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A benchmarking tool to evaluate
computer tomography perfusion infarct
core predictions against a DWI standard
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Abstract

Differences in research methodology have hampered the optimization of Computer Tomography Perfusion (CTP) for

identification of the ischemic core. We aim to optimize CTP core identification using a novel benchmarking tool. The

benchmarking tool consists of an imaging library and a statistical analysis algorithm to evaluate the performance of CTP.

The tool was used to optimize and evaluate an in-house developed CTP-software algorithm. Imaging data of 103 acute

stroke patients were included in the benchmarking tool. Median time from stroke onset to CT was 185 min (IQR 180-

238), and the median time between completion of CT and start of MRI was 36 min (IQR 25-79). Volumetric accuracy of

the CTP-ROIs was optimal at an rCBF threshold of <38%; at this threshold, the mean difference was 0.3 ml (SD 19.8 ml),

the mean absolute difference was 14.3 (SD 13.7) ml, and CTP was 67% sensitive and 87% specific for identification of

DWI positive tissue voxels. The benchmarking tool can play an important role in optimizing CTP software as it provides

investigators with a novel method to directly compare the performance of alternative CTP software packages.
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Introduction

Several studies have identified CTP parameters that
could serve as surrogates for DWI imaging. These stu-
dies have, however, reported different results in terms
of the optimal perfusion parameter (e.g. CBF vs CBV)
and its optimal threshold to identify the ischemic core.
This variability is attributed to differences in (1) CTP
processing algorithms, (2) definitions of the gold stand-
ard for ischemic core, and (3) implementations of ROC
analysis (definition of true negative region, ROC ana-
lysis per-patient or all voxels pooled)1–9 (Table 1).
Consequently, there is wide variability in the CTP para-
meters that are used in clinical practice and trials. This
presents a major obstacle to progress in the field of
CTP-based patient selection for acute stroke therapy.
To address the heterogeneity of prior studies, we devel-
oped a benchmarking tool that can be used to evaluate
CTP post-processing software algorithms in a

standardized way. We used this tool to evaluate the
performance of in-house developed CTP post-proces-
sing software algorithms.

1Stanford Stroke Center, Stanford University Medical Center, Stanford,

CA, USA
2Stroke Center, Neurocenter (EOC) of Southern Switzerland, Lugano,

Switzerland
3Departments of Medicine and Neurology, Melbourne Brain Centre at

the Royal Melbourne Hospital, University of Melbourne, Parkville,

Australia
4Department of Radiology, Royal Melbourne Hospital, University of

Melbourne, Parkville, Australia
5Department of Neurology, John Hunter Hospital, University of

Newcastle and Hunter Medical Research Institute, Newcastle, Australia

Corresponding author:

MG Lansberg, Stanford Stroke Center, 780 Welch Road, Suite 350, Palo

Alto, CA 94304-5778, USA.

Email: lansberg@stanford.edu

Journal of Cerebral Blood Flow &

Metabolism

0(00) 1–10

! Author(s) 2015

Reprints and permissions:

sagepub.co.uk/journalsPermissions.nav

DOI: 10.1177/0271678X15610586

jcbfm.sagepub.com



T
a
b

le
1
.

Su
m

m
ar

y
o
f

st
u
d
ie

s
co

m
p
ar

in
g

C
T

P
-b

as
e
d

in
fa

rc
t

p
re

d
ic

ti
o
n

to
a

D
W

I
re

fe
re

n
ce

.

St
ud

y
N

C
T-

M
R
I

in
te

rv
al

In
cl

us
io

n
cr

ite
ri
a

m
ed

ia
n

[I
Q

R
]

D
W

I
ou

tli
ne

m
et

ho
d

R
ef

er
en

ce
re

gi
on

fo
r

R
O

C
an

al
ys

is

C
T
P

p
ar

am
et

er
s

te
st

ed

O
p
tim

al
C
T
P

th
re

sh
ol

d
fo

r

co
re

p
re

di
ct

io
n

Vo
lu

m
e

di
ff
er

en
ce

D
W

I-
C
T
P,

m
l

M
ea

n
(9

5
%

C
I)

C
u
rr

e
n
t

St
u
d
y

1
0
3

�
3

h

3
6

m
in

[2
5
–
7
7
]

M
an

u
al

H
yp

o
-p

e
rf

u
se

d

re
gi

o
n

(T
m

a
x
>

4
s)

rC
B

F
<

3
8
%

0
.3

(�
3
.6

to
4
.2

)

W
in

te
rm

ar
k

8
2
5

�
1
2

h

2
5

m
in

[–
]

M
an

u
al

W
h
o
le

b
ra

in
C

B
V

rC
B

V

M
T

T
/r

M
T

T

T
T

P
/r

T
T

P

C
B

F/
rC

B
F

<
2
.0

m
l/
1
0
0

g

<
6
0
%

–

B
iv

ar
d

3
5
7

a
– 2
8

m
in

[2
0
–
4
0
]

Se
m

i-
au

to
m

at
ic

Ip
si

le
si

o
n
al

h
e
m

is
p
h
e
re

rC
B

F

C
B

V
/r

C
B

V

T
m

a
x

M
T

T

<
4
5
%

–

B
iv

ar
d

2
6
7

a
�

1
2

h

1
6
2

m
in

[1
8
5
–
2
4
0
]

M
an

u
al

Ip
si

le
si

o
n
al

h
e
m

is
p
h
e
re

rC
B

F

C
B

F

M
T

T

T
T

P
/r

T
T

P

C
B

V
/r

C
B

V

<
4
0
%

–

K
am

al
ia

n
7

4
8

�
1

h

3
4

m
in

[2
8
–
4
3
]

Se
m

i-
au

to
m

at
ic

N
o
t

sp
e
ci

fie
d

rC
B

F

C
B

F

C
B

V
/r

C
B

V

M
T

T
/r

M
T

T

<
1
6
–
3
2
%

d
e
p
e
n
d
in

g

o
n

so
ft

w
ar

e
u
se

d

–

C
am

p
b
e
ll4

,6
5
4

a
�

1
h

2
7

m
in

[2
5
–
3
5
]

M
an

u
al

H
yp

o
-p

e
rf

u
se

d

re
gi

o
n

(r
T

T
P
>

2
s)

rC
B

F

C
B

F

C
B

V
/r

C
B

V

M
T

T

T
m

a
x

T
T

P

<
3
1
%

1
1
.0

(–
)

B
iv

ar
d

1
6
7

a
�

1
h

–
[–

]

Se
m

i-
au

to
m

at
ic

Ip
si

le
si

o
n
al

h
e
m

is
p
h
e
re

rC
B

F

C
B

F

C
B

V
/r

C
B

V

T
m

a
x
/D

T

<
4
0
%

0
.5

(�
0
.1

to
0
.9

)

B
iv

ar
d

5
3
3

a
�

1
h

–
[–

]

m
an

u
al

Ip
si

le
si

o
n
al

h
e
m

is
p
h
e
re

rC
B

F

C
B

F

C
B

V
/r

C
B

V

M
T

T

T
T

P

<
5
0
%

4
.2

(3
.4

to
7
.2

)

Sc
h
ae

fe
r9

5
5

�
3

h

5
1

m
in

[4
1
–
6
5
]

Se
m

i-
au

to
m

at
ic

Ip
si

le
si

o
n
al

h
e
m

is
p
h
e
re

rC
B

F

C
B

V

<
1
5
%

�
2
.6

(–
)b

–
¼

n
o
t

p
ro

vi
d
e
d
;
IQ

R
¼

in
te

rq
u
ar

ti
le

ra
n
ge

;
R
O

C
¼

R
e
ce

iv
e
r

o
p
e
ra

ti
n
g

ch
ar

ac
te

ri
st

ic
;
C

T
P
¼

co
m

p
u
te

r
to

m
o
gr

ap
hy

p
e
rf

u
si

o
n
;
D

W
I¼

d
iff

u
si

o
n

w
e
ig

h
te

d
im

ag
in

g;
C

I¼
co

n
fid

e
n
ce

in
te

rv
al

;
R

2
¼

co
rr

e
la

ti
o
n

co
e
ff
ic

ie
n
t;

h
¼

h
o
u
rs

;
C

B
V
¼

ce
re

b
ra

l
b
lo

o
d

vo
lu

m
e
;
rC

B
V
¼

re
la

ti
ve

ce
re

b
ra

l
b
lo

o
d

vo
lu

m
e
;
M

T
T
¼

;
rM

T
T
¼

re
la

ti
ve

m
e
an

tr
an

si
t

ti
m

e
;
T

T
P
¼

ti
m

e
to

p
e
ak

;
rT

T
P
¼

re
la

ti
ve

ti
m

e
to

p
e
ak

;
C

B
F
¼

ce
re

b
ra

l

b
lo

o
d

flo
w

,
rC

B
F
¼

re
la

ti
ve

ce
re

b
ra

l
b
lo

o
d

flo
w

;
T

m
a
x
¼

ti
m

e
-t

o
-m

ax
im

u
m

o
f

th
e

re
si

d
u
e

fu
n
ct

io
n
;

D
T
¼

d
e
la

y
ti
m

e
.

a
Su

b
se

t
o
f

th
e
se

p
at

ie
n
ts

is
in

cl
u
d
e
d

in
th

e
cu

rr
e
n
t

st
u
d
y.

b
9
5
%

C
I

n
o
t

re
p
o
rt

e
d
;

p
re

d
ic

ti
o
n

in
te

rv
al

re
p
o
rt

e
d

as
�

5
6
.7

.

2 Journal of Cerebral Blood Flow & Metabolism



Materials and methods

A schematic view of the benchmarking tool that was
developed to evaluate CTP post-processing software
algorithms is shown in Figure 1. To use the tool, inves-
tigators need to (1) generate CTP ischemic core masks
(in DICOM format) by processing the included CTP
source data (in DICOM format) with their own CTP
post-processing software; (2) place their CTP ischemic
core masks in a predefined folder structure; and (3) run
the benchmarking tool’s analysis executable program
with the mask folder as input. The tool will then gen-
erate a performance report of the user’s CTP post-pro-
cessing software algorithm based on the
correspondence between the CTP masks and the
tool’s included gold standard DWI lesion masks using
multiple metrics. Since the purpose of the tool is to
provide an objective quantitative evaluation of the per-
formance of CTP post-processing algorithms, all steps
except for the perfusion algorithm itself, are standar-
dized (Figure 1). In order to ensure the credibility and
integrity of these steps, the tool features fully transpar-
ent and commented source code (Matlab v. R2013b,
MathWorks Inc., Nattick, MA, USA) and a set of
images for each case to verify the appropriateness of
co-registration and DWI lesion outlines (Figure 2).

The benchmarking tool has only two technical
requirements of the CTP software that is evaluated,
which ensures compatibility with all open-source and
most commercial CTP software packages: (1) the CTP

software should output infarct mask data in the same
pixel dimensions as the provided CTP input data
(256� 256 matrix); (2) the CTP software should not
perform motion correction or spatial down-sampling
because the CTP input data has already been motion
corrected to ensure spatial correspondence with the co-
registered DWI lesion outlines. The two main compo-
nents of the benchmarking tool are:

1. A large multicenter imaging dataset from acute
stroke patients who underwent back-to-back CTP
and DWI imaging within 3 h of each other.
Imaging data from two prospective cohort studies
of acute ischemic stroke patients were pooled.10,11

Imaging was performed at three US sites and one
Australian site with CT and MRI scanners from all
the major manufacturers. CT perfusion acquisition
modes included toggle table, continuous spiral and
cine mode with total z-axis coverage ranging from
4.4 to 16 cm. Tube voltage was constant at 80 kV
across sites. Imaging data from patients who pre-
sented within 8 h of stroke onset and underwent an
MRI within 3 h after CT were included for use in the
benchmarking tool.

For each case, the acute DWI image was co-regis-
tered to the CTP slab(s) using the non-contrast CT
as an intermediary target (Figure 2). The DWI image
was then resampled to match the CTP slab and visu-
ally checked for accurateness using interactive image

Figure 1. Flowchart of the processing steps required to compare CTP-defined ischemic core to a DWI standard reference. Each

processing step can impact the perfusion analysis and influence the observed performance of CTP in terms of infarct core prediction.

Only studies that use equivalent implementations are directly comparable. To allow for better inter-study comparability, we have

created an open-source CTP benchmarking tool in which all processes are standardized (green outline: co-registration, DWI lesion

outlining, and statistical evaluation), except for the CTP algorithm used to segment the infarct core (orange outline).

Cereda et al. 3



blending. Registrations were performed using MNI
(Montreal Neurological Institute) tools and subject
to quality verification and approval by three investi-
gators.12 DWI lesion ROIs were drawn on the DWI
images following resampling to CTP space by a
single investigator (BC) and subjected to group
review until all outlines were accepted. This proced-
ure was fully blinded to the CTP maps. Figure 3
details the regions used in our analyses. Tissue
with normal perfusion (Tmax�4 s), such as the
contralateral hemisphere, was excluded. Cases in
which more than 50% of the DWI lesion had
normal perfusion at the time of CTP were excluded
from the study on the grounds of major hemo-
dynamic changes.4

2. An open source statistical analysis program to quan-
tify the correspondence between CTP and DWI ima-
ging in a reproducible way. The program expresses
performance of the CTP software for identification
of the ischemic core using five different metrics: (1)
mean prediction error (mean difference between the
CTP and DWI ischemic core volumes); (2) mean
absolute prediction error; (3) regression and correl-
ation coefficients of the relationship between the
CTP and DWI ischemic core volumes; (4) sensitivity
and specificity of CTP to identify DWI positive
voxels; and (5) sensitivity and specificity of CTP to
identify patients with a DWI core volume exceeding
50ml. The program displays performance visually
on a scatter plot with CTP volumes on the x-axis
and DWI volumes on the y-axis and on a residual
plot with DWI volumes on the x-axis and the

difference between the CTP and DWI volumes on
the y-axis.

The benchmarking tool was used to assess the per-
formance of a research version of an in-house devel-
oped, fully automated, CTP post-processing software
algorithm.13 This algorithm identifies segments of tissue
with a relative CBF (rCBF¼CBFvoxel/CBFcontrol)
below a configurable threshold, where CBFcontrol is
defined as the mean CBF of tissue with normal perfu-
sion. Our CTP software algorithm was first run with its
default rCBF threshold (rCBF <30%) to generate
ischemic core segmentation masks for each case.
Next, the CTP software was set up to produce 27 seg-
mentation masks of the ischemic core per case. This
was based on 27 rCBF thresholds ranging from 0 to 1
with the finest resolution (0.02) between 0.2 and 0.5 as
prior studies and previous experience with our perfu-
sion algorithm indicated this range to be the most rele-
vant for segmentation of the ischemic core.4 Three
optimal rCBF thresholds were determined: (1) a
volume-optimized rCBF threshold defined as the
threshold at which the mean difference between pre-
dicted core volumes and observed DWI volumes was
minimized4, (2) a volume-optimized rCBF threshold
defined as the threshold at which the median absolute
difference between predicted core volumes and
observed DWI volumes was minimized and (3) a
voxel-optimized rCBF threshold defined as the
threshold at which the Youden’s index based on
ROC analysis for predicting DWI positive voxels
was maximized.14 The three sets of lesion masks,

Figure 2. Example of co-registered CTP and DWI images along with the overlaid infarct ROI outline that form part of the

benchmarking tool. These images allow users of this benchmarking tool to validate the appropriateness of the DWI outline as well as

the DWI-to-CTP co-registration. For formatting purposes, the images are shown on three rows, but the actual format is three

separate sets of images (per patient), which makes it easy to flick back and forth between images to assess the co-registration in a pixel

wise fashion.

4 Journal of Cerebral Blood Flow & Metabolism



generated with these rCBF thresholds, were used as
input for the benchmarking tool’s analysis program to
generate performance reports.

We conducted analyses to determine if the volume-
optimized rCBF threshold varied with (1) the time
from symptom onset to CTP and (2) the time from
CTP to MRI. For each individual patient, we deter-
mined a patient-specific optimal rCBF threshold
(based on minimal absolute volumetric difference
between CTP and DWI core volumes). These patient-
specific optimal rCBF thresholds were regressed,
separately, against the onset-to-CT and CT-to-MRI
time intervals to determine if significant associations
existed. We also performed a sensitivity analysis to
determine if the optimal rCBF threshold differed
depending on the z-axis coverage of the CTP scan
(4.8 vs 8 vs 16 cm).

Finally, we repeated the optimization procedure for
a perfusion algorithm that uses rCBV for identification
of the ischemic core and compared the prediction errors
of the two approaches (rCBV and rCBF based) with a
paired Wilcoxon signed rank test.

Results

The pooled dataset included 128 patients who were
enrolled in the parent studies between 2004 and 2012

and who had undergone back-to-back CTP and diffu-
sion MRI in the acute stroke setting. Of these, 103
patients met eligibility criteria for this study. Patients
were excluded because more than 50% of the DWI
lesion had normal perfusion at the time of CTP
(n¼ 18), there was insufficient quality of the baseline
CTP data (n¼ 4) and coregistration failures due to
image distortions (n¼ 3). The mean age of the included
population was 68 years (SD 14), median baseline
National Institutes of Health Stroke Scale (NIHSS)
score was 16 (IQR 11-19), median time from stroke
onset to CT was 185min (IQR 180-238) and the
median time between completion of CT and start of
MR was 36min (IQR 25-79, range 15–181min).
Twenty-nine patients received intravenous thromboly-
sis only, 16 underwent endovascular therapy only, 14
had both therapies and the remaining 44 had no revas-
cularization therapy.

The rCBF threshold that optimized the mean differ-
ence between CTP and DWI lesion volumes was 38%
(Figures 4 and 5a). The rCBF threshold that optimized
the median absolute difference between CTP and DWI
lesion volumes was 30% (Supplemental Figure). The
rCBF threshold at which the Youden’s index was max-
imized was 42%. (Youden’s index 0.55; Figure 5b) The
software’s performance characteristics at these thresh-
olds are listed in Table 2.

Figure 3. Illustration of voxel-based analysis of infarct prediction. This case illustrates how the CTP benchmarking tool calculates the

test-characteristics of CTP for identifying DWI positive voxels. The DWI (a) is co-registered to the CTP (b and c). The rCBF estimate

(red outline) of the ischemic core and the gold standard DWI (yellow) are shown in panel (b). CTP test characteristics are based on

the regions shown in panel (c). TP (true positive) are voxels that are included in the CTP-rCBF and the DWI infarct outlines (green);

FP (false positive) are voxels included in the CTP-rCBF outline but not the DWI outline (red); FN (false negative) are voxels included in

the DWI outline but not the CTP-rCBF outline (blue); TN (true negative) are voxels that are not included in the DWI or the CTP-

rCBF outline but have prolonged Tmax defined as Tmax>4 (region not shown to maintain a clear depiction of the rCBF and DWI

outlines).

Cereda et al. 5



There was no significant association between
patient-specific optimal rCBF thresholds and the
onset-to-CT interval (R2

¼ 0.003; p¼ 0.56) or the CT-
to-MRI interval (R2

¼ 0.005; p¼ 0.48). Sensitivity ana-
lyses in subgroups defined by CTP z-axis coverage (4.4
vs 8 vs 16 cm) also yielded identical volume-optimized
rCBF thresholds (<38%).

The optimal rCBV threshold for prediction of the
DWI core was <44%. The performance characteristics
for ischemic core segmentation were similar with the
optimal rCBV (<44%) and rCBF (<38%) method
(Table 2). The mean difference in prediction errors
between methods was 0.2ml (SD 14.0ml; p¼ 0.55).

Discussion

We developed a benchmarking tool that standardizes
the evaluation of CTP software for ischemic core pre-
diction and we used this tool to evaluate in-house devel-
oped CTP software. At the optimal rCBF threshold
(<38%), the mean absolute difference between ischemic
core lesion volumes assessed with CTP and DWI was
14.3ml with a standard deviation of 13.7ml. This result
can serve as an initial benchmark for the performance
of other CTP software packages.

A novel aspect of the benchmarking tool is that it
reports the mean absolute prediction error (difference

Figure 4. Example performance report of CTP software operating at rCBF<38% threshold. This report card, generated with the

CTP benchmarking tool, lists the performance metrics of our in-house CTP analysis software operating at its volume-optimized rCBF

threshold of <38%. Lower left graph: A scatter plot of CTP and DWI ischemic core lesion volumes is shown with a linear regression

line (black) and its 95% prediction interval between blue dashed lines. The green shaded area indicates patients who are correctly

classified by CTP as having a DWI lesion <50 ml. The red shaded area indicates patients who are correctly classified by CTP as having a

DWI lesion >50 ml. Lower right graph: A residuals plot shows the volumetric difference between CTP infarct core prediction and

DWI. The mean difference between the DWI and CTP infarct volumes (mean error calculated as DWIvol � CTPvol) is indicated with

a black line and its 95% prediction interval with blue dashed lines.
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between CTP and DWI lesion volumes). This measure
has clinical relevance, as it reflects the accuracy with
which ischemic core lesion volumes are measured
using CTP at the level of individual patients. In con-
trast, the more commonly used mean prediction error is
less informative as it only reflects the average bias
between CTP and DWI volumes and does not provide
information about the volumetric difference for an indi-
vidual case. Other novel performance measures, calcu-
lated by the benchmarking tool, are the sensitivity and
specificity of CTP for identifying patients with DWI
lesions exceeding 50ml (Table 2, Figure 4). The clinical
relevance of these measures is based on recent studies
that have shown poor outcome, regardless of reperfu-
sion therapy, in patients with large DWI lesions and the

exclusion of patients with large DWI lesions from
recent endovascular stroke trials.15,16

Another novel aspect of this research is the use of
‘‘open science’’. Whilst there has been enthusiasm to
make scientific research methods, data and results pub-
licly available,17,18 such open science is still exceedingly
rare. Limited sharing of research data and methods has
hindered the advancement of scientific research, includ-
ing research related to the optimization of CTP post-
processing algorithms. Considerable variability in the
quality and quantity of the CTP input data coupled
with variability in the methods used to evaluate post-
processing algorithms in prior studies has led to results
that are inconsistent, impossible to replicate, and diffi-
cult to compare. Consequently, newer studies have not

Figure 5. Optimal rCBF thresholds for DWI volume prediction. The volume-optimized threshold was defined as the rCBF threshold

at which the mean prediction error (DWI-CTP infarct volume) was minimized. This occurred at an rCBF threshold <38%, which

corresponded with a mean volumetric difference between DWI and CTP core volumes of 0.3 ml (panel A, column indicated by an

asterisk). The ROC-optimized threshold was defined as the rCBF threshold at which the Youden’s Index was maximal. This occurred

at an rCBF threshold of <42%. At this threshold CTP was 72% sensitive and 83% specific for identifying DWI positive voxels,

corresponding to a Youden’s index of 0.55 (panel B, column indicated by a hash character).

Cereda et al. 7



been able to build on the results of older studies to
incrementally improve CTP post-processing algo-
rithms, there has been no clear movement towards a
consensus among scientists of what constitutes an ade-
quate quality for CTP post-processing algorithms, and
there is considerable variability in the type of algo-
rithms that are being used. By making our imaging
data and evaluation methods available to others, we
aim to create a global research environment that is con-
ducive to continuous improvements of CTP post-pro-
cessing software algorithms.

Our CTP post-processing algorithm showed the
smallest difference between CTP and DWI ischemic
core estimates at an rCBF threshold <38%. This
threshold is in the range of rCBF thresholds suggested
in prior studies (<31% to <50%) (Table 1). The spread
in rCBF thresholds among studies is likely due to the
wide variety of methodological approaches (acquisi-
tion, post-processing and analysis strategies) used in
these studies. For example, our analyses illustrate
how the choice of the optimization parameter impacts
the rCBF threshold. The rCBF threshold was <38%
when optimized for absolute volumetric correspond-
ence and <42% when a voxel-based optimization was
employed.

Voxel-based optimization has several limitations.
First, voxel-based optimization does not guarantee
volumetric agreement. In our case, the higher, more
sensitive, rCBF threshold identified with voxel-based
optimization (<42%) results in an overestimation of

the ischemic core volume compared to DWI (mean
overestimation of 6ml). Second, voxel-based optimiza-
tion depends on the region in which it is assessed (e.g.
whole brain, ipsilesional brain, hypo-perfused region).
The choice of reference region is an arbitrary decision
that varies between studies. Finally, voxel-based opti-
mization is more sensitive to co-registration errors than
a volume-based approach. While we took extreme care
to optimize co-registration in the imaging dataset,
minor errors are unavoidable because of the many chal-
lenges of registering between CTP and DWI modalities,
including non-isotropic data, different slice angula-
tions, and inherent distortions in DWI images. The
focus on sensitivity and specificity in prior studies
could have been motivated by the fact that good volu-
metric correspondence does not necessarily imply good
spatial correspondence in the individual patient. This
indeed may be a concern for small samples, but when
the CTP algorithm is evaluated in a large patient
sample, like the one used for this study, good volumet-
ric agreement implies good spatial agreement. For these
reasons, we favor volumetric optimization, comple-
mented by ROC and visual analysis to summarize
and ensure acceptable spatial concordance.

From a clinical standpoint, a threshold that is more
restrictive and thus more specific than the threshold at
which the mean volumetric difference is optimized may
be desirable, because a more restrictive threshold would
err on the side of underestimating the ischemic core.
This avoids falsely identifying a patient as a poor

Table 2. Performance characteristics of in-house developed CT perfusion software for identification of the infarct core.

CTP threshold for ischemic core segmentationa

Measure of agreement between CTP and DWI infarct core rCBF <30% rCBF <38% rCBF <42% rCBV <44%

Volumetric agreement (DWI – CTP lesion volume)

Mean difference (SD), ml 12.0 (19.0) 0.3 (19.8) �5.9 (21.3) 0.5 (18.1)

Mean absolute difference (SD), ml 15.8 (16.1) 14.3 (13.7) 16.2 (15.0) 12.9 (12.7)

Median absolute difference (IQR), ml 9.4 (4.6–22.3) 11.5 (3.6–18.5) 12.5 (5.6–22.3) 8.7 (4.1–19.5)

Regression intercept, coefficient (DWIvol¼ aþ b�CTPvol) 7.9, 1.16 �0.4, 1.02 �4.2, 0.96 1.4, 0.96

Pearson Correlation (R2) 0.86 0.83 0.81 0.86

Spatial agreement

Sensitivity of CTP for predicting DWI positive voxels 55% 67% 72% 69%

Specificity of CTP for predicting DWI positive voxels 95% 87% 83% 88%

Agreement for identification of large infarct core

Accuracy of CTP for predicting DWI core exceeding 50 ml 87% 85% 86% 89%

Sensitivity of CTP for predicting DWI core exceeding 50 ml 60% 73% 77% 77%

Specificity of CTP for predicting DWI core exceeding 50 ml 99% 90% 90% 95%

IQR¼ interquartile range; DWIvol¼ infarct core volume estimated by DWI; CTPvol¼ infarct core volume estimated by CTP; R2
¼ correlation coeffi-

cient squared. arCBF<30% is the default threshold of our CTP software and the rCBF threshold at which the median absolute difference between the

DWI and CTP infarct volumes is minimized; rCBF<38% is the mean volume-optimized rCBF threshold, defined as the rCBF threshold at which the

mean difference between the DWI and CTP infarct volumes is minimized; rCBF<42% is the voxel-optimized rCBF threshold, defined as the rCBF

threshold at which the Youden’s index based on ROC analysis for predicting DWI positive voxels is maximized; rCBV<44% is the volume-optimized

rCBV threshold, defined as the rCBV threshold at which the mean difference between the DWI and CTP infarct volumes is minimized.
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candidate for reperfusion therapy based on a large
ischemic core by CTP, when he or she would have
been considered a good candidate based on a smaller
DWI lesion. For example, the rCBF<30% threshold,
on average, underestimates the DWI lesion by 12ml;
however, it has greater specificity for predicting DWI
positive voxels compared to the rCBF<38% threshold
(95% vs 87%). Because of the bias towards underesti-
mation, the rCBF<30% threshold is less likely to over-
estimate the ischemic core than the <38% threshold
and when overestimation occurs, the volume by which
it overestimates is smaller.

In this study, we demonstrate similar prediction
errors with rCBF and rCBV based segmentation. We
foresee that innovations in CTP post-processing algo-
rithms will reduce CTP prediction errors. These innov-
ations could focus on improvements in rCBF or rCBV
thresholds or may, instead, be based on alternative per-
fusion parameters such as Tmax, used alone or in com-
bination with CBF and/or CBV criteria. Another
potential area of improvement is the use of different
thresholds for gray and white matter. The single thresh-
old used in this study and in most prior studies tends to
overestimate the lesion in white matter while underes-
timating it in gray matter. In our dataset, this results in
overestimation of small DWI lesions (<15ml) and
underestimation of larger DWI lesions. The bench-
marking tool is ideal for testing the performance of
novel algorithms, as the tool is not specific to rCBF
or rCBV segmentation, but can evaluate the perform-
ance of any CTP post-processing software regardless of
its segmentation algorithm.

A limitation of the benchmarking tool is the lack of
an ideal gold standard for ischemic core. Two MRI
sequences have traditionally been used: (1) DWI
obtained early after CTP and (2) FLAIR/T2 obtained
at late follow-up in patients with documented early
reperfusion. Both methods are imperfect since the
ischemic core is expected to expand between the time
of CTP imaging and DWI as well as between CTP
imaging and reperfusion. Consequently, the MRI gold
standard overestimates the true ischemic core volume
with both approaches. To address this limitation, we
only included patients in whom the CTP and MRI
were obtained back-to-back (median time delay
35min), but even in this short time-frame some ische-
mic core growth may occur. This can affect the estimate
of the optimal rCBF threshold, as longer CT-to-MRI
intervals would be associated with higher rCBF thresh-
olds (and consequently larger CTP cores) to compen-
sate for greater overestimation of the ischemic core on
DWI. We, however, found no association between time
from CT-to-MRI and the optimal rCBF threshold, sug-
gesting that the dataset is sufficiently uniform in terms
of the patients’ CT-to-MRI intervals. Additional

factors that make DWI an imperfect gold standard
include the effects of edema, partial reversal of the
DWI after reperfusion,19,20 and the inherently subject-
ive nature of lesion outlines.21 Consequently, MRI can
over- or underestimate the ischemic core in individual
patients, which makes it unrealistic to expect perfect
concordance between ischemic core measurements on
CT and MRI.

A second limitation is the potential dependency of the
optimal CTP threshold on the duration between symp-
tom onset and CTP (ie onset-to-CT time).
Fundamentally, infarction is expected to depend on the
duration and the severity of CBF reduction, with a lower
(more restrictive) rCBF threshold required for patients
who are scanned early (i.e. short duration of ischemia)
and a higher threshold for patients scanned late. In our
dataset, we detected no dependency of the optimal rCBF
threshold on the onset-to-CT time. This is consistent
with other studies. It suggests that using our approach
in the time-window studied, the time-dependency of the
core rCBF threshold could not be documented.22

We foresee that the CTP benchmarking tool will
evolve over time as researchers add functionality. A cur-
rent strength of the tool is the generalizability of its
results. This stems from the large dataset of back-to-
back CTP-DWI images, obtained with a wide array of
acquisition protocols on CT scanners from all major
vendors at multiple sites. Nevertheless, cases could be
added to cover, for example, a wider range of lesion
volumes. Addition of follow-up imaging and data on
reperfusion could allow development of a complimen-
tary module that evaluates CTP-based segmentation of
critically hypo-perfused tissue. Finally, alternative meas-
ures of performance, such as for example the mean
squared error or DICE coefficient, can easily be added.

The benchmarking tool that we developed will pro-
vide a transparent platform for comparison of CTP
ischemic core segmentation algorithms and has the
potential to play a major role in advancing the diag-
nostic accuracy of CTP software. It demonstrates that
ischemic core volumes predicted by our in-house devel-
oped CTP software differ, on average, by 14.3ml (SD
13.7) from DWI core volumes when using an rCBF
threshold of <38%. This should be viewed as an initial
benchmark, and we anticipate that future efforts will
lead to better algorithms that generate CTP lesion vol-
umes that approximate the DWI volumes even more
closely.
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