from treatment to ASL/DWI
imaging was 6.4 (4.6-17.1) h. All 90 patients had mRS
score evaluation at three months, and 29 patients had
favorable outcome (mRS =0-2).

Auto-RPS is slightly more associated with patient
functional outcome when hyperperfusion is regarded
as detrimental rather than beneficial; however, the dif-
ference is not statistically significant. Among the three
threshold range groups, 25th and 75th percentile
defined hypo-perfusion and hyper-perfusion best and
provided the best performance for association with
outcome as observed by the area under curve (AUC)
calculations in Supplement Table 2.

The quartile cut-off value (relative CBF ratio)
ranged from 0.71 to 0.89 and 1.10 to 1.26, respectively,
to define hypoperfusion and hyperperfusion in the
ASPECTS regions (Supplement Figure 1). The absolute
mean lesion CBF ranged from 21.13+£11.40
(mean £ SD) to 29.23+11.71 ml/100 g/min and from
35161586 to 54.49+21.24ml/100g/min in the
hypoperfusion and hyperperfusion regions, respectively
(Supplement Figure 2).

Inter-reader and inter-modality agreement

The average score of image quality of included ASL
maps was 2.60+0.50. The x coefficient was 0.72
for ASL imaging quality between the two raters.
For manual RPS, the agreement between two raters

for each ASPECTS region ranged from poor to excel-
lent (see Supplement Table 3). Intra-reader ICCs for
manual RPS were 0.76 (95% CI: 0.60-0.85) and 0.94
(95% CI: 0.91-0.96) for DWI-ASPECTS, respectively.
Altogether, there were 36 patients scanned at 3.0 T and
54 patients scanned with 1.5 T. The average ASL image
quality was 2.64 +0.49 (mean &+ SD) and 2.57 +0.50 at
3 and 1.57T, respectively, without significant difference
(P =0.22). Auto-RPS was lower than DWI-ASPECT in
patients scanned at either 1.5 or 3.0 T. The average dif-
ference between auto-RPS and DWI-ASPECT was
—0.96 and —0.81 in patients scanned at 3.0 and 1.5T
respectively without significant difference (P =0.72).

Auto-RPS was positively correlated with manual RPS
(p=0.65, P<0.001, Spearman correlation coefficient)
and with post-treatment DWI-ASPECTS (p=0.6,
P <0.01, Spearman test) (Supplement Figure 3).
Auto-RPS (mean=+SD, 4.69+2.89) was significantly
lower than DWI-ASPECTS (5.43+2.10; P<0.001).
Figure 3(a) shows the Bland and Altman plot, and
Figure 3(b) shows the correlation plot. The mean differ-
ence between auto-RPS and DWI-ASPECTS was —0.74
(95% CI, —0.25 to —1.24) indicating that slightly more
abnormal perfusion regions were observed using auto-
RPS compared to the observation of regions of ischemic
injury using DWI. Figure 4 includes examples with
discordance of auto-RPS and DWI-ASPECTS which
showed tissues with abnormal perfusion but normal dif-
fusion were still at risk of dying (Figure 4(a) and (b)) and
tissues with normal perfusion but abnormal diffusion
may indicate good outcome or tiny lesion territory
(Figure 4(c) and (d)).

Association of manual RPS, auto-RPS
and DWI-ASPECTS (n = 90) with patient
functional outcome

The AUC for discriminating favorable functional out-
come (n=90) was 0.75 (95% CI, 0.64-0.86) for manual
RPS, 0.85 (95% CI, 0.76-0.94) for auto-RPS, and 0.81
(95% CI, 0.71-0.90) for DWI-ASPECTS (Figure 5).
There was no significant difference of AUCs between
manual RPS vs. auto-RPS (P=0.1), manual RPS vs.
DWI-ASPECTS (P=0.4), and auto-RPS vs. DWI-
ASPECTS (P =0.3) (DeLong method). The best cut-
off value for identifying favorable functional outcome
was auto-RPS > 6 with resultant sensitivity of 0.86, spe-
cificity of 0.77, positive predictive value of 0.64, nega-
tive predictive value of 0.92; and DWI-ASPECTS > 7
with resultant sensitivity of 0.66, specificity of 0.77,
positive predictive value of 0.58, negative predictive
value of 0.83. Table 1 shows the univariate logistic
regression analysis results for each independent vari-
able’s ability to discriminate good functional outcome
for the 90 patients.
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Figure 3. Bland—Altman plot (a) of post treatment auto-RPS and DWI-ASPECTS. The mean difference between the two modalities
was —0.7 indicating that slightly more abnormal perfusion regions is observed on auto-RPS relative to regions of ischemic injury
observed using DWI. The horizontal lines represent the mean difference in scores and £1.96 SD. The red dashed line represents
the regression line of differences. Correlation plot (b) showing positive correlation of Auto-RPS with DWI-ASPECTS, p =0.6,

p<0.0l.

Since DWI can exhibit the phenomenon of transient
reversal at early time points after therapy is adminis-
tered, we also evaluated the performance of DWI-
ASPECTS and auto-RPS for subjects with scans
acquired more than 12h after therapy. For these 13
subjects, both DWI-ASPECTS (P =0.26) and auto-
RPS (P =0.31) were not significant regressors for func-
tional outcome.

Association of auto-RPS, DWI-ASPECTS and TICI
(n = 48) with patient functional outcome

Recanalization status was known in 48 cases. Twenty-
three patients had successful recanalization (TICI=2b
or 3) of whom only 12 patients had good reperfusion
score (auto-RPS>6) and 8 patients had good func-
tional outcome. Auto-RPS > 6 and TICI > 2b did not
correlate well (p=0.27, P>0.05, Spearman test).
Figure 6 shows one case with adequate recanalization
that led to hyperperfusion and resulted in a low auto-
RPS score.

In univariate logistic regression analysis, auto-
RPS>6 (P<0.01), DWI-ASPECTS>7 (P <0.01),
TICI >2b (P=0.03), and baseline NIHSS (P =0.08)
were associated with favorable functional outcome at
three months for the 48 patients with known recanali-
zation status (Table 1). Age, gender, history of diabetes,
hypertension, atrial fibrillation, and hyperlipidemia
were not significantly associated with functional

outcome in the univariate analysis, and were not con-
sidered in the multiple logistic regression model fitting.

In stepwise multivariate logistic regression analysis,
auto-RPS > 6 and TICI >2b were found to form the
best logistic regression model fit (AUC=0.875).
However, only auto-RPS > 6 emerged as a significant
explanatory variable for discriminating functional out-
come (OR =252, 95% CI 4.02-496, P <0.01) in this
multivariate model. Since auto-RPS and DWI-
ASPECTS are so well-correlated, in principle they
could be interchangeable. However, when placed in
the full model together prior to the stepwise selection,
we observed that forward, backward, and bi-directional
stepwise regression all selected auto-RPS over DWI-
ASPECTS. We included age, history of diabetes, hyper-
tension, atrial fibrillation, and hyperlipidemia in an
additional multiple logistic regression model to adjust
for possible confounders, and we still found that only
auto-RPS emerged as a significant regressor, although
the AUC improved to 0.93.

Discussion

In this study, we devised an automatic reperfusion scor-
ing system (auto-RPS) based on the ASPECTS tem-
plate which can produce a quick evaluation of
reperfusion status in AIS patients post thrombolysis
or endovascular treatments and the results showed
that auto-RPS is highly associated with favorable
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Post-Tx (l< 24 hrs)

At discharge

ASPECTS=6
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- ’ 0
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Figure 4. Cases with discordance between post treatment
auto-RPS and DWI-ASPECTS. Lower auto-RPS due to reperfu-
sion injury (a) or ischemia (b) explained tissue damages on dis-
charge. Alternately, higher auto-RPS can lead to lesion reversal
on DWI (c) or indicates the lesion is not large enough to cause
abnormal region perfusion (d).

functional outcome. Auto-RPS is devised based on our
empirical observation that both extremely low and high
brain perfusion can be detrimental. In this study, when
hyperperfusion is regarded as detrimental, auto-RPS
has a slightly stronger association with patient func-
tional outcome compared to standard consideration
of hypoperfusion alone, though this difference is not
statistically significant. Further work is needed to val-
idate this classification of hyperperfusion in a larger
cohort.

Auto-RPS is on average 1 point lower than DWI-
ASPECTS. In this study, 58 patients had equal or lower
auto-RPS scores than DWI-ASPECTS. One reason is
that auto-RPS is more sensitive than DWI-ASPECTS
at detecting ischemic tissue changes, especially brain
tissues presenting with hypoperfusion that are still

ROC Curve

- - — Manual RPS
— Auto-RPS
0 DWHASPECTS

Auc
Manual RPS=0.75

Auto-RPS=0.85

Sensitivity

DWIASPECTS=0.81

080 02 04 06 03 70
1 - Specificity

Figure 5. Receiver operating characteristic (ROC) curves of
manual RPS, auto-RPS, and DWI-ASPECTS for discriminating
functional outcome. Auto-RPS performed the best in identifying
good functional outcome, although the differences in AUC were
not statistically different. Auto-RPS indicates automatic reperfu-
sion scoring system; DWI-ASPECTS indicates diffusion weighted
imaging-Alberta Stroke Program Early CT Score; AUC, area
under the curve.

viable (Figure 4(b)). Another reason is that auto-RPS
can also detect brain tissues with hyperperfusion which
can lead to reperfusion injury'*** but cannot be
detected on DWI (Figure 4(a)). Our study also indicates
that hyperperfusion is associated with bad functional
outcome. There were 32 patients with auto-RPS
scores higher than DWI-ASPECTS. Regions with
normal perfusion but with presence of lesions on
DWI might indicate future reversal of the lesion
(Figure 4(c)) or simply that the lesion is not large
enough to cause regional perfusion abnormality
(Figure 4(d)). Another unique finding in this study
was the comparison of auto-RPS and DWI-
ASPECTS as an outcome predictor. The area under
the receiver operating characteristic curve for predict-
ing outcomes with auto-RPS was higher than that of
DWI-ASPECTS, although the difference was not stat-
istically significant. Auto-RPS appears to be at least
equivalent to DWI-ASPECTS in predicting stroke
outcomes.

In addition, we observed that auto-RPS scores >6
and <6 tend to differentiate between favorable and
non-favorable functional outcome at three months.
This finding may suggest, as has been proposed previ-
0usly,33’34 that there is a threshold for ischemic or
reperfusion injury at which damage beyond a certain
extent is generally associated with poor recovery from
stroke. The auto-RPS may provide assistance for phys-
icians to predict functional outcome and plan treatment
strategies accordingly.
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Table 1. Univariate Logistic Regression results for discriminating good functional outcome (Modified Rankin Scale, 0-2) in total

cohort (N =90) and TICl-scored Subgroup (N =48).

mRS <2 mRS > 2
Variable, N =90 (N=29) (N=6l) P OR' cIf
Female Gender, n (%) 14 (48) 37 (61) 0.26
Hypertension, n (%) 17 (59) 34 (56) 0.79
Diabetes, n (%) 5(17) 16 (26) 0.35
Hyperlipidemia, n (%) 6 (21) 23 (38) 0.11
Time to MR exam (mean = std), hours 4+8 6+9 0.23
Age (mean =+ std), y 6711 73+ 15 0.07*
NIHSS (med, IQR) 9, 6-19 17, 11-21 0.02*
Auto-RPS > 6, n (%) 20 (69) 7(1) <0.01* 21 6.8-80.9
Manual-RPS > 6, n (%) 18 (62) 17 (28) <0.01* 6.27 24-17.6
DWI-ASPECTS > 7, n (%) 18 (62) 11 (18) <0.01* 235 1.6-3.8
mRS <2 mRS > 2
Variable, N = 48 (N=10) (N=38) P OR' clf
Age (mean £ std), y 64+ 11 71+ 14 0.23
Female Gender, n (%) 4 (40) 22 (56) 0.32
Hypertension, n (%) 6 (60) 22 (56) 0.90
Diabetes, n (%) I (10) 12 (31) 0.16
Hyperlipidemia, n (%) 2 (20) 15 (38) 0.26
Atrial Fibrillation, n (%) 4 (40) 11 (28) 0.62
NIHSS (med, IQR) 15.5, 8.25-19 18, 14-23 0.08*
TICI>2b, n (%) 8 (80) 16 (41) 0.03* 6.13 1.32-44.5
Auto-RPS > 6, n (%) 9 (90) 10 (26) <0.01* 25.2 4.02-496
DWI-ASPECTS > 7, n (%) 7 (70) 5(13) <0.01* 15.4 3.23-935

TOdds ratios and 95% confidence intervals reported only for binary significant variables. *Indicates significant independent variable for consideration in

multivariate logistic regression.

NIHSS: National Institutes of Health Stroke Scale; TICI: thrombolysis in cerebral infarction; RPS: reperfusion scores; DWVI: diffusion-weighted imaging;
ASPECTS: Alberta Stroke Program Early CT Score med, median; IQR: interquartile range; OR: odds ratio; Cl: 95% confidence limits.

Auto-RPS=3 CBF

100
ml/100g/min

Figure 6. One case (male, 75 years old) with MCA occlusion (a) and presented with sudden-onset left-sided weakness with a
baseline NIHSS of 17. Adequate recanalization was performed with final TICI = 2b (b). Hyperperfusion was detected in the right MCA
region on ASL (auto-RPS = 3) performed |5 h post recanalization (c) and a hematoma (PH-2) developed |3 days after treatment (d).

The mRS scores at three months of the patient was 6.

Auto-RPS outperformed manual RPS which is most
likely attributed to the relatively low spatial resolution
on ASL maps, which made it difficult to distinguish
brain anatomic structures, especially those in deep
brain areas. This explains why ICC between two

raters is poor in deep ASPECTS regions (Supplement
Table 3). Also, manual scoring depended largely on
clinical experience to define hypo- or hyper-perfusion.
The inter-rater agreement for manual RPS in individual
ASPECTS region ranged from poor to excellent even
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though the two raters were experienced neurologists
and received training before scoring. Auto-RPS is
more accurate because it defines the abnormal perfu-
sion quantitatively rather than qualitatively, thus
requiring negligible training.

Our study also demonstrates that auto-RPS is highly
associated with outcome independent of the recanaliza-
tion result, and the beneficial effects of recanalization
are attributable to benign reperfusion. Several studies
have directly compared the accuracy of reperfusion
versus recanalization to explain imaging or clinical out-
comes. These studies demonstrated that reperfusion
outperforms recanalization and can be a surrogate
marker for clinical outcome.'*'%3° Recanalization
specifies the patency of the primary arterial occlusive
lesion; however, adequate recanalization may fail to
induce reperfusion because of distal microemboli or
extensive damage to the microvascular circulation
(no-reflow phenomenon).*® In some cases, sudden
recanalization to badly damaged tissue can cause
hyperperfusion and subsequent hemorrhagic trans-
formation. Significant reperfusion indicating the restor-
ation of blood flow at the distal capillary level can be
observed despite inadequate recanalization, presum-
ably from collateral sources.'™*” It is imperative to
pay more attention to the discordance between recana-
lization and auto-RPS results, especially in those with
adequate recanalization but poor auto-RPS scores,
which might indicate no flow phenomenon or reperfu-
sion injury. The difference between our study and
previous literature is that reperfusion injury in our
study is considered to have the same detrimental effects
as non-reperfusion (both warrant a point deduction),
and we applied the ASPECTS model to address the
existence of heterogeneity of hypo- and hyper-
perfusion.

This study has several limitations. First, although
post treatment DWI-ASPECTS demonstrated its asso-
ciation with patient clinical outcome in this article, we
did not compare it with baseline DWI-ASPECTS
because MR examinations are challenging in real time
in the emergency department. Also, DWI-ASPECTS in
the early post-therapy period are not always reliable
due to the transient reversal phenomenon of DWI at
early time points. Only 13 subjects had ASL and DWI
scans acquired 12 h after treatment, thus the sample size
is likely too small to fully characterize the ability of
DWI-ASPECTS to compete with auto-RPS at carlier
time points after therapy. Secondly, auto-RPS was
devised based on our 90 AIS patients. In the future, a
larger database is needed to improve the accuracy of
our scoring system and to validate our findings.

The future of acute stroke therapy lies in the
advancement of our understanding of reperfusion
beyond the concept of recanalization alone. As an

entirely noninvasive and quantitative technique, ASL
perfusion imaging offers unique advantages to trace
the evolution of the pathophysiology in ischemic
stroke and allows for the specific quantification of
tissue-based changes. This may lend itself well to the
development of protective treatments for ischemia and
reperfusion injury in AIS patients after recanalization
therapy.

Conclusion

A reperfusion scoring system was devised and was
found to be highly associated with patient functional
outcome. This reperfusion scoring system may provide
a useful tool to complement existing clinical methods
for improved management strategies of AIS patients
after treatment.
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