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Abstract
Background and Objectives
To assess the accuracy of baseline CT perfusion (CTP) ischemic core estimates.

Methods
From SELECT (Optimizing Patient Selection for Endovascular Treatment in Acute Ischemic
Stroke), a prospective multicenter cohort study of imaging selection, patients undergoing
endovascular thrombectomy who achieved complete reperfusion (modified Thrombolysis In
Cerebral Ischemia score 3) and had follow-up diffusion-weighted imaging (DWI) available
were evaluated. Follow-up DWI lesions were coregistered to baseline CTP. The difference
between baseline CTP core (relative cerebral blood flow [rCBF] <30%) volume and follow-up
infarct volume was classified as overestimation (core ≥10 mL larger than infarct), adequate, or
underestimation (core ≥25 mL smaller than infarct) and spatial overlap was evaluated.

Results
Of 101 included patients, median time from last knownwell (LKW) to imaging acquisition was 138
(82–244) minutes. The median baseline ischemic core estimate was 9 (0–31.9) mL and median
follow-up infarct volume was 18.4 (5.3–68.7) mL. All 6/101 (6%) patients with overestimation of
the subsequent infarct volume were imaged within 90 minutes of LKW and achieved rapid
reperfusion (within 120minutes of CTP). Using rCBF<20% threshold to estimate ischemic core in
patients presenting within 90 minutes eliminated overestimation. Volumetric correlation between
the ischemic core estimate and follow-up imaging improved as LKW time to imaging acquisition
increased: Spearman ρ <90 minutes 0.33 (p = 0.049), 90–270 minutes 0.63 (p < 0.0001), >270
minutes 0.86 (p < 0.0001). Assessment of the spatial overlap between baseline CTP ischemic core
lesion and follow-up infarct demonstrated that a median of 3.2 (0.0–9.0) mL of estimated core fell
outside the subsequent infarct. These regions were predominantly in white matter.

Discussion
Significant overestimation of irreversibly injured ischemic core volume was rare, was only
observed in patients who presented within 90 minutes of LKW and achieved reperfusion within
120 minutes of CTP acquisition, and occurred primarily in white matter. Use of a more
conservative (rCBF <20%) threshold for estimating ischemic core in patients presenting within
90 minutes eliminated all significant overestimation cases.

Trial Registration Information
ClinicalTrials.gov: NCT03876457.
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The randomized clinical trials (RCTs) that established
endovascular thrombectomy (EVT) efficacy and safety for
patients with ischemic stroke presenting with large vessel
occlusions used different modalities to assess imaging
eligibility.1-7 Most of the early window RCTs utilized non-
contrast CT (NCCT) to identify patients with minimal is-
chemic changes (Alberta Stroke Program Early CT Score
[ASPECTS] ≥6).1-3 EXTEND-IA (Extending the Time for
Thrombolysis in Emergency Neurological Deficits–Intra-
Arterial) and the initial phase of SWIFT-PRIME (Solitaire
With the Intention For Thrombectomy as Primary Endo-
vascular Treatment) used perfusion imaging to identify eli-
gible candidates based on a mismatch between the estimated
ischemic core and the region of hypoperfusion.4,5 The current
American Heart Association/American Stroke Association
and European guidelines indicate that perfusion imaging is
not required for EVT patient selection within 6 hours of last
known well (LKW).8,9 Perfusion imaging or MRI is recom-
mended by the guidelines for potential EVT cases between 6
and 24 hours.8,9

Both NCCT and CT perfusion (CTP) imaging are often
utilized for patient selection for EVT, irrespective of the time
from LKW. NCCT detects hypodense irreversibly injured
tissue and can be semiquantitatively assessed with the AS-
PECTS; perfusion images measure blood flow and provide a
quantitative estimate of the ischemic core volume and ische-
mic penumbra. Although CTP and NCCT often have con-
cordant findings, discordance may occur, especially in patients
presenting in the early time window.10,11

Despite reasonable agreement in the ischemic core volume as
assessed by CTP and follow-up infarct volume on magnetic
resonance diffusion-weighted imaging (MR-DWI),12,13 the
reliability of CTP for assessing ischemic core has been ques-
tioned, with reports of overestimation (“ghost core”), espe-
cially for early window patients.14 Other reports have
suggested that for patients who present early after symptom
onset (within 60–90 minutes of LKW), a stricter relative ce-
rebral blood flow (rCBF) threshold (such as <20%) provides
a better estimate of ischemic core.15 Final infarct volume in
early reperfusers have been previously used to validate is-
chemic core thresholds.16

Several other variables may affect the correlation between
preprocedural CTP core estimates and follow-up MR-DWI

volumes, including time from baseline imaging to reperfusion,
the robustness of collateral flow, and the degree of reperfusion
achieved.

We aimed to assess volumetric and spatial agreement between
CTP estimated ischemic core lesions and the follow-up infarct
on DWI in patients who achieved complete reperfusion after
EVT. We hypothesized that if ischemic core estimates are
accurate, patients who achieve complete reperfusion should
have a strong correlation between the baseline ischemic core
estimate and the subsequent infarct volume. In addition, we
investigated the relationship between time to imaging acqui-
sition and time to successful reperfusion and the accuracy of
CTP core estimates. We further evaluated whether the rCBF
<20% threshold provided more accurate predictions of infarct
volume for patients scanned within 90 minutes of LKW.

Methods
Patient Cohort
This is a post hoc analysis of SELECT (Optimizing Patient
Selection for Endovascular Treatment in Acute Ischemic
Stroke), a prospective, multicenter cohort study. The study
population, methodology, and primary results have been
published.17,18 Further details regarding patient cohort, informed
consent, CTP acquisition, imaging review, and data availability
are provided in the eMethods (links.lww.com/WNL/B926).

Imaging Analysis
All source perfusion images were reprocessed using RAPID
(research/commercial) v5.1. Ischemic core volume was esti-
mated using the rCBF threshold of <30%. rCBF <20% maps
were also generated to estimate ischemic core volumes
(Figure 1A). Infarct volumes on DWI were manually de-
lineated by the core laboratory using OsirixMD v12.0.
Hemorrhagic transformation within the infarct lesion was
included in the manual region of interest (ROI) delineations,
whereas parenchymal hemorrhages outside the infarct were
excluded. Infarct volumes from the ROIs were calculated
using VoxelVolume plugin for Osirix MD (Figure 1B). After
processing with RAPID, maps delineating rCBF volumes
were exported. A rigid body transformation (SimpleElastix
v1.2) was used to coregister both follow-upMR-DWI (mutual
information cost function) and the base precontrast CTP
(cross correlation cost function) image to the baseline NCCT

Glossary
ASPECTS = Alberta Stroke Program Early CT Score;CTP = CT perfusion;DWI = diffusion-weighted imaging; EVT = endovascular
thrombectomy; IQR = interquartile range; LKW = last known well; MR-DWI = magnetic resonance diffusion-weighted
imaging; mTICI = modified Thrombolysis In Cerebral Ischemia; NCCT = noncontrast CT; rCBF = relative cerebral blood
flow; RCT = randomized clinical trial; ROI = region of interest; SELECT = Optimizing Patient Selection for Endovascular
Treatment in Acute Ischemic Stroke; SWIFT-PRIME = Solitaire With the Intention For Thrombectomy as Primary
Endovascular Treatment.
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image (Figure 1, C and D). Using the baseline NCCT image
as the reference image results in more reliable registrations in
dual slab than coregistration of DWI to the individual slabs.
The analysis was constrained to the volume covered by the
CTP scan. Significant underestimation of infarct volume was
defined as the follow-up infarct volume being at least 25 mL
larger than estimated ischemic core volume on baseline
CTP,19,20 whereas core overestimation was defined as ische-
mic core volume at baseline being ≥10 mL larger than infarct
volume on follow-up DWI.14,21 The rest were defined as ad-
equate estimation (core corresponding to DWI infarct).

For spatial analysis, coregistered RAPID processed images and
delineated ROIs on follow-up DWI were superimposed for
visualization and volumetric quantification of 3 distinct regions:

1. Regions of the estimated ischemic core that progressed to
infarction (green area in Figure 1, C and D)

2. Regions of the estimated ischemic core that did not
progress to infarction (red area in Figure 1, C and D)

3. Regions that progressed to infarction but were not
identified as ischemic core at baseline (blue area in
Figure 1, C and D)

Statistical Analysis
Values were described using proportions with percentages for
categorical variables and using median (interquartile range) for
continuous variables. A nonparametric test for trend was used
to assess trends across multiple categories. Scatterplot and
boxplot illustrations were used to depict various volume dis-
tributions across various time measures. Volumetric agreement
between ischemic core on baseline CTP and infarct volume on
follow-up DWI was assessed using Bland-Altman plots.

To evaluate spatial agreement between ischemic core on
baseline CTP and infarct volume on follow-up DWI, the pos-
itive and negative predictive values for the CTP rCBF <30%
threshold were reported, using DWI infarct as the reference
standard. Furthermore, Dice coefficient was calculated using
the following equation from the coregistered set of images:

Figure 1 Illustration of Coregistration Process Employed During the Imaging Evaluation

(A) Ischemic core on baseline CT perfusion (CTP) measured using relative cerebral blood flow (rCBF) thresholds of <30% (pink) and <20% (red). (B) Delineated
infarct volume (yellow) on follow-up diffusion-weighted imaging (DWI). (C) Coregistration of baseline CTP and follow-up DWI using rCBF <30% threshold to
measure ischemic core, representing overcall (red), undercall (blue), and adequate estimation (green). (D) Coregistration of baseline CTP and follow-up DWI,
using rCBF <20% threshold to measure ischemic core, representing overcall (red), undercall (blue), and adequate estimation (green).

Dice coefficient =
2 × volume of overlap between ischemic core on CTP and infarct volume on DWI

Volume of ischemic core on CTP + volume of infarct volume on DWI
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Average Hausdorff distance (the average of all minimum
distances between the 2 segmentations) was also calculated to
quantify spatial agreement.

A comparison of baseline characteristics and clinical outcomes
was also completed between patients with limited (<25 mL)
and significant infarct growth (≥25 mL). Factors in-
dependently associated with significant infarct growth (≥25
mL) were evaluated using a multivariable logistic regression

Table 1 Baseline Characteristics of SELECT EVT Patients
Who had Complete Endovascular Reperfusion
(mTICI 3) and Follow-up Imaging on DWI

Characteristics
Values
(total n = 101)

Age, y 67 (59–78)

Sex

Male 56 (55.4)

Female 45 (44.6)

Serum glucose, mg/dL 127 (111–169)

Hypertension 71 (72)

Congestive heart failure 8 (8)

Coronary artery disease 22 (22)

Atrial fibrillation 31 (31.0)

Diabetes mellitus 31 (31.0)

TIA 8 (7.9)

Prior stroke 12 (12)

Current smokers 10 (10)

Past smokers 19 (20)

Clot location

ICA 24 (23.8)

MCA-M1 57 (56.4)

MCA-M2 20 (19.8)

Transferred from outside hospital to study site 32 (31.7)

Time from last known well to arrival to
EVT-capable center, h

1.90 (0.95–4.00)

IV alteplase administered 68 (67.3)

NIHSS score 15 (11–20)

Time from arrival to CT acquisition, min 11 (3–18)

Time from arrival to CTP acquisition, min 18 (9–28)

ASPECTS on baseline CT 8 (7–10)

Ischemic core volume, mL 9 (0–31.9)

Tissue volume with Tmax >6 seconds, mL 128.00 (80.00–183.90)

Tissue volume with Tmax >10 seconds, mL 63 (28.4–106)

Collateral score

0 4 (4.0)

1 46 (45.5)

2 39 (38.6)

3 4 (4.0)

4 8 (7.9)

Modified collateral score

0 4 (4.0)

Table 1 Baseline Characteristics of SELECT EVT Patients
Who had Complete Endovascular Reperfusion
(mTICI 3) and Follow-up Imaging on DWI (continued)

Characteristics
Values
(total n = 101)

1 46 (45.5)

2 27 (26.7)

3 12 (11.9)

4 4 (4.0)

5 8 (7.9)

Collateral score 2 (1–2)

Modified collateral score 2 (1–2)

Modified collateral score 0–2 vs 3–5

0–2 77 (76.2)

3–5 24 (23.8)

Modified collateral score 0–1 vs 2–5

0–1 50 (49.5)

2–5 51 (50.5)

Hypoperfusion intensity ratio 0.48 (0.35–0.63)

Hypoperfusion intensity ratio >0.4 67 (66.3)

Time from last known well to procedure, h 3.57 (2.57–5.37)

Passes

Single 57 (58)

Multiple 42 (42)

Type of anesthesia

General anesthesia 48 (47.5)

Conscious sedation 53 (52.5)

Time from groin puncture to successful
reperfusion/end of procedure, min

35 (23-55.5)

Time from baseline CTP acquisition to
follow-up DWI acquisition, h

18.6 (12.1–28.2)

Abbreviations: ASPECTS = Alberta Stroke Program Early CT Score; CTP = CT
perfusion; DWI = diffusion-weighted imaging; EVT = endovascular throm-
bectomy; ICA = internal carotid artery; MCA = middle cerebral artery;
mTICI = modified Thrombolysis In Cerebral Ischemia; NIHSS = National In-
stitutes of Health Stroke Scale; SELECT = Optimizing Patient Selection for
Endovascular Treatment in Acute Ischemic Stroke.
Values are n (%) or median (interquartile range).
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model, with backwards stepwise variable selection to ensure
model parsimony.

Statistical analysis was completed using STATA 15 (Stata-
Corp 2017). All hypothesis testing was conducted using
2-sided statistical tests and p < 0.05 was considered statisti-
cally significant.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study protocol for SELECT was approved by local in-
stitutional review boards and registered at clinicaltrials.gov
(NCT02446587). All participants or their legally authorized
representatives provided informed consent prior to enroll-
ment in the study.

Data Availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Results
Study Cohort
Of the 361 patients enrolled in SELECT, 101were included in the
analysis. eFigure 1 (links.lww.com/WNL/B926) describes the
study flowchart. Tables 1 and 2 provide the baseline characteristics
and outcomes for patients included in the analysis. Further details
regarding the study cohort are provided in the eResults.

Volumetric Analysis of CTP Core Estimation
and the Correlation With Follow-up DWI
On EVT-capable center baseline images, the median volume of
estimated ischemic core (rCBF <30% volume) was 9 (interquartile
range [IQR], 0–31.9) mL, and median volume of critically hypo-
perfused tissue (Tmax>6 seconds volume)was128(IQR80–183.9)
mL.Median ASPECTS on arrival was 8 (IQR 7–10). On follow-up
DWI, median (IQR) infarct volume was 18.4 (IQR 5.3–68.7) mL.

Median growth between the baseline ischemic core estimate on
CTP and the infarct volume on follow-up DWI was 13.2 (IQR
2.9–35.4) mL. Figure 2 illustrates the agreement between ische-
mic core volume at presentation and infarct volume on follow-up
DWI using Bland-Altman plot, the positive bias indicating that
DWI infarct volumes were generally larger than estimated ische-
mic core on baseline CTP. The plot also demonstrated a ten-
dency towards larger bias with increasing average lesion size.

For the 40 of 101 (40%) patients without detectable ischemic
core within the CTP coverage area, the median follow-up infarct
volume (and thus median volumetric difference between base-
line CTP ischemic core and follow-up infarct volume) was 9.8
mL (IQR 3.0–26.8mL). In the remaining 61 (60%) patients, the
baseline median ischemic core volume of 19.5 (IQR 10.8–42.7)
mL increased to 46.2 (IQR 16.1–86.3) mL on follow-up DWI
with a median difference of 21.5 (IQR 2.9–37.2) mL.

In a sensitivity analysis excluding the 39 patients with HT, the
median volume difference between the CTP core estimate and
the DWI follow-up study was 9.8 (IQR 0.2–31) mL. Median
volume difference in the 39 patients with HT was 26.5 mL
(IQR 8.4–55.4 mL). Increased absolute volumetric difference
was associated with increased estimated baseline ischemic
core volume (overall: ρ = 0.44, p < 0.0001; without hemor-
rhage: 0.34, p = 0.0076; with hemorrhage: 0.56, p = 0.0002).

Quantification of Volumetric Differences and
Effect of Time From LKW to Imaging and
Imaging to Reperfusion
Thirty-seven (37%) patients demonstrated significant growth
of ≥25 mL (median 44.6 [IQR 34.6–95.6] mL) between
baseline ischemic core and follow-up infarct volumes, whereas
58 (57%) had adequate estimation with a median volumetric

Table 2 Outcomes of SELECT EVT Patients Who Received
Complete Reperfusion (mTICI 3) and had
Available Follow-up Imaging on DWI

Characteristics Values (total n = 101)

90-day mRS score

0 31 (30.7)

1 13 (12.9)

2 12 (11.9)

3 12 (11.9)

4 18 (17.8)

5 6 (5.9)

6 9 (8.9)

Good outcomes (mRS 0–2) 56 (55.4)

Excellent outcomes (mRS 0–1) 44 (43.6)

Moderate outcomes (mRS 0–3) 68 (67.3)

Neurologic worsening 10 (10)

Symptomatic intracranial hemorrhage 6 (5.9)

Asymptomatic intracranial hemorrhage 38 (37.6)

HT1 75

HT2 15

PH1 3

PH2 7

Mortality 9 (8.9)

Severe disability (90-day mRS 4, 5, or 6) 33 (32.7)

Profound disability (90-day mRS 5 or 6) 15 (14.9)

Final infarct volume, mL 18.4 (5.3–68.7)

Abbreviations: DWI = diffusion-weighted imaging; EVT = endovascular
thrombectomy; mRS = modified Rankin Scale; mTICI = modified Throm-
bolysis In Cerebral Ischemia; SELECT = Optimizing Patient Selection for
Endovascular Treatment in Acute Ischemic Stroke.
Values are %, n (%), or median (interquartile range).
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difference of 5.4 (IQR 2–12.5) mL. Six (6%) patients had
significant core overestimation, with a median overestimation
of 34.8 (IQR 28.1–43) mL (eTables 1 and 2, links.lww.com/
WNL/B926). Whereas only 25/101 patients had a moderate
to large ischemic core (≥30 mL) on rCBF < 30% threshold in
our cohort, 5/6 patients with significant overestimation had
moderate to large ischemic core ≥30 mL on CTP.

As time from LKW to imaging acquisition increased, the volu-
metric accuracy of the ischemic core prediction of follow-up
infarct volume increased: 6/36 (17%) patients with CTP ac-
quired within 90 minutes of LKW demonstrated significant
overestimation (≥10 mL) using rCBF <30% threshold, whereas
none of the 65 patients receiving CTP beyond 90 minutes (43
within 90–270 minutes, 22 beyond 270 minutes of LKW)
demonstrated significant overestimation (ptrend = 0.004).

Similarly, the frequency of adequate estimation increased
from 14/36 (39%) in the first 90 minutes to 29/43 (67%) in
90–270 minutes and 15/22 (68%) in >270 minutes groups
(ptrend = 0.015). Volumetric correlation between pre-
procedure estimated core and follow-up infarct volume also
improved as LKW time to imaging acquisition increased:
Spearman ρ <90 minutes, 0.33 (p = 0.049); 90–270 minutes,
0.63 (p < 0.0001); >270 minutes, 0.86 (p < 0.0001).

Similarly, significant overestimation of ischemic core was limited
to patients who had faster reperfusion from imaging acquisi-
tion (<120 minutes 6/53 [11.3%] vs ≥120 minutes 0/47 [0%];
p = 0.028) and significant infarct growth (≥25 mL) increased as
time from imaging to reperfusion increased (<120minutes 15/53
[28.3%] vs≥120minutes 21/47 [44.7%]; p= 0.089). Themedian
volumetric difference between estimated core and subsequent
infarct volume stratifiedbased on time from imaging acquisition to
reperfusion was 3.7 mL (IQR 0.1–31.3 mL) if reperfusion oc-
curred within 120 minutes and 21.5 mL (IQR 9.8–41.5 mL) if
reperfusion occurred >120 minutes (p = 0.001). Volumetric

correlation between preprocedure and follow-up volumes did not
differ with time from imaging to reperfusion: Spearman ρ <120
minutes, 0.59 (p < 0.0001) vs ≥120 minutes, 0.59 (p < 0.0001).

Figure 3A demonstrates the distribution of growth in infarct
volume from baseline to follow-up imaging by time from im-
aging to reperfusion, stratified based on the time from LKW to
imaging acquisition, with all 6 cases of overestimation dem-
onstrating CTP imaging acquired within 90 minutes LKW and
reperfusion achieved within 120 minutes of imaging acquisi-
tion. Figure 3B presents a box plot demonstrating the distri-
bution of growth in infarct volume across categories for time
from LKW to imaging and time from imaging to reperfusion.

Furthermore, patients who had longer times from imaging
acquisition to reperfusion demonstrated larger infarct growth
in both very early (imaging <90minutes from LKW) and early
(imaging 90–270 minutes from LKW) presentations. In pa-
tients receiving imaging relatively late (>270 minutes from
LKW), the growth in infarct volume was not significantly
different, whether complete reperfusion was achieved within
or beyond 120 minutes of imaging acquisition.

Effect of Collaterals Status on Accuracy of CTP
Ischemic Core
The proportion of patients with good collaterals (collaterals
score 2–4) demonstrating underestimation, adequate esti-
mation, and overestimation of infarct volume were 29%, 67%,
and 4%, whereas in those with poor collaterals (0–1), these
proportions were 44%, 48%, and 8%.

rCBF <20% Threshold in Patients Receiving
Imaging Within 90 Minutes of LKW
All 6 cases of significant ischemic core overestimation were
observed when CTP was acquired within 90 minutes of LKW
and successful reperfusion was achieved within 120minutes of
imaging acquisition. When these cases were assessed using the

Figure 2 Bland-Altman Plot Demonstrating Agreement in Ischemic Core Volume Using rCBF <30% Threshold Measured at
Baseline and Infarct Volume Measured on Follow-up DWI

As demonstrated, the assessment revealed a
positive bias (mean infarct volume on follow-up
diffusion-weighted imaging [DWI] being larger
than mean ischemic core on baseline CT perfu-
sion) that increased as the average lesion size
increased. rCBF = relative cerebral blood flow.
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rCBF <20% threshold to estimate ischemic core, none of the
cases demonstrated significant overestimation. Volumes of
ischemic core using rCBF <30%, rCBF <20%, and infarct

volume on follow-up DWI in these cases are shown in Table 3
and Figure 4 illustrates one of these cases. Of note, 2 patients
demonstrated ≥5 mL overestimation using 20% threshold,

Figure 3 Illustration of Volumetric Difference Between Ischemic Core on CTP and Infarct on Follow-up MRI From Baseline
as Associated With Time From Last Known Well to CTP Acquisition and Time From CTP Acquisition to Successful
Reperfusion

(A) Scatterplot diagram. (B) Boxplot diagram. Overall, ischemic core volume on CT perfusion (CTP) and subsequent infarct volume on magnetic resonance
diffusion-weighted imaging (MR-DWI) demonstrated significant correlation (Spearman ρ 0.58, p < 0.0001). Pearson correlation coefficient also demonstrated
high correlation between ischemic core on CT perfusion and infarct volume on follow-up diffusion-weighted imaging (DWI) (r = 0.69, p < 0.0001). Significant
core overestimation (≥10 mL) was shown to be limited to patients who received perfusion imaging within 90 minutes of last known well (LKW) and complete
reperfusion within 120 minutes of imaging acquisition. Longer imaging to reperfusion intervals were associated with larger infarct growth in patients
presenting very early (within 90 minutes of LKW) and early (90–270 minutes of LKW). Patients receiving perfusion imaging beyond 270 minutes of LKW
demonstrated limited infarct growth, whether reperfusion was achieved within or beyond 120 minutes of imaging acquisition.
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including 1 case that approached significant (9.9 mL) infarct
volume overestimation. All 6 patients with significant over-
estimation using the rCBF <30% threshold demonstrated
poor (n = 4) or moderate (n = 2) collaterals (Table 3).

Effect of Altering rCBF Threshold From 30% to
20% in Overall Population
In the overall population, rCBF threshold <30% was more
accurate, with a median (IQR) of 13.2 (2.9–35.4) mL of

Table 3 Imaging and Time Measures of Patients Demonstrating Core Overestimation (≥10 mL) of Infarct Volume

Patient
rCBF <30%
volume, mL

rCBF <20%
volume, mL

Infarct
volume on
follow-up
DWI, mL

Collaterals
score

Time from
reperfusion to
when DWI was
performed, h

Time from last
known well to CTP
acquisition, min

Time from CTP
acquisition to
successful
reperfusion, min

Time from CTP
acquisition
to DWI, h

1 36.4 0 0.7 2 45.3 64 71 46.5

2 60.9 27.8 17.9 1 21.7 83 60 22.7

3 17.8 0 7.4 1 27.0 87 103 28.7

4 83.5 44.2 55.4 1 5.6 58 78 6.9

5 67.9 6.8 13.8 1 24.7 83 85 26.1

6 34.6 7.6 0.8 2 16.2 47 94 17.8

Abbreviations: CTP = CT perfusion; DWI = diffusion-weighted imaging; rCBF = relative cerebral blood flow.

Figure 4 Illustration of a Case in the Hyperacute Period (<90 Minutes from Symptom Onset) With Significant Over-
estimation Ischemic Core Volumes Estimated Using the rCBF Threshold of <30% and How Using rCBF < 20%
Threshold Resulted in Adequate Estimation of Infarct Volume

The top panel demonstrates the relative cerebral blood flow (rCBF) ischemic core estimate using the <30% threshold in pink (83.5 mL) and with the <20%
threshold overlaid red (44.2mL). The bottompanel demonstrates coregistration of these volumesonto the follow-updiffusion-weighted imaging (DWI), which
demonstrated an infarct volume of 55.4mL. The pink outline of the <30% rCBF volume overestimates the DWI lesion; the red outline of the <20% rCBF volume
provides a better prediction of the DWI lesion in this patient, whose baseline scan was performed 58 minutes after symptom onset.
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infarct volume underestimation, whereas rCBF threshold
<20% demonstrated a median (IQR) of 20.1 (5.9–55.4) mL
of underestimation. Similarly, overall correlation of ischemic
core and follow-up infarct volume also appears to be better
with 30% threshold (Spearman ρ 0.58, p < 0.0001) as com-
pared with 20% (Spearman ρ 0.48, p < 0.0001).

Effect of Time From LKW to Follow-up
DWI Acquisition
Fifty-two (53.1%) patients had follow-up DWI within 24
hours of LKW, whereas 40 (40.8%) and 6 (6.1%) had DWI
within 24–72 hours and beyond 72 hours from LKW, re-
spectively. Three patients did not have information available
regarding time from LKW to follow-up MRI acquisition.
Volumetric difference between baseline CTP ischemic core
volume and follow-up DWI infarct volume and its correlation
with time from LKW to follow-up DWI is illustrated in
eFigure 2 (links.lww.com/WNL/B926), demonstrating no
clear relationship. We also did not observe any specific trends
in infarct growth or proportion of overestimation, un-
derestimation, or adequate estimation of infarct volume with
time from LKW to follow-up DWI (eTable 3).

Factors Independently Associated With
Infarct Growth
A comparison between baseline characteristics and clinical out-
comes in patients exhibiting minimal infarct growth (<25 mL)
and patients exhibiting significant infarct growth (≥25 mL) are
provided in the eTables 4 and 5 (links.lww.com/WNL/B926).
In a multivariable analysis incorporating perfusion imaging
measures, procedural measures, and time metrics, only ischemic
core volume (0.51 [0.21–0.81] mL of infarct growth for each 1
mL increase in baseline ischemic core volume; p = 0.001) and
time from CTP acquisition to complete reperfusion (0.23
[0.03–0.43] mL of infarct growth for each 1-minute increase in
time from CTP acquisition to reperfusion; p = 0.025) were
independent predictors of infarct growth.

Spatial Analysis
After coregistration of baseline CTP imaging with follow-up
MRI, infarct areas onMRIwere classified based onwhether they
were superimposed on ischemic core regions on CTP. Volumes
were determined for (1) tissue classified as ischemic core on
CTP but not infarct on the subsequent DWI and (2) tissue
classified as infarct on DWI but not ischemic core on CTP.
Overall, the median volume of tissue classified as ischemic core
on CTP but not infarcted on the subsequent DWI was 3.2
(0–9) mL. Tissue classified as infarct on DWI but not ischemic
core on CTP had a median volume of 17.9 (5.6–43.9) mL.

Upon visual inspection of cases with tissue classified as is-
chemic core on CTP but not infarct on the subsequent DWI,
the involved tissue was primarily in white matter in 46/60
cases. In 12 cases, these regions of “core overcall” were pri-
marily in cortical/subcortical gray matter, whereas 2 cases
involved both white and gray matter. Regions of infarct
growth (tissue classified as infarct on DWI but not ischemic

core on CTP) were observed primarily in cortical/subcortical
gray matter in 82/97 cases, whereas 13 cases demonstrated
infarct growth in both white and gray matter and 2 in pri-
marily white matter.

Median (IQR) positive and negative predictive values for
rCBF <30% threshold were 0.57 (0.26–0.81) and 0.98
(0.95–0.99), respectively. Median Dice coefficient for spatial
agreement between the CTP core and DWI infarct regions
was 0.1 (0–0.4). Ischemic core size was 0 mL in 40 cases and
infarct volume on follow-up DWI was 0 mL in 1 case, thus
calculation of the Hausdorff distance was not feasible. For the
rest of the cases (n = 60), median average Hausdorff dis-
tance was 34.3 (28.1–46.1) mm. Time from imaging to
reperfusion time did not correlate with calculated Dice co-
efficient (ρ = −0.005, p = 0.95) but correlated significantly
with average Hausdorff distance (ρ = 0.31, p = 0.017).

Discussion
This substudy of the SELECT trial provides the largest pro-
spectively collected dataset evaluating the relationship between
CTP ischemic core estimates and subsequent infarct volumes
in patients who achieved complete reperfusion after EVT. We
found that baseline CTP ischemic core volume predicted
subsequent infarct volume with a median error of approxi-
mately 13 mL, which is similar to the error reported in prior
studies.19,20 In our study, none of the patients who received
CTP beyond 90 minutes of LKW demonstrated significant
(≥10 mL) overestimation of infarct, which occurred in 6 pa-
tients and was restricted to those who received CTP within 90
minutes of LKW and achieved rapid reperfusion (<120 mi-
nutes) subsequently. Using the <20% threshold for patients
imaged within 90 minutes, we found that none demonstrated
significant overestimation. These data support a recommen-
dation to adjust the rCBF threshold to <20% for patients who
are scanned within 90 minutes of LKW. Our results are com-
patible with prior studies that suggested that ischemic core
thresholds may be time-dependent22-24 and stricter core
thresholds should be used for patients who received perfusion
imaging very early after symptom onset.25

Ischemic core overestimation is a potential concern that has
been controversial in the stroke community, with recent
articles14,21,26 suggesting that patients may be excluded from
receiving EVT based on CTP overestimation of irreversible
injury. The purpose of this study was to evaluate whether
infarct core overestimation is frequent with the currently
established rCBF <30% threshold, the effect of time from
LKW and time from imaging to successful reperfusion on the
incidence of potential overestimation, and whether the core
overestimation can be eliminated with a more stringent rCBF
<20% threshold.

There are a number of potential explanations for why a stricter
CBF threshold provides a more accurate ischemic core
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estimate in patients who receive CTP very early after symp-
tom onset. CTP assesses the hemodynamic status of the brain
and not tissue viability. Ischemic core is estimated from CTP
based on the severity of CBF reduction. Tissue death results
when CBF is reduced for an adequate duration and severity to
cause irreversible injury. Therefore, shorter duration of is-
chemia is less likely to cause irreversible injury unless the
ischemia is very severe27; this concept is supported by our
findings that a more strict CBF threshold was more accurate
for patients receiving CTP within 90 minutes of LKW. Fur-
thermore, CTP provides an assessment of CBF at a single
point in time; if CBF values differed in the minutes or hours
prior to the scan, the predictive accuracy will be reduced.

A substantial increase in subsequent infarct volume, com-
pared with the baseline core estimate, occurred in about one
third of the patients, more frequently in patients with hem-
orrhagic transformation, longer imaging to reperfusion times,
and poor collaterals. These factors suggest that substantial
infarct growth may have occurred prior to reperfusion and
that reperfusion-related hemorrhage and edema are also key
contributors.

Whereas MR-DWI can demonstrate reversibility of ischemic
changes in cases of reperfusion, these images are considered
gold standard for evaluating brain ischemia in early phases
after stroke.28,29 In one study, CBF <30% threshold was
shown to undercall core by a median of 12 mL when com-
pared with a DWI scan obtained shortly after the CTP.30

These data are compatible with our findings. Less strict rCBF
thresholds, such as <38%, can produce less undercall, but at
the expense of more core overcall. In general, a more con-
servative estimate of ischemic core has been favored to avoid
the potential for undertreatment.

Previous single-center, retrospective studies that reported
higher incidence of CTP ischemic core overestimation typi-
cally used software that has been associated with high rates of
core overcall31 and only evaluated the correlation between
baseline CTP and final infarct volume volumetrically; no
spatial review or coregistration of images was attempted. In
addition, the final infarct volume was delineated on follow-up
NCCT, which is less sensitive to detect ischemic changes.14,32

Furthermore, one study included only patients with AS-
PECTS ≥6.32

We used the definitions of 25 mL to define significant un-
derestimation and 10 mL to define significant overestimation
based on prior published studies that assessed accuracy of
perfusion imaging.14,19-21 The threshold of 90 minutes was
prespecified based on prior studies that suggested stricter
thresholds were needed in the ultraearly time window,25

whereas the threshold of 270 minutes was assumed to allow
for EVT procedure to occur within 6 hours of LKW. Infarct
growth between ischemic core on baseline CTP and follow-up
DWI infarct volume increased as time from imaging acquisi-
tion to complete reperfusion increased. Therefore, estimating

infarct volume from the baseline core is more reliable in pa-
tients who are reperfused rapidly.

Theoretically, longer intervals between imaging and reperfu-
sion may lead to loss of established collateral flow and thus
progression of infarct. However, varying effect of time from
imaging acquisition to reperfusion on lesion growth is
reported, with differences being attributed to differing imag-
ing profiles.24,33,34 In our study, we found significant infarct
growth of 0.23 mL for each minute of time from CTP ac-
quisition to reperfusion, which varied based on the time to
imaging acquisition. In patients imaged beyond 270 minutes,
the effect of time from imaging to reperfusion on core growth
was limited. These later treated patients may have more fa-
vorable collaterals and therefore experienced slower core
growth.35 This also may be due to the limited number of
patients (22 patients) in this group. A pooled analysis from
EXTEND-IA TNK and HERMES collaboration found that
overestimation was uncommon and not related to imaging to
reperfusion time.36 However, this pooled analysis included
patients who achieved substantial reperfusion (modified
Thrombolysis In Cerebral Ischemia [mTICI] = 2b/3). Our
analysis only included patients who achieved complete
reperfusion (mTICI = 3), thus minimizing the potential for
infarct growth following EVT.

Utilization of a more stringent rCBF threshold of 20%
resulted in resolution of significant overestimation in all 6
cases who presented within 90 minutes of LKW and received
rapid reperfusion in the cohort. Use of more stringent
threshold has been proposed in prior studies for patients
presenting very early after symptom onset.25,37 However,
these thresholds were evaluated from retrospectively col-
lected limited data and had inclusion of patients with in-
complete reperfusion and a combination of follow-up CT and
MRI to define follow-up infarct volumes. Our study evaluated
rCBF <20% threshold in prospectively collected data of pa-
tients achieving complete reperfusion and used MRI to define
follow-up infarct volume. This observation, based on a limited
number of cases, needs further validation. In addition, rCBF
threshold of 30% performed better overall in volumetric as-
sessment. It is possible that both time and individual patient
factors may affect optimal rCBF thresholds; we did not
evaluate additional predictors in this study.

We examined not only the volumetric but also spatial accuracy
of CTP. We also evaluated how time from LKW to imaging
acquisition and time from imaging to reperfusion affects the
ischemic core estimation with the most commonly used rCBF
threshold of <30%. Volumetric assessment demonstrated a
greater correlation between baseline core and follow-up infarct
than the spatial analysis. Lower spatial agreement is expected, in
part because coregistration cannot provide a perfect alignment
between baseline CT images and the follow-up MRI.

Various factors can contribute to overestimation of ischemic
core measured on perfusion imaging. CBF values in the early
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period after stroke onset may vary based on the adequacy of
the early response of collaterals to vessel occlusion.38,39 As
perfusion imaging provides only a snapshot of the tissue he-
modynamics at the acquisition time, changes occurring over
time such as clot migration and recruitment of collaterals will
not be reflected by the baseline perfusion assessment. Existing
brain lesions including encephalomalacia from prior ischemic
events and chronic microvascular changes can also confound
the assessment. Furthermore, gray and white matter have dif-
ferential ischemic thresholds and may demonstrate varying
accuracy at a given CBF threshold.40-42 Prior efforts have
suggested the use of an anatomic atlas during image processing
and using differential ischemic thresholds to improve spatial
and overall accuracy of perfusion imaging assessment.36 We
observed a similar trend in our analysis with overcalls pre-
dominantly observed in white matter and infarct growth ob-
served predominantly in gray matter on visual inspection.

Despite high rates of reperfusion with low rates of early
complications including neurologic worsening and symp-
tomatic ICH, 45% of our cohort with complete reperfusion
failed to achieve 90-day functional independence. This is
largely comparable to prior reports describing outcomes in
patients with complete reperfusion.43 Furthermore, preva-
lence of undetectable baseline ischemic core was higher in our
cohort (40%) compared to prior reports using similar soft-
ware in a patient-level analysis of EXTEND-IA and HERMES
in early window (19%)36 and in the DEFUSE 3 trial (24%;
unpublished data).6 This could be related to the larger
number of M2 occlusions included and larger number of very
early presenters. Our dataset reflects routine clinical practice
at 9 high-volume EVT centers across the United States.

Our study has several limitations. The study is a post hoc
analysis of the SELECT trial, with a moderate number of pa-
tients included. Follow-up MRIs were obtained between 5
hours from enrollment up to 10 days. Transient reversal can
occur with MR-DWIs obtained within 24 hours of reperfusion,
which may result in underestimation of final infarct volume.44

Furthermore, studies have shown that a modest degree of lesion
growth often occurs between 24 and 72 hours, even in patients
who achieved complete reperfusion.45 Unlike previous studies,
we did not demonstrate a difference in infarct growth between
patients who had their infarct volume assessedwithin the first 24
hours vs at 5 days. This may be due to the fact that all patients in
our cohort achieved complete reperfusion and infarct growth
beyond 24 hours occurs primarily in nonreperfusers.44,45

Delayed acquisition of follow-up DWI can also result in in-
clusion of tissue edema in the infarct volume. Being a pragmatic
study, SELECT allowed for follow-up imaging acquisition up to
7 days, which may have contributed to increased frequency of
volumetric and spatial disagreements. RCTs usually have
stricter time intervals for follow-up imaging acquisition. Time
fromCTP to reperfusion rangedwidely from 33 to 252minutes,
which could have affected the accuracy of CTP estimation due
to infarct growth in patients who had significant infarct growth
due to delay prior to reperfusion.We did not collect information

on whether stroke onset was witnessed; therefore, in patients
who did not have an observed onset, the time between stroke
onset and imaging may be overestimated.

Our results suggest that baseline ischemic core estimates pre-
dict subsequent infarct volumes in patients who achieve com-
plete reperfusion during EVT with a median error of 13 mL.
Underestimation of infarct volume is often related to hemor-
rhagic transformation or an extended time between imaging
and reperfusion. Overestimation of the ischemic core on CT
perfusion occurred infrequently and was limited to patients
presenting very early, within 90 minutes, after the stroke onset
who achieved rapid reperfusion and was predominantly limited
to white matter. In these early presenting patients, over-
estimation may be avoided by using a more conservative rCBF
<20% threshold to identify the ischemic core.
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