European Radiology (2019) 29:4198-4206
https://doi.org/10.1007/s00330-018-5896-y

COMPUTED TOMOGRAPHY

@ CrossMark

Identifying perfusion deficits on CT perfusion images using temporal
similarity perfusion (TSP) mapping

Jill B. De Vis "2 - Sunbin Song? - Marie Luby? - Jan Willem Dankbaar* - Daniel Glen® - Richard Reynolds? -
Brigitta K. Velthuis® - Wouter Kroon" - Lawrence L. Latour? - Reinoud P. H. Bokkers'

Received: 16 May 2018 /Revised: 22 October 2018 / Accepted: 19 November 2018 /Published online: 7 January 2019
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2019

Abstract

Objectives Deconvolution-derived maps of CT perfusion (CTP) data may be confounded by transit delays. We propose temporal
similarity perfusion (TSP) analysis to decrease CTP maps’ dependence on transit times and investigate its sensitivity to detect
perfusion deficits.

Methods CTP data of acute stroke patients obtained within 9 h of symptom onset was analyzed using a delay-insensitive singular
value decomposition method and with TSP. The TSP method applies an iterative process whereby a pixel’s highest Pearson’s R
value is obtained through comparison of a pixel’s time-shifted signal density time-series curve and the average whole brain signal
density time-series curve. Our evaluation included a qualitative and quantitative rating of deconvolution maps (MTT, CBYV, and
TTP), of TSP maps, and of follow-up CT.

Results Sixty-five patients (mean 68 (SD 13) years, 34 male) were included. A perfusion deficit was identified in 90%, 86%,
65%, and 84% of MTT, TTP, CBV, and TSP maps. The agreement of MTT, TTP, and TSP with CT follow-up was comparable but
noticeably lower for CBV. CBV had the best relationship with final infarct volume (R* = 0.77, p < 0.001), followed by TSP (R* =
0.63, p <0.001). Intra-rater agreement of an inexperienced reader was higher for TSP than for CBV/MTT maps (kappa’s of 0.79—
0.84 and 0.63-0.7). Inter-rater agreement for experienced readers was comparable across maps.

Conclusions TSP maps are easier to interpret for inexperienced readers. Perfusion deficits detected by TSP are smaller which may
suggest less dependence on transit delays although more investigation is required.

Key Points

o Temporal similarity perfusion mapping assesses CTP data based on similarities in signal time-curves.

» TSP maps are comparable in perfusion deficit detection to deconvolution maps.

» TSP maps are easier to interpret for inexperienced readers.
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MT Mechanical thrombectomy
MTT Mean transit time

NCCT Non-contrast CT

NIHSS National Institutes of Health Stroke Scale
PCA Posterior cerebral artery

PET Positron emission tomography

TSP Temporal similarity perfusion

TTP Time-to-peak

VBA Vertebrobasilar artery

Introduction

Computed tomography perfusion (CTP) imaging of the brain,
which allows for assessment of brain perfusion and perfusion-
related parameters, has become a routine clinical imaging pro-
tocol for patients suspected of stroke. It has been shown to
differentiate stroke mimics from ischemia, and recent guide-
lines have recommended it to identify stroke patients who
may benefit from mechanical thrombectomy but present be-
tween 6 and 24 h of last known normal [1, 2].

Computed tomography perfusion maps are derived by
measuring the influx of intravenously injected contrast agent
into the cerebral vessels. CTP data are processed to generate
parametric maps, such as cerebral blood volume (CBV) and
time to peak (TTP), which are then interpreted to identify
volumes of ischemic core and penumbra, respectively.
Despite recent evidence of clinical value for selection of pa-
tients for therapy, CTP’s application into daily clinical practice
is hampered by a high variability in results generated from the
different mathematical algorithms, post-processing packages,
and variable image quality. Each CTP software package has
its own method to transform the raw perfusion data into para-
metric maps; variability is introduced with arterial input and
venous output function, bolus timing, algorithm, and tracer
delay sensitivity [3—6]. In addition, the results of CTP analysis
vary with scan parameters including tube voltage, tube cur-
rent, and temporal resolution [7-9].

In this study, we propose temporal similarity perfusion
(TSP) mapping as a new CTP analysis method. The method
has been used previously on MR perfusion data [10] and eval-
uates similarities of signal time-series curves independent of
transit delays, and these are reflected by means of the Pearson
product-moment correlation coefficient (Pearson’s R).
Herewith, normally perfused brain tissue should have a per-
fusion curve (signal time-series) closely related to the perfu-
sion curve of the rest of the brain, and thus would demonstrate
a high correlation (or Pearson’s R value close to 1). Contrary,
aberrantly perfused brain tissue will show different signal
time-series as compared to the most of the brain and thus
low correlation. The main advantages of the method are that
(i) correlation analysis is fast, robust, and tolerant of noise and
(i) it allows for analysis of perfusion data independent of

transit delays or truncation artifacts, which is cause of most
of the inconsistency across software packages [6, 11]. The
resulting maps result in anecdotally higher conspicuity of le-
sions, which may decrease the expertise needed to interpret
the results.

The purpose of this study was to investigate the predictabil-
ity and reliability of the TSP method by evaluating intra- and
inter-rater agreement, image quality, and performing qualita-
tive and quantitative comparisons with deconvolution-derived
CTP maps and final infarct volume using non-contrast CT
imaging (NCCT). We tested the ability of a relatively inexpe-
rienced reader, a radiology resident, to interpret both TSP and
conventional perfusion maps, which has relevance to the acute
care emergency setting in which residents often function as
first responders in evaluating potential acute stroke patients.

Methods
Study population

This was a retrospective study for which data was obtained
from the DUtch acute STroke study (DUST) [12]. The DUST
study was a prospective multicenter cohort study of suspected
acute ischemic stroke patients. Patients were included from
May 2009 until July 2013 in one of six university hospitals
and eight non-university hospitals of The Netherlands.
Inclusion criteria for this particular retrospective study were
(1) clinical diagnosis of acute ischemic stroke, (2) age >
18 years, (3) admission National Institutes of Health Stroke
Scale (NIHSS) >2 [13], or an indication for intravenous re-
combinant tissue plasminogen activator (IV-rtPA, e.g., isolat-
ed aphasia), (4) stroke symptom onset to imaging <9 h, (5)
discharge diagnosis of ischemic stroke, and (6) CT perfusion
imaging on a Philips Healthcare CT. Exclusion criteria were
(1) admission CT imaging of the brain excluded acute ische-
mic stroke as clinical diagnosis, (2) known contrast allergy or
previously known renal failure at the time of admission, and
(3) patients with wake-up stroke or time from stroke symptom
onset to imaging >9 h.

Ethical approval was obtained from the medical ethics
committees of the participating centers. All patients or their
legal representatives signed informed consent. If a patient died
before consent could be obtained, the need for consent was
waived by the medical ethics committee. All imaging and
clinical data processed for this analysis was de-identified and
delinked by the DUST investigators.

Study design and data collection
Patients included in the DUST study underwent NCCT, CT

angiography (CTA), and CTP at admission to the hospital and
NCCT approximately 3 days after admission. If a patient was
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eligible for IV-rtPA, then this was administered in between
CTA and CTP imaging. As part of the DUST study [12],
baseline and follow-up clinical data were gathered, and lab
work was performed. All patients were clinically evaluated
by a fellow or vascular neurologist. Of relevance to this par-
ticular study were the following variables: age, gender, time of
stroke symptom onset, time of arrival at the hospital, time of
imaging, stroke severity determined by the admission NIHSS
[13], pre-existing functional status (modified Rankin Scale,
mRS), follow-up mRS, Alberta stroke program early CT score
(ASPECTS) [14] as determined on the NCCT performed at
admission, and final infarct volume as determined on the
follow-up NCCT. The latter two measurements were assessed
blinded by a core lab reader (from a pool of three readers) with
established ASPECTS rater reliability statistics [15].

CT imaging protocol

All imaging was performed on 40- to 320-detector CT scan-
ners (Brilliance 40, Brilliance 64, and Brilliance iCT 256,
Philips Healthcare). NCCT parameters were 120 kV, 300—
375 mAs, and 5-mm reconstructed slice thickness. For CTP
imaging, 40 ml of non-ionic contrast material was injected
intravenously with a flow of 6 ml/s followed by 40 ml of
saline with a flow of 6 ml/s. CTP scans were performed with
80 kVand 150 mAs; images were acquired every 2 s for 50 s
after initiation of contrast injection, followed by one image
every 30 s from 60 to 210 s. CTP coverage ranged from
40 mm to full brain coverage and covered at least the basal
ganglia up to the lateral ventricles. CTP images were recon-
structed as 5-mm contiguous axial slices.

CTP deconvolution analysis

CTP deconvolution analysis (delay-insensitive singular value
decomposition (SVD)) was performed using commercially
available software which relies on the central volume princi-
ple (Brain Perfusion v4.5.2, Philips Healthcare). The software
applies Gaussian curve fitting by least mean squares to obtain
mathematical descriptions of the time-density curves for each
pixel [16, 17]. An arterial input function and venous output are
selected after which a closed-form deconvolution is applied to
create a mean transit time (MTT) map [18]. Time to peak
(TTP) is the time to the point of maximum Hounsfield units
on the deconvoluted tissue residue function. The cerebral
blood volume (CBV) is determined based on the area under
the time attenuation curve. The software also provides a cere-
bral blood flow (CBF) map as output, but given the sensitivity
of SVD CBF maps to both arterial-tissue delay and mean
transit time, we decided not to incorporate the CBF map into
our analysis [19].
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Temporal similarity perfusion analysis

Temporal similarity perfusion (TSP) mapping was per-
formed using an in-house script which was built upon
AFNI (Analysis of Functional Neurolmages, https://afni.
nimh.nih.gov/) functions [10]. An iterative process was
used to automatically generate the TSP maps from the raw
CTP data. Patient motion was reduced for by aligning the
time-series images to the first image volume using the
“3dvolreg” AFNI function. Next, a brain mask was created
excluding areas of signal loss (based on the first (pre-
contrast) perfusion time-series) and excluding ventricles
(based on the NCCT scan). This was followed by the calcu-
lation of an average signal density time-series curve includ-
ing all pixels within the brain mask. Delay-correlations
datasets were created in which the eventual value per pixel
was representative of the highest Pearson’s R correlation
achieved between that pixel’s individual time-shifted signal
density time-series curve and the average signal density
time-series curve (3dTcorrlD function in AFNI). A new
mask was then generated which only included voxels with
Pearson’s R> 0.6, and a new average signal density time-
series was calculated for each pixel within this second mask
after which a new Pearson’s correlation map was calculated
based on the correlation between individual pixel’s signal
density time-series (all pixels within the initial brain mask)
and the newly calculated average signal density time-series.
This entire process was repeated once more to obtain the
final correlation or TSP map. The Pearson’s R threshold
greater than 0.6 to depict likely healthy brain tissue was
based on a sensitivity analysis presented in the previous
paper [10]. Post-processing time was around 25 s per sub-
ject on a typical 64-bit Linux machine (Intel Zeon CPU
x5660 at 2.8 GHz).

Qualitative image evaluation

Qualitative image assessment was performed blinded to the
patient’s identity, clinical information, and diagnosis. Image
quality (uninterpretable, poor, acceptable, good, and excel-
lent), perfusion deficit (present/absent), side of the perfusion
deficit (left, right, or both hemispheres), location of the perfu-
sion deficit (supratentorial, infratentorial, or both), and affect-
ed perfusion territory (deep gray matter, anterior cerebral ar-
tery (ACA) territory, medial cerebral artery (MCA) territory,
posterior cerebral artery (PCA), vertebrobasilar (VBA) terri-
tory, or multiple perfusion territories) were rated.

The ratings from one inexperienced reader (WK, no prior
experience with CTP data) were used to evaluate intra-rater
agreement. For this reading, TSP and deconvolution maps
(CBV and MTT) were viewed independently and blinded
from each other. The CBV and MTT maps were showed
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simultaneously as this resembled the clinical situation most
closely.

Data of two readers (JWD and RPHB, both with more than
10 years of experience in neuroradiology) was used to assess
the inter-rater agreement. For this analysis, all deconvolution-
derived maps (CBV, MTT, and TTP) and TSP maps were
viewed and assessed independently. In patients where there
was a discrepancy between both readers, an agreement was
obtained by means of adjudication by a tiebreaker (JDV,
2.5 years of experience). For the comparison with CT
follow-up images, only patients who demonstrated an infarct
(on CT follow-up images) within the original CTP field-of-
view were taken into account.

All images were assessed using freely available software
(v12, MRlcron). This program allows for adjusting contrast,
applying color schemes, and magnifying the images when
necessary.

Quantitative perfusion deficit evaluation

The volumes of perfusion deficits detected by qualitative
(consensus) reading (see previous paragraph) were measured
on the MTT, TTP, CBV, and TSP images. This was performed
in a randomized and independent order by a core laboratory
rater (ML) who has extensive experience and established rater
reliability statistics [20]. To calculate the volumes, the images
were segmented on a slice-by-slice basis; user-selected seed
points were used followed by user-driven editing (MIPAV,
Medical Image Processing, Analysis and Visualization,
National Institute of Health). The volumes were automatically
calculated by the software by multiplying the total lesion area
by the slice thickness.

Statistical analysis

Descriptive statistics were performed, and values were
expressed as mean + standard deviation (SD) or median and
range unless otherwise specified. Images scored as
“uninterpretable” were not included in agreement and in quan-
titative analyses. Agreement analyses were performed using
kappa statistic to determine consistency. Linear regression anal-
ysis was performed to assess the relation between perfusion
deficit volume on CTP maps and final infarct volume on CT
follow-up images. A probability value of < 0.05 was considered
statistically significant. Statistical analyses were performed using
IBM SPSS Statistics for Windows, version 24 (IBM Corp.).

Results
Between May 2009 and August 2013, 432 patients eligible for

this study were included in the DUST study. Of these patients,
65 patients were randomly selected for inclusion. The median

time from stroke symptom onset to imaging was 135 min
(IQR, 1 h 14-213 min). The baseline characteristics of the
included patients are shown in Table 1. Follow-up NCCT
was performed three (IQR, 2—4) days after admission.

Image quality

Figure 1 illustrates example CTP maps and CT follow-up
images of a patient with a right MCA perfusion deficit at
admission and infarction at follow-up. The quality of the
deconvolution and TSP images was variable. Ninety-eight
percent of the CBV/MTT images were interpretable by the
inexperienced reader; in 21 patients, image quality was poor
(33%), acceptable in 12 (19%), good in 25 (40%), and excel-
lent in 5 (8%) patients. Ninety-four percent of the TSP images
were interpretable; image quality was poor in 12 (20%), ac-
ceptable in 15 (24%), good in 17 (28%), and excellent in 17
(28%).

Table 1  Baseline characteristics

Median [IQR]

Age (years) 70 [57.8-77.4]

Gender (M/F) 34/31
Admission NIHSS 8 [4-16]
NIHSS 0-2 6 (9%)

NIHSS 3-4 12 (18%)
NIHSS 5-7 10 (15%)
NIHSS 8-13 16 25%)
NIHSS > 13 21 (32%)
Imaging time (min)®* 135 [83.5-272.5]
ASPECTS baseline 10 [8-10]
Occlusion location
No occlusion 20 of 63
ICA occlusion 13 of 65
MCA occlusion 40 of 65
Proximal MCA, 55%
Distal MCA, 45%
ACA 1 of 65
VBA 5 of 65
Stroke therapy 57%
rTPA 55%
IAT/MT 2%
FU-NCCT time (days) 3[24]
FU-mRS 2[1-4]

ACA anterior cerebral artery, ASPECTS Alberta stroke program early CT
score, FU-mRS follow-up modified Rankin Scale, #U-NCCT follow-up
non-contrast CT, /AT intra-arterial therapy, /CA internal carotid artery, /V-
rTPA intravenous recombinant tissue plasminogen activator, MCA middle
cerebral artery, MT mechanical thrombectomy, N/HSS National Institutes
of Health Stroke Scale sd standard deviation

# Time between symptom onset and imaging time
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Fig. 1 CTP images and follow-up NCCT image of a 69-year-old male
patient with a right MCA infarction. The patient arrived at the hospital
with an NIHSS of 15 and was treated with IV-rTPA. Within the MCA

Sensitivity for perfusion deficit detection

A perfusion deficit was detected on MTT maps in 44 (90%)
out of 49 patients who had infarction on CT follow-up and
with TSP in 41 out 0f 49 cases (84%). One case out 0f49 (2%)
was deemed uninterpretable on MTT images while two cases
(4%) were uninterpretable on TSP images. A perfusion deficit
was visualized on MTT but not on TSP in one case; images of
this patient are shown in Fig. 2. In four cases, the perfusion
deficit was not visible on MTT nor on TSP.

Fig. 2 MTT and TSP images of a 74-year-old male patient who was
admitted to the hospital with an NIHSS of 13 and was treated with TV-
rTPA. A perfusion deficit was visible posteriorly in the left hemisphere on

@ Springer

territory, a perfusion deficit was visible at admission on both the conven-
tional perfusion images (MTT, TTP, and CBV images) as well as the TSP

Kappa values for the agreement of MTT/TTP/CBV/TSP
with NCCT follow-up, in terms of perfusion deficit side, lo-
cation, and affected perfusion territory, are shown in Table 2.
Reader agreement on MTT and TSP performed similarly: 0.78
and 0.75 for side of perfusion deficit, 0.35 and 0.27 for loca-
tion of perfusion deficit (supra-, infratentorial, or both), and
0.46 and 0.42 for affected perfusion territory, respectively.
Reader performance on CBV was noticeably lower than the
performance of the other perfusion maps (0.48, 0.08, and 0.16
for side of perfusion deficit, location of perfusion deficit, and

Pearson’s r

the MTT images but not on the TSP images. CT follow-up did not dem-
onstrate infarction
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Table2  Agreement of perfusion maps with NCCT follow-up
NCCT follow-up
Perfusion deficit Location Territory
hemisphere
MTT 0.78 0.35 0.46
TTP 0.81 0.35 0.47
CBV 0.48 0.08 0.16
TSP 0.75 0.27 0.42

Hemisphere of perfusion deficit was either right, left, or both
Perfusion deficit location was either supratentorial, infratentorial, or both

Perfusion deficit territory was either deep gray matter, anterior cerebral
artery (ACA) territory, middle cerebral artery (MCA) territory, posterior
cerebral artery (PCA) or vertebrobasilar artery (VBA) territory, or multi-
ple perfusion territories

affected perfusion territory, respectively). Example images of
a patient in whom a perfusion deficit was not detected on the
CBYV images is shown in Fig. 3.

Intra-rater and inter-rater agreement

The intra-rater agreement (kappa) of the inexperienced reader
for the CBV/MTT images was 0.66, 0.63, 0.69, and 0.7 for
presence of a perfusion deficit, the affected hemisphere, loca-
tion, and perfusion territory, respectively. The intra-rater

agreement for the TSP images was 0.84, 0.79, 0.83, and
0.83, respectively. Kappa values for inter-rater agreement of
the experienced readers are given in Table 3. TSP showed the
highest inter-rater agreement for “presence of perfusion
deficit” and “location of perfusion deficit” (0.88 and 0.92,
respectively). CBV had the highest inter-rater agreement for
“side of perfusion deficit” (0.79), and MTT showed the
highest inter-rater agreement for “affected perfusion territory”
(0.82). Overall, inter-rater agreements across maps were com-
parable with all kappa values ranging between 0.66 and 0.92.

Size of perfusion deficit

In Table 4, the mean perfusion volumes as measured on the
CTP maps (MTT, TTP, CBYV, and TSP) are given and com-
pared to the corresponding infarct volumes on NCCT follow-
up. The best relationship with final infarct volume was found
for CBV (R*=0.77, p<0.001). TSP performed second best,
R*=0.63,p<0.001. For MTT and TTP, R* values of 0.53 and
0.57 were found (p=0.001 and p <0.001), respectively.
Figure 4 shows images of a patient in whom the MTT and
TTP maps overestimated the perfusion deficit whereas the
perfusion deficit on the TSP maps was more closely related
to the final infarct volume.

The relation between the MTT and TSP perfusion deficit
volume was significant (p < 0.001, R?>=0.83, and B= 0.726).
A significant relation was also found between TTP and TSP

0 ml/100g

Pearson’s r

Fig. 3 Example images of a 56-year-old male patient with an infarction in
both the right and left cerebellum on NC CT (follow-up) image. The
patient had an NIHSS of 4 at admission and no treatment was given.
The perfusion deficit in the right cerebellum is well visible on both the

TSP, MTT, and TTP images but more subtle on the CBV images. The area
of infarction as seen on the NCCT in the left cerebellum shows only a
very small perfusion lesion on the TSP, MTT, and TTP images but is not
visible on the CBV images
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Table 3  Inter-rater agreement

Perfusion deficit ~ Perfusion deficit ~ Location  Territory

hemisphere

MTIT 083 0.76 0.88 0.82
TTP 0.79 0.74 0.86 0.66
CBV  0.77 0.79 0.81 0.68
TSP 0.88 0.76 0.92 0.80

Inter-rater agreement of two experienced readers for the different perfu-
sion maps are given

Perfusion deficit was scored as either present or absent
Perfusion deficit hemisphere was either right, left or both
Perfusion deficit location was either supratentorial, infratentorial, or both

Perfusion deficit territory was either deep gray matter, anterior cerebral
artery (ACA) territory, middle cerebral artery (MCA) territory, posterior
cerebral artery (PCA) or vertebrobasilar artery (VBA) territory, or multi-
ple perfusion territories

perfusion deficit volumes (p <0.001, R*=0.714, and B=
0.64) and between CBV and TSP perfusion deficit volumes
(p<0.001, R*=0.73, and B =0.735).

Discussion

This study demonstrates that TSP maps have comparable per-
formance to traditional deconvolution-derived maps, namely
MTT and TTP maps, in the detection of perfusion deficits in
suspected stroke patients. The inter-rater agreement is compa-
rable for both analysis methods, but there was an increased
sensitivity to detect deficits on TSP for the inexperienced reader.

The equal interpretability of TSP as compared to
deconvolution-derived maps is of importance as TSP might
have the potential to differentiate core and penumbra from
benign oligemia and delayed arrival. This latter comes forth
of its iterative post-processing algorithm whereby a voxel’s
signal time-curve is shifted across its time-domain to find its
highest correlation with the brain’s likely healthy tissue.
Thereby, the correlation map or a voxel’s Pearson’s correlation
coefficient is independent of transit differences across the

brain. In subjects with benign oligemia, on the other hand,
the correlation coefficient with likely healthy tissue is expect-
ed to be higher than the correlation coefficient of the stroke
core and penumbra. Thereby, TSP mapping may be particu-
larly valuable in patients with proximal steno-occlusive dis-
ease whereby it is unclear whether the perceived perfusion
deficit is due to the proximal disease, benign oligemia, or a
real perfusion-diffusion mismatch. With recent advances in
embolectomy treatment, this differentiation has only become
more important [1, 2]. As a first step to investigating this
particular property of TSP, we compared final infarct volumes
to perfusion deficit volumes on commercially available (delay
insensitive) deconvolution-derived maps and TSP maps.
Thereby, we need to take into account that 57% of included
patients received (possibly successful) therapy which compli-
cates interpretation for both deconvolution-derived maps as
the TSP map due to the heterogenous nature of therapy-
induced changes in perfusion. In line with earlier research,
CBYV maps were found to have the best correlation with final
infarct volume [21, 22]. We furthermore found that the perfu-
sion deficits detected with TSP were smaller than the ones
detected with MTT or TTP. This may suggest that TSP maps
are less confounded by prolonged transit times, although fur-
ther investigation is necessary.

The detection of perfusion deficits was similar for both
TSP and the traditional deconvolution-derived perfusion
maps. For the inexperienced reader, we found the intra-rater
agreement to be higher. This is of importance as CTP images
are commonly assessed in the routine clinical setting by resi-
dents on call. The inter-rater agreement of TSP as assessed on
data of experienced readers was comparable to the inter-rater
agreement of the deconvolution-derived maps as reported
here, and of previous literature which reported kappa’s of
0.8 and 0.9 for CBV and MTT maps, respectively [23].

Our results are in line with a previous study that used TSP
to assess perfusion deficits with dynamic susceptibility MRI
[10]. Other non-deconvolution-based methods, such as cross-
correlation analysis and clustering, have been investigated for
the use in acute stroke [24], although these were generally
used for detection of perfusion deficits outside the brain [25,

Table 4 Size of perfusion deficit

Perfusion deficit volume MTT NCCT follow-up Linear regression

94 [0-359] ml 88.7 [0.1-465] ml R*=0.53, B=0.747, p=0.001
Perfusion deficit volume TTP NCCT follow-up Linear regression

104 [0-339] ml 84.9 [0.1-465] ml R*=0.57, B=0.691, p <0.001
Perfusion deficit volume CBV NCCT follow-up Linear regression

53 [0-328] ml 101 [0.1-465] ml R*=0.77, B=1.191, p<0.001
Perfusion deficit volume TSP NCCT follow-up Linear regression

64.3 [0-279.9] ml

89.9 [0.1-465] ml R2=0.63, B=1.064, p<0.001

Perfusion deficit volumes (mean [range]) measured on the different perfusion maps were compared to NCCT final
infarct volume (mean [range]). Results of linear regression analyses are shown
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Fig. 4 Images of a 50-year-old female patient who presented with an
NIHSS of 12 at admission. The patient was treated with IA therapy.
Infarction is seen within the right basal ganglia area on the NCCT

26]. Wissmuller et al also presented a method based on neural
network clustering that was shown to be able to identify
groups of voxels sharing common properties of signal dynam-
ics and delineate perfusion deficits in stroke [27].

This study was limited in the sense that TSP images could
not be compared to a true gold standard. This limited the
investigation of the underlying physiology associated with
the perfusion deficit as visualized on the TSP maps. More
so, the comparison of the deconvolution and TSP-derived
maps with final infarct volume was limited in the sense that
only the value of the final infarct volume was available. This
precluded a voxelwise comparison of perfusion deficits versus
final infarct. As well, thus far we have not yet compared the
performance of TSP to transit-delay insensitive algorithms
such as delay-corrected singular value decomposition
(dSVD), block-circulant SVD, maximum slope, or inverse
filter which are known to perform better when it comes to
final infarct prediction [4]. Delay-corrected SVD-derived
CBF maps are known to be less dependent on arterial-tissue
delay and mean transit time than standard SVD [19]. Thereby,
future work will compare delay-insensitive maps to TSP maps
and will incorporate the CBF map in its analysis to determine
whether TSP maps are indeed more specific for penumbra
than the MTT or TTP maps. Efforts will also be done to val-
idate the technique across centers and imaging parameters.
Once full evaluation has been performed, the software will
be made freely available to the scientific community; in the
meanwhile, we want to refer the user to AFNI’s InstaCorr

(follow-up) images. The perfusion deficit as visualized on the TSP images
is smaller than the area with increased transit time on the MTT and TTP
images. No clear lesion is visible on the CBV images

function (https://afni.nimh.nih.gov/pub/dist/doc/misc/
instacorr.pdf”) which allows for an interactive exploration of
inter-voxel time-series correlation albeit not shifted across the
time-domain.

Conclusion

In conclusion, perfusion deficits can be reliably detected and
delineated by analyzing similarity between signal density
time-series in CTP images of patients with acute stroke. TSP
is a non-deconvolution-based alternative to MTT/TTP and
CBYV analyses, and our findings demonstrated a high compa-
rability, but of superior quality to interpret for inexperienced
readers. Further research is needed in order to investigate
whether it can be used to distinguish core from penumbra.
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Statistics and biometry
for this paper.

No complex statistical methods were necessary

Informed consent  Written informed consent was obtained from all sub-
jects (patients) in this study.

Ethical approval Institutional Review Board approval was obtained.

Study subjects or cohorts overlap Some study subjects or cohorts have
been previously reported in studies related to the Dutch acute STroke
study (http://www.clinicaltrials.gov. Unique identifier: NCT00880113).

Methodology

* retrospective

* cross-sectional study
* multicenter study
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