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Abstract

Relative cerebral blood flow (CBF) < 30% has been identified as a predictor of infarct core on computed tomography perfusion
(CTP). We investigated the relationship between CTP-predicted infarct core and diffusion-weighted imaging magnetic resonance
imaging (DWI MRI). We conducted a retrospective analysis comparing infarct core (CBF <30%; RAPID iSchemaView) and
post-revascularization DWI MRI (ADC < 620 cc; RAPID iSchemaView) in patients with internal carotid artery (ICA) or
proximal middle cerebral artery (MCA) stroke between November 2016 and May 2019. Included subjects had a modified
Thrombolysis in Cerebral Infarction (mTICI) score of 2b or better and presented within 24 h of last known well (LKW) time.
Two hundred one cases were identified. Mean duration from LKW time to CTP and MRI was 4.3 and 28.6 h, respectively.
Median ischemic core volume was 8 cc, and median MRI infarct volume was 17 cc. CTP core volume showed fair correlation
with MRI infarct volume (»=0.294, p <0.0001). There was a stronger association between CBF <30% and DWI MRI in
subjects presenting beyond 6 h (r=0.359, p=0.011). In a multivariate analysis, greater volumetric difference was associated
with younger age (p =0.001), longer duration from LKW time to revascularization time (p < 0.020), and longer CTP to revas-
cularization time (p < 0.0001). Reduced relative CBF <30% is a fair measure of infarct size within 24 h of anterior circulation,
large artery occlusion (LAO) stroke when adequate reperfusion is achieved.
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Introduction

Randomized clinical trials have demonstrated the effica-
cy of endovascular therapy (EVT) for patients with
large artery occlusion (LAO) acute ischemic stroke
[1-3]. Two early window stroke intervention trials that
established the benefit of EVT excluded patients with
large core infarct sizes from enrollment [4, 5]. More
recently, the Endovascular Therapy Following Imaging
Evaluation for Ischemic Stroke (DEFUSE 3) and DWI
or CTP Assessment with Clinical Mismatch in the
Triage of Wake-Up and Late Presenting Strokes
Undergoing Neurointervention with Trevo (DAWN)
studies utilized estimates of ischemic core volume on
computed tomography perfusion (CTP) to determine ra-
diographic and clinical mismatch, respectively, for
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patient selection [2, 3]. Both studies demonstrated high
positivity in favor of EVT versus standard medical ther-
apy with astonishingly low numbers needed to treat.

Automated CTP technology offers the potential to effi-
ciently distinguish between irreversibly damaged brain tissue
and at-risk, potentially salvageable brain tissue. Reduced rel-
ative cerebral blood flow (CBF) can estimate ischemic core
size, and values less than 30% have been used for patient
selection in clinical trials [2-5]. While an accurate assessment
of ischemic core size is essential prior to EVT between 6 and
24 h, it also may be used as a factor in thrombectomy deci-
sions within 6 h of last known well (LKW) time [6]. In addi-
tion, CTP-based estimates of core infarct size have been asso-
ciated with functional outcome after stroke [7].

Prior studies have demonstrated that reduced relative CBF
of less than 30% accurately estimates final infarct volume on
diffusion-weighted imaging magnetic resonance imaging
(DWIMRI) [8], while others have shown ischemic core over-
estimation with the same parameter, illustrating the so-called
“ghost core infarct” concept [9, 10]. A more recent trial uti-
lized prospectively collected data from the Highly Effective
Reperfusion Evaluated in Multiple Endovascular Stroke
Trials (HERMES) and the Tenecteplase Versus Alteplase
Before Endovascular Therapy for Ischemic Stroke
(EXTEND-IA TNK) trials to retrospectively determine DWI
and CTP CBF <30% differences in patients who achieved
early, good revascularization of a LAO [11]. CTP core
overestimation was rare, and median core underestima-
tion exceeded 25 cm?® (cc). Larger baseline ischemic
core volume correlated with larger differences in ische-
mic core underestimation.

Given its importance with respect to both endovascular
treatment candidacy and its association with patient outcomes,
we investigated the relationship between CTP-based estimat-
ed ischemic core volume and MRI infarct volume in patients
with good revascularization of an anterior circulation LAO
ischemic stroke within 24 h of LKW time.

Methods

Between November 2016 and May 2019, we conducted a
retrospective analysis of patients from a large healthcare sys-
tem’s stroke network database. We compared core infarct size
on CTP (CBF <30%; RAPID iSchemaView) and post-
revascularization DWI MRI (ADC <620 cc; RAPID
iSchemaView) in patients with internal carotid artery (ICA)
or middle cerebral artery (MCA), M1 occlusions who
achieved good reperfusion.

All data were collected prospectively in a code stroke reg-
istry. Subjects were required to have baseline CTP and follow-
up MRI scans that were of adequate quality for interpretation.
Patients were selected for mechanical thrombectomy based on

the endovascular therapy guideline for the healthcare system,
which closely mirror those recommended by the American
Heart Association/American Stroke Association [6]
(Table 1). Post-thrombectomy reperfusion was determined
by neuro-interventionalist calculated modified Thrombolysis
in Cerebral Infarction (mTICI) scores. Subjects were included
if they achieved greater than 50% reperfusion in the affected
vascular territory (mTICI 2b, 2c¢, or 3).

All patient characteristics were de-identified. Study ap-
proval was obtained from the Atrium Health Institutional
Review Board (IRB), the IRB of the healthcare system’s cer-
tified Comprehensive Stroke Center, Carolinas Medical
Center (Charlotte, NC). Due to the retrospective study design
and use of de-identified data, the requirement for patient con-
sent was waived by the IRB.

Statistical Analysis

Descriptive statistics were reported for demographic and clin-
ical characteristics, including initial National Institutes of
Health Stroke Scale (NIHSS) score, comorbidities, interven-
tion therapy, location of LAO, duration from LKW time to
imaging/final revascularization, and imaging at baseline and
post-intervention (CTP ischemic core volume and MRI infarct
volume). The volumetric difference was calculated by
subtracting the CTP core infarct size from the post-
revascularization DWI MRI volume, with the absolute volu-
metric difference as the absolute value of the volumetric dif-
ference in cc. CTP core infarct sizes that were greater/less than
the post-revascularization DWI MRI were defined as an over-
estimation/underestimation, respectively. Pearson correlations
for baseline core infarct size on CTP versus post-intervention
infarct volume and volumetric difference were performed.
Similarly, Pearson correlations between volumetric difference
and duration between LKW to imaging time points were per-
formed, stratified by overestimation and underestimation of
final core infarct volume. Finally, multivariable linear regres-
sion models were fitted to examine the association between
duration from important clinical time points to final revascu-
larization with volumetric difference while adjusting for age,
sex, and baseline core infarct volume.

Results

Demographic and clinical characteristics are listed in
Table 2. Two hundred one patients met the inclusion/
exclusion criteria for the study (Fig. 1). Fifty-two per-
cent were men, median NIHSS was 16, and over 50%
were treated with IV alteplase and EVT. Seventy-one
percent had an MCA occlusion, 6% an ICA occlusion,
and 23% had tandem ICA and MCA occlusions.
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Table 1 Endovascular therapy

guideline 0-6h 6-16 h 1624 h
NIHSS >6 NIHSS >6 NIHSS > 10
mRS 0-2 mRS 0-2 mRS 0-2
ICA, M1, proximal M2 ICA, M1, proximal M2 ICA, M1, proximal M2
ASPECTS >6 ASPECTS >6 ASPECTS >6

Core infarct < 70 cc If >80 years old, core <21 cc
Mismatch volume > 15 cc

Mismatch ratio > 1.8

If < 80 years old:
¢ NIHSS > 10, core <31 cc
e NIHSS > 20, core 31-50 cc

Healthcare system endovascular therapy guideline to determine candidacy for mechanical thrombectomy. NIHSS
National Institute of Health Stroke Scale, mRS modified Rankin Score, /CA internal carotid artery, M1 and M2
branches of middle cerebral artery. ASPECTS Alberta Stroke Program Early Computed Tomography Score

One hundred fifty-two subjects presented in the 0—6-h time
window, and 49 presented beyond 6 h. CTP and MRI images
obtained an average of 4.3 and 28.6 h after LKW time, respec-
tively (Table 2). Revascularization achieved an average of
6.3 h from LKW time (Table 2).

Median CTP ischemic core volume was 8 cc and median MRI
infarct volume was 17 cc (Table 3). Median volumetric difference
was 9 cc. CTP core underestimation occurred in approximately
63% of subjects, while overestimation was less common, occur-
ring in 22% (Table 3). CTP core size matched MRI infarct volume
in the remaining 15%. CTP core size was within 5 cc of MRI
infarct volume in 28% of subjects, while 58% of subjects had core
size within 20 cc of MRI infarct volume (Table 3).

For the subset of patients with mTICI 2¢ or TICI 3 scores
(124 patients), median CTP ischemic core volume was 5 cc
and median final MRI infarct volume was 9 cc. Infarct volume
underestimation (51%) was more common than overestima-
tion (27%). Infarct volume was within 5 cc, 10 cc, and 20 cc in
38%, 51%, and 68% of patients, respectively. For the 115
patients achieving mTICI 3, median CTP core volume was
also 5 cc and median final MRI infarct volume was 9 cc.

For all subjects, CTP core volume demonstrated fair posi-
tive correlation with MRI infarct volume (r=0.294,
p<0.0001; Table 4). In the 6-24-h time window, the correla-
tion between the two infarct measurements was stronger (» =
0.359; p=0.0114), though remained in the fair range.

In a multivariate analysis, greater volumetric difference
between MRI and CTP volumes was associated with longer
duration from LKW time to revascularization time (p = 0.020)
and CTP time to revascularization time (p < 0.0001; Table 5).
Greater volumetric difference was also associated with youn-
ger age (p=0.001).

An illustrative case example is shown in Fig. 2.

A 61-year-old man with a history of multiple vascular risk
factors presented 79 min after his last known well (LKW) time
with a left middle cerebral artery stroke syndrome. His initial
NIHSS score was 23.
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Head CT showed no acute process. CTA head/neck
showed distal L MCA, M1 occlusion.

CT perfusion showed core infarct (CBF <30%, RAPID
iSchemaView) of 86 cc and mismatch of 81 cc (above panel).

He was treated with IV alteplase and taken for
endovascular therapy, with TICI 3 revascularization achieved
less than 3 h from LKW time.

Follow-up brain MRI obtained the next day showed L
MCA infarct size of 91 cc (below panel).

Volumetric difference between estimate of his infarct core
(CBF < 30%) and infarct size measured by diffusion-weighted
MRI was 5 cc.

His strength improved though he was left with a primarily
nonfluent aphasia.

Discussion

We compared CTP-based estimates of ischemic core size,
represented by relative reduced cerebral blood flow (CBF <
30%), to the gold-standard infarct size measurement of
diffusion-weighted MRI (ADC < 620 cc) in patients with suc-
cessful endovascular reperfusion of an ICA and/or proximal
MCA occlusion within 24 h of stroke onset. Our study dem-
onstrates that CTP ischemic core volume has a fair correlation
with MRI infarct volume in this subset of patients.

To our knowledge, this is the largest series to investigate
the accuracy of CTP-based estimates of infarct volume. In
addition, our study is the first to include EVT patients within
24 h of LKW time, adding to the existing literature in earlier
stroke time windows.

Previously, Albers et al. [8] demonstrated accurate infarct
volume estimates with CTP in subjects enrolled in SWIFT-
PRIME. More recently, in a cohort of 59 patients en-
rolled in DEFUSE 3 who achieved >90% revasculari-
zation, baseline core infarct volumes showed a strong
correlation with 24-h infarct volumes [11].
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Table 2 Demographics, clinical
characteristics, and time metrics
Demographic characteristics
Total
Age at symptom onset
Median (IQR)
Sex
Female
Male
Race
Caucasian

African American

American-Indian/Alaska Native

Asian
Other

Native Hawaiian/Pacific Islander

Clinical characteristics
Initial NIHSS
Median (IQR)
Hypertension
Diabetes
Hyperlipidemia
Atrial fibrillation
Smoking
Patient classification
EVT therapy only
IV thrombolysis with EVT
LKW to CTP 0-6 h
LKW to CTP 6-24 h
Large Artery Occlusion Location
ICA Only
MCA Only
ICA and MCA
Time Metrics

Duration (hours)
LKW to CTP
LKW to MRI
CTP to MRI
LKW to Revascularization
CTP to Revascularization

Revascularization to MRI

N % Mean (unless otherwise specified)
201 100
201 100 65.7
65 (57-78)
97 483
104 51.7
128 63.7
56 27.9
1 0.5
2 1
13 6.5
1 0.5
200 99.5 16.4
16 (12-21)
138 68.7
46 229
91 453
58 28.9
76 37.8
97 48.3
104 51.7
152 75.6
49 23.9
12 597
142 70.65
47 23.38
Mean Std Dev Median IQR
43 4.7 2.0 1.2-5.9
28.6 13.8 26.8 18.4-37.3
24.3 12.6 239 14.1-31.6
6.3 4.8 43 3.0-8.5
1.9 0.9 1.8 1.3-2.5
22.3 12.5 222 12.3-29.6

Our results may be explained by infarct growth after CTP.
Subjects enrolled in SWIFT-PRIME and DEFUSE 3 were
selected by evidence of salvageable brain tissue on CTP, and
thus likely had good collateral blood flow status in order to
meet study inclusion criteria [12]. Despite including EVT sub-
jects within 24 h, our series included a large number of pa-
tients in earlier time windows (mean LKW to revasculariza-
tion time of 6.3 h; > 75% presenting within 6 h). Patients in

our series were selected for EVT based on our healthcare
system guideline, which is in accordance with national guide-
lines that do not include a requirement for salvageable brain
tissue on CTP in the 0—6-h time window in order to determine
EVT candidacy [6]. Thus, subjects in the early time window
included those with both favorable and unfavorable collat-
erals. As “fast-growing” infarcts are more likely to be present
in earlier time windows in patients without advanced imaging
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Patients within LVO who met Atrium Table 4 Pearson correlation with CTP ischemic core volume
Health System Endovascular Therapy
Guideline with corresponding CTP and
MRI images for volume measurements N r 4 value
N=312 .
All subjects (LKW to CTP 0-24 h)
Final MRI infarct volume, cc 201 0.294 <.0001
. Volumetric difference, cc 201 -0.09 0.2027
Technically
_adcq';lalg Absolute volumetric difference, cc 201 0.177 0.012
maging’
e LKW to CTP 06 h
N 14 Final MRI infarct volume, cc 152 0.302 0.0002
Volumetric difference, cc 152 0.155 0.0561
ICA and/or Absolute volumetric difference, cc 152 0.204 0.0119
oheh M1 LKW to CTP 6-24 h
cclusion?
Final MRI infarct volume, cc 49 0.359 0.0114
N =64 Volumetric difference, cc 49 0.146 0.3168
Absolute volumetric difference, cc 49 0.156 0.2839

TICI Score of
>2b?

Data Included
In Study
N =201

LVO = large vessel occlusion; CTP = computed tomography
perfusion; MRI = magnetic resonance imaging; TICI = thrombolysis
in cerebral infarction; ICA = internal carotid artery; MCA = middle
cerebral artery

Fig. 1 Patient flowchart for study inclusion

selection [12], it is expected that infarct growth was more
likely to occur, and at a more rapid pace, in our series than
in SWIFT-PRIME or DEFUSE 3. The absence of advanced
imaging selection in patients presenting early and the large
percentage of 0—6 h patients likely led to infarct growth and
a weaker association between CBF <30% and MRI DWI in
our study than previously reported. Moreover, a stronger as-
sociation between CBF <30% and DWI MRI is seen in sub-
jects presenting beyond 6 h (Table 4).

Additional supporting evidence for the concept of infarct
growth is demonstrated in Table 5. Greater volumetric difference

Table 3 CTP and MRI infarct volume agreement

Median baseline CTP ischemic core volume, cc 8

Median final MRI infarct volume, cc 17

Volumetric difference, cc 9

CTP core overestimation (n, %) 44 21.89
CTP core matching DWI volume (n, %) 30 14.93
CTP core underestimation (n, %) 127 63.18
CTP core within 5 cc of MRI infarct vol. (n, %) 56 27.86
CTP core within 10 cc of MRI infarct vol. (n, %) 80 39.8
CTP core within 20 cc of MRI infarct vol. (r, %) 117 58.21
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between CTP and MRI strongly correlated with increased LKW
to revascularization time and CTP to revascularization time. The
greater the time to revascularization, the greater the potential time
for infarct growth, increasing volumetric difference. Future ef-
forts may focus on improving imaging to revascularization times,
particularly in patients transferred for EVT.

Infarct growth may occur before or after reperfusion, and the
concept of variable infarct growth has been demonstrated on
MRI imaging [13]. In a substudy of patients enrolled in
DEFUSE 2, patients who even had >90% reperfusion were
shown to have a precipitous increase in DWI volume over the
initial 20 h after stroke onset [13]. Moreover, infarct growth rate
was highest in patients with an unfavorable perfusion profile
compared to those with a favorable profile, in keeping with the
concept of “fast” versus “slow”-growing infarcts [12].

Median infarct volumetric difference was 9 cc in our study,
compared to 13 cc [8],21.3 cc[11], and 25.4 cc [14] per other
groups who utilized the same CBF and DWI threshold param-
eters. Hoving et al. found that infarct overestimation was un-
common [14]. We similarly found that infarct size underesti-
mation with CTP was more common than overestimation. In
line with CTP only showing a fair correlation with DWI MRI
in our study, CTP core size was within 10 cc of MRI infarct
volume only 40% of the time and within 20 cc in 58% of
subjects. Interquartile range for volumetric difference in our
study was large, 35 cc. In subjects achieving mTICI 2c¢ or 3,
CBF < 30% more closely matched final DWI infarct volume,
as we might expect given the reduced likelihood for infarct
growth with improved reperfusion.

An area of interest in endovascular stroke care has been the
value of EVT for patients presenting early with large, predict-
ed core infarctions on CTP. Although infarct underestimation
was more common than overestimation in our study, random-
ized trials without advanced imaging inclusion criteria
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Table 5 Multivariable linear

regression model Estimate ~ Std error  Lower 95% CI ~ Upper 95% C1  p value

Outcome: volumetric difference

Age at symptom onset -0.99 0.29 —1.55 -043 0.001
Female vs. male —14.00 8.74 —-31.23 3.23 0.111
LKW to revascularization time 2.13 0.91 0.34 3.93 0.020
CTP to revascularization time 23.70 4.83 14.18 33.23 <0.0001

demonstrated positivity in favor of thrombectomy [1]. In ad-
dition, our study demonstrated that CTP ischemic core vol-
ume showed poor correlation with both volumetric difference
and absolute volumetric difference (Table 4). In line with

guideline recommendations [6] and recommendations from
other groups [7], the presence of a large core infarction should
not exclusively exclude patients from receiving EVT in early
time windows.

Fig. 2 Illustrative case example
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Linear regression analysis in our study demonstrated
that increasing age was associated with lower volumetric
difference (Table 5). While older age has been linked to
poor collateral blood flow status in a series of patients
with MCA occlusion [15], age has not otherwise been
definitely and independently associated with worse collat-
eral status. In our series, patients in the 6-24 h group had
a higher median age than those in the 0—6 h group (69
versus 63). Thus, older patients with favorable collaterals
were included in our series by meeting the healthcare
system endovascular therapy guideline for late window
thrombectomy, whereas younger patients enrolled in the
0-6 h window with no requirement for evidence of sal-
vageable brain tissue on CTP had a higher likelihood of
having fast-growing infarcts. This may have contributed
to older patients having reduced infarct growth prior to
revascularization and follow-up MRI, and consequently
a stronger association with lower volumetric difference.

Our study has several limitations. Patients were selected for
mechanical thrombectomy based on endovascular therapy
guidelines for our healthcare system, which closely reflect
recommendations from the AHA/ASA. While this limits the
subjects studied to those who only received EVT, our purpose
was to specifically investigate patients who achieved good
revascularization, and this was unlikely to be achieved in the
absence of treatment with EVT. As infarct core measurements
are meant to represent an estimate of irreversibly damaged
brain tissue, comparisons made to DWI MRI after revascular-
ization are thus meant to compare a pre-intervention estimate
of infarcted tissue (CBF < 30%) to the gold-standard measure-
ment of infarct size (DWI MRI).

The time delay between initial CTP imaging and revascu-
larization may have led to infarct growth, although mean time
between CTP and revascularization in our study was 1.9 h,
comparable to other studies [11, 14]. In addition, more de-
layed MRI imaging might have produced larger infarct sizes,
given the potential for infarct growth with increased time from
stroke onset [13]. MRI infarct volume assessments are limited
by a threshold of ADC < 620, and some areas may simply not
be detected due to software limitations.

Various other parameters, namely, different CBF and cerebral
blood volume (CBV) thresholds [16-25], have been investigated
as a measure of predicted infarct volume. Notably, CBF <38%
has been demonstrated to correlate strongly with DWI infarct
volume, though median time from stroke onset to CT in that
series was 185 min, and MRI was performed a median of
36 min after CT [16]. As previously described, more delayed
imaging with MRI has the potential to demonstrate larger DWI
volume, compared to earlier imaging, even when good revascu-
larization is achieved [13]. We chose to specifically investigate
the threshold of CBF < 30%, as this parameter has been used in
multiple randomized, clinical trials as an estimate of ischemic
core size and part of inclusion criteria for trial enrollment [2-5].
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Infarct growth is impacted by collateral blood flow status,
which was not assessed in our study. It has recently been dem-
onstrated that a marker of collaterals on CTP, the hypoperfusion
intensity ratio, may be able to quantify the degree of infarct
growth [26]. Future studies may investigate the relationship be-
tween collateral blood flow status and time on infarct growth
using different imaging modalities. Lastly, our study is subject
to the inherent limitations of a retrospective analysis.

Conclusion

In our series, reduced relative CBF < 30% showed a fair correla-
tion with MRI DWI volume within 24 h of anterior circulation,
LAO stroke when adequate reperfusion was achieved. There was
a stronger association between the two estimates in patients pre-
senting in later time windows. When discrepancies existed be-
tween CTP and the gold-standard of DWI MRI, CTP underesti-
mation was more common than overestimation. Younger age
and longer duration from LKW time and CTP time to revascu-
larization were associated with greater difference between infarct
size estimates, which may be related to infarct growth.
Additional studies may focus on collateral blood flow status,
age, and their relationship to estimates of infarct size.
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