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ABSTRACT
BACKGROUND AND PURPOSE: The Bayesian probabilistic method has shown promising results to offset noise-related variability in
perfusion analysis. Using CTP, we aimed to ﬁnd optimal Bayesian-estimated thresholds based on multiparametric voxel-level models to
estimate the ischemic core in patients with acute ischemic stroke.
MATERIALS AND METHODS: Patients with anterior circulation acute ischemic stroke who had baseline CTP and achieved successful
recanalization were included. In a subset of patients, multiparametric voxel-based models were constructed between Bayesian-processed
CTP maps and follow-up MRIs to identify pretreatment CTP parameters that were predictive of infarction using robust logistic regression.
Subsequently CTP-estimated ischemic core volumes from our Bayesian model were compared against routine clinical practice oscillation
singular value decomposition–relative cerebral blood ﬂow ⬍30%, and the volumetric accuracy was assessed against ﬁnal infarct volume.
RESULTS: In the constructed multivariate voxel-based model, 4 variables were identiﬁed as independent predictors of infarction:
TTP, relative CBF, differential arterial tissue delay, and differential mean transit time. At an optimal cutoff point of 0.109, this model
identiﬁed infarcted voxels with nearly 80% accuracy. The limits of agreement between CTP-estimated ischemic core and ﬁnal infarct
volume ranged from ⫺25 to 27 mL for the Bayesian model, compared with ⫺61 to 52 mL for oscillation singular value decomposition–relative CBF.
CONCLUSIONS: We established thresholds for the Bayesian model to estimate the ischemic core. The described multiparametric
Bayesian-based model improved consistency in CTP estimation of the ischemic core compared with the methodology used in current
clinical routine.
ABBREVIATIONS: AIS ⫽ acute ischemic stroke; ATD ⫽ arterial tissue delay; AUC ⫽ area under the curve; diff ⫽ differential; oSVD ⫽ oscillation singular value
decomposition; rCBF ⫽ relative CBF

I

n patients with acute ischemic stroke (AIS), characterization of
ischemic core on baseline imaging is essential for proper treatment decision-making.1-3 While DWI provides the most accurate
estimation of ischemic core,4,5 CTP can improve the diagnostic
yields of CT-based imaging techniques for delineation of ischemic
core to approach those of MR imaging.6-8
Following successful implementation of CTP for improved
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treatment selection in patients presenting with large-vessel occlusion and up to 24 hours from the onset,9,10 CTP is now included in
the latest American Heart Association guidelines for treatment
selection in patients with anterior circulation large-vessel occlusion who present beyond 6 hours from the onset of symptoms
(class I, level of evidence A).11
As quantitative CTP is gaining momentum for widespread
clinical use, neurology and radiology communities need to be
aware of its potential pitfalls. One of the disadvantages of CTP is
substantial variability and the potential for erroneous estimation
of the ischemic core, which may be at least partially related to the
inherently noisy nature of CTP datasets.12,13 Because an ischemic
core volume of ⬎50 –70 mL14,15 could potentially exclude patients from a life-saving treatment, this pitfall could have important therapeutic and prognostic implications.
Although recent application of quantitative CTP has shown
promising results in the supervised and controlled environment
of clinical trials, there remains variability and inconsistency in the
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accuracy of quantitative CTP data provided in routine daily
practice.13,16-20
The Bayesian method is a robust probabilistic method that
minimizes the effects of oscillation and high levels of noise
during residue function estimation compared with other deconvolution methods.21,22 The advantages of the Bayesian
model to provide more accurate estimation of perfusion values
and reduction of variability have been shown in experimental
phantom studies23,24 and also recently in a cohort of patients
with AIS.25
In this study we had 2 aims: first, to define the optimal Bayesian-based thresholds for estimation of ischemic core. In particular, we aimed to develop a multiparametric model from our CTP
datasets that provides a high degree of accuracy in the estimation
of ischemic core in comparison with MR imaging. The second
aim was a comparative analysis between the diagnostic accuracy
of our Bayesian-based model and routinely used postprocessing
methodology to estimate the ischemic core from CTP datasets in
patients with AIS.

MATERIALS AND METHODS
Patients
We included consecutive patients with AIS who presented to our
institution between January 2016 and July 2018 and had the following inclusion criteria: 1) anterior circulation ischemic stroke
with proximal arterial occlusion (carotid or MCA); 2) baseline
CTP; 3) successful recanalization defined by TICI ⱖ 2b via mechanical thrombectomy; and 4) follow-up imaging within 1 week
after recanalization to calculate the final infarct volume. We excluded patients who had the following: 1) time from CTP to recanalization of ⬎4 hours; 2) rethrombosis/reocclusion of the recanalized artery on follow-up MRA/CTA; or 3) development
of significant intracranial hemorrhage that precluded accurate
estimation of infarct volume on follow-up imaging. The study
was performed under an approved institutional review board
guideline.

CTP Image Acquisition
CTP was performed on 2 CT scanners, a LightSpeed VCT (GE
Healthcare, Milwaukee, Wisconsin) and a Somatom Definition
(Siemens, Erlangen, Germany). We used the following scan
parameters: 100-mm coverage in the z-axis, 80 kV, 150 mA,
effective dose ⫽ 3.3 mSv, slice thickness ⫽ 5 mm, collimation ⫽ 64 ⫻ 0.625 mm. Total acquisition time was 60 seconds
(30 consecutive spiral acquisitions of 2 seconds each). A total
of 50 mL of Isovue-370 (iopamidol; Bracco, Princeton, New
Jersey) was injected intravenously followed by a 20-mL saline
flush at 5 mL/s.

Image Analysis
CTP data were processed using FDA-approved postprocessing
software (Olea Sphere Version 6.0; Olea Medical, La Ciotat,
France). First, the arterial input function was detected automatically using a cluster-analysis algorithm.26 This arterial input
function was subsequently used by the Bayesian probabilistic
method22 to generate the perfusion parametric maps, including
TTP, CBF, CBV, arterial tissue delay (ATD), and MTT. Relative
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values for CBF and CBV (rCBF, relative CBV) were calculated by
dividing the absolute values of each voxel within the infarction
mask by the mean value of the contralateral side.
Model Development (Voxel-Based Analysis). The first 19 patients
who had pretreatment CTP and postthrombectomy MR imaging
were included for model development. For image registration and
analysis, the CTP template was first thresholded to 0 –180 HU and
the brain was extracted from the CTP template using the FSL
Brain Extraction Tool (f ⫽ 0.01) (BET; https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/BET). To account for regional differences in perfusion
values across brain areas, 5 additional maps were generated (difference maps) by subtracting the mean value of a cube of 27 voxels
centered on the voxel exactly on the contralateral hemisphere of
each voxel. The contralateral voxel was defined as the voxel on the
opposite hemisphere that had a similar Euclidean distance from
the center (anterior commissure) on the axial plane.
These differential (diff) maps (TTPdiff, rCBFdiff, relative
CBVdiff, ATDdiff, and MTTdiff) in addition to the 5 primary parametric maps (a total of 10 variables) were included in imageanalysis and predictive modeling. Extracted brain from all
CTP maps was linearly transformed and registered to brain MR
imaging using the FMRIB Linear Image Registration Tool
(FLIRT; https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) with 9 df
and a mutual information cost function. All registrations were
visually inspected for accuracy.
An infarction mask and 2 noninfarction masks, 1 on the
ipsilateral and 1 on the contralateral side of the lesion, were
drawn on the MR imaging for each subject by a board-certified
neuroradiologist. Coregistered DWI was available to guide and
confine the VOI to the region of acute infarction. All CTP voxel
values from these 3 masks in each patient were exported for
statistical analysis.
Volumetric Analysis. The final output of our Bayesian-based predictive model defined by its logit scores (see Results) was used to
calculate the ischemic core volume in the remaining patients (n ⫽
48), whose CTP data were not used for model development. The
logit scores were programmed into a software developmental kit
(Olea Infinite Software Developmental Kit; Olea Medical). The
DICOM images of Bayesian-processed CTP maps were exported
into this software to calculate the ischemic core volume using the
logit scores of our model.
In addition, the CTP-estimated ischemic core volume for
each patient was calculated by applying the broadly used
threshold methodology (rCBF ⬍30%)7 currently applied in
clinical practice using an oscillation singular value decomposition (oSVD).27
The volume of final infarction was calculated by applying a
volume of interest on the DWI hyperintense region using a
voxel-based signal intensity method subsuming the entire region of DWI hyperintensity. When follow-up MR imaging was
not available, follow-up CT within 24 – 48 hours from thrombectomy was used for determination of final infarct volume. In
these patients, the infarct (defined as established hypodense
regions) was manually delineated by a neuroradiologist with
10 years of experience.

Statistical Analysis
Voxel-level logistic regression models were used to identify pretreatment CTP parameters (5 parametric maps ⫹ 5 differential
maps) that were predictive of infarction. Voxels from baseline
CTP that fell within the MR imaging– defined infarct area were
considered true infarction, and all other voxels were considered
not infarcted. Because the infarct status among voxels from the
same subject may be correlated, the Huber-White standard errors
(ie, robust standard errors) were computed to account for the
additional source of variability. CTP parameters that were significant at the .15 level in the univariate logistic regression analysis
were considered for the multivariable model. A backward-selec-

Table 1: Voxel-based univariate analysis of infarction and
noninfarction voxelsa
Variable
Infarction
Noninfarction
P Valueb
TTP
32.00 (1.95)
24.30 (1.19)
⬍.001
rCBF
24.78 (2.81)
48.43 (6.49)
⬍.001
rCBV
2.81 (0.46)
4.09 (0.56)
.02
ATD
3.58 (0.18)
1.49 (0.16)
⬍.001
MTT
6.58 (0.58)
5.33 (0.15)
.01
⫺25.60 (10.93)
3.20 (1.20)
.02
rCBFdiff
⫺1.15 (0.52)
0.06 (0.06)
.03
rCBVdiff
8.39 (0.41)
0.25 (0.17)
⬍.001
TTPdiff
2.15 (0.17)
⫺0.16 (0.06)
⬍.001
ATDdiff
2.19 (0.49)
⫺0.12 (0.06)
⬍.001
MTTdiff

tion approach was then used to identify significant variables at the
.05 level.
The final multiparametric model was assessed using receiver
operating characteristic curve analysis. The optimal cutoff point
(measured on the logit scale) that identified a voxel as infarct was
determined by the Youden index. Summary measures such as
sensitivity, specificity, and accuracy were calculated on the basis of
the optimal threshold to quantify how well the final model differentiated between infarct and noninfarct voxels.
Finally, the CTP-estimated ischemic core volumes obtained
from oSVD-rCBF ⬍30% (that is used in routine practice) and
from the multiparametric Bayesian model (optimal logit score)
were compared against the final infarct volume using Bland-Altman methods. The optimal volumetric agreement was determined by the smallest mean magnitude (absolute) difference in
lesion volume. All statistical analyses were performed at the .05
(2-sided) significance level using SAS 9.4 (SAS Institute, Cary,
North Carolina), R 3.1.1 statistical and computing software
(http://www.r-project.org), and SPSS 17.0 (IBM, Armonk, New
York).

RESULTS

A total of 88 charts were reviewed with 67 patients (40 women, 27
men) available for analysis. Two patients were excluded due to
development of a large intracranial hemorrhage. Two patients
were excluded because they had rethrombosis of the recanalized
Note:—rCBV indicates relative CBV.
a
The values are presented as mean (SD). The SDs reported are the Huber-White
MCA on follow-up MRA. Nine patients were excluded because of
(robust) standard errors. All units are in seconds, except for rCBF and rCBV, which are
nondiagnostic CTP (significant motion, n ⫽ 4), insufficient conunitless.
b
trast bolus (n ⫽ 2), and a truncated arterial input function (n ⫽
P values are based on a linear regression model with the presence of infarct as the
independent variable and imaging parameters as the outcome.
3). Eight patients were excluded due to
having ⬎4 hours of recanalization time
from the onset of CTP. The mean age
was 69.6 ⫾ 14.4 years. The median
stroke severity measured by the NIHSS
was 15 (interquartile range, 9 –21). A total of 15 (22%) patients had internal carotid artery occlusion, and 52 (78%) had
proximal MCA occlusion (M1, n ⫽ 38;
M2, n ⫽ 14). The mean of time from
symptom onset was 8.7 ⫾ 5.2 hours. A
total of 25 patients presented ⬍6 hours
from the onset, and 42 presented after 6
hours. The median time from CTP to
recanalization was 1.8 hours (interquartile range, 1.3–2.7 hours), and from CTP
to follow-up imaging used for determiFIG 1. Multiparametric voxel-based model for infarction.
nation of final infarction, it was 24 hours
Table 2: Optimal threshold, sensitivity, speciﬁcity, and accuracy for TTP, rCBF, ATDdiff,
(interquartile range, 19 –31 hours). FiMTTdiff, and the ﬁnal model in identifying infarcted voxels
nal recanalization scores were TICI 2b
Variable
Threshold
Sensitivity
Speciﬁcity
Accuracy
AUC
(n ⫽ 22, 33%), TICI 2c (n ⫽ 16, 24%)
TTP
28.82 seconds
65.3%
77.9%
76.5%
0.76
and TICI 3 (n ⫽ 29, 43%).
rCBF
22.10
60.0%
72.9%
71.5%
0.73
ATDdiff
MTTdiff
Final modela
a

0.87 seconds
1.38 seconds
0.109b

68.1%
56.2%
74.2%

80.2%
74.5%
80.0%

78.9%
72.5%
79.4%

0.80
0.69
0.84

The ﬁnal model consisted of TTP, rCBF, ATDdiff, and MTTdiff as the independent variables and the presence of infarct
as the outcome.
b
Equation of the ﬁnal model: logit(P) ⫽ ⫺3.9170 ⫹ 0.0601 ⫻ TTP ⫺ 0.0095 ⫻ rCBF ⫹ 0.4629 ⫻ ATDdiff ⫹ 0.0989 ⫻
MTTdiff where logit(P) ⫽ estimated log odds of infarction for a given voxel. If logit(P) is greater than the optimal
threshold of 0.109, the voxel is classiﬁed as infarct.

Voxel-Based Analysis
A total of 2,577,261 voxels in 19 patients
were included in the voxel-based analysis. All 10 imaging variables were significantly associated with infarction in the
univariate analysis (Table 1). The final
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FIG 2. Stacked bar graph visualization of errors in ischemic core volume estimation compared with ﬁnal infarction volume by Bayesian-logit and
oSVD postprocessing. The error values are noticeably greater with oSVD (black bars) compared with Bayesian-logit (gray bars).

FIG 3. A 74-year-old woman who presented with left M1 occlusion and a baseline NIHSS score of
26. She underwent successful mechanical thrombectomy (TICI 2c). The time from CTP to recanalization was 78 minutes, and the time from CTP to MR imaging was 19 hours. The 4 CTP maps
included in our ﬁnal model are shown. Note that the estimated ischemic core derived from our
multiparametric Bayesian-logit model provides more accurate estimation of ﬁnal infarction on
MR imaging in comparison with what is estimated from oSVD-CBF ⬍30% (current clinical
practice).

multiparametric model contained 4 variables that remained independent predictors of infarction when evaluated against other
imaging parameters. The CTP measures that were associated with
an increased log odds of infarction included TTP (10-unit change,
log odds ratio, 0.60; 95% CI, 0.04 –1.16; P ⫽ .03), ATDdiff (log
odds ratio, 0.46; 95% CI, 0.30 – 0.63; P ⬍ .001), and MTTdiff (10unit change, log odds ratio, 0.99; 95% CI, 0.12–1.86; P ⫽ .03).
Higher rCBF was protective (10-unit change, log odds ratio,
⫺0.10; 95% CI, ⫺0.19 to 0; P ⫽ .058) (Fig 1). The parameters
1494
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relative CBV and MTT were highly correlated with rCBF and MTTdiff, respectively, and were subsequently removed.
Based on the final model, the optimal
cut-point value (ie, optimal logit score)
that discriminated infarcted voxels from
noninfarcted ones was 0.109. At this
threshold, the accuracy of the classification was 79.4%, with a sensitivity of
74.2% and a specificity of 80%. The area
under the receiver operating characteristic curve (AUC) was 0.84 (Table 2). Receiver operating characteristic analysis
was also performed on the individual
components of the final model. The optimal thresholds identified were: TTP,
28.82 seconds (AUC ⫽ 0.76); rCBF, 22.1
(AUC ⫽ 0.73); ATDdiff, 0.87 second
(AUC ⫽ 0.80); and MTTdiff, 1.38 seconds (AUC ⫽ 0.69).

Volumetric Analysis

Volumetric analysis was based on 48 patients whose CTP data were not used to
develop the voxel-level models. The
mean final infarct volume calculated from the follow-up MR imaging (n ⫽ 40) and CT (n ⫽ 8) was 36 mL (⫾41). The mean
estimated ischemic core volumes were 31 mL (⫾24) for oSVD and
37 mL (⫾33) for the Bayesian-based logit score.
The means of differences between CTP-estimated ischemic
core volume and final infarct volume were ⫺4 mL (95% CI, ⫺13
to 4 mL) for oSVD-CBF ⬍30% and 1 mL (95% CI, ⫺3 to 5 mL)
for the Bayesian-based logit score. The individualized error bars
for estimation of the final infarct volume between the Bayesian-

There are several barriers to effective
implementation of CTP in acute stroke
care, including differences in CT scanners and hardware, postprocessing
methodology such as different software
packages, and different deconvolution
techniques for quantitative analysis.30-33
One of the potential limitations of quantitative CTP is related to the inherently
noisy nature of CTP data, which can affect postprocessing and result in erroneous calculation of the ischemic core.
This limitation can become a larger
problem when postprocessing is performed by deconvolution via singular
value decomposition, a highly noisesensitive technique,34,35 currently used
by most commercially available postprocessing software.
The theoretic advantages of the
Bayesian method for more accurate estimation of perfusion parameters have
been shown in digital phantom and
simulation studies.22-24 A recent study
in patients with AIS also showed reduced variability in CTP-estimated ischemic core volume by the Bayesian
method in comparison with singular
value decomposition.25
This study, to our knowledge, is the
first to establish optimal thresholds for
estimation of ischemic core volume using the Bayesian method. We showed
that the most accurate single parameter
for estimation of infarction was ATDdiff
FIG 4. Bland-Altman plots of calculated ﬁnal infarct volume and estimated ischemic core volume with an overall accuracy of 78.9%
using the Bayesian-based logit score (A) and oSVD-rCBF ⬍30% (B). Solid lines represent the mean (AUC ⫽ 0.80). For every 1-second-delay
differences. Dashed lines indicate 2 SDs above and below the mean differences. The limits of
agreement were ⫺25 to 27 for the Bayesian-based logit score and ⫺61 to 52 for oSVD-CBF ⬍30%. difference within the ischemic territory
and contralateral hemisphere, the odds
ratio of a voxel being infarcted was 1.59
based approach and the currently used clinical method (oSVD(95% CI, 1.35–1.88, P ⬍ .001). Most interesting, the threshold for
rCBF ⬍30%) are shown in Fig 2.
Bayesian-estimated rCBF was lower than what is used currently
Figure 3 shows an example of CTP-estimated ischemic core
for singular value decomposition– based methodology (22.1%
using oSVD-rCBF and our Bayesian-based logit score in comparversus 30%). This finding confirms the results of a recent study
ison with MR imaging.
showing that Bayesian-estimated rCBF at the threshold of 30%
Bland-Altman plots for comparison of CTP-estimated ischcan result in overestimation of the ischemic core.25 The final mulemic core volume and final infarct volume for each postprocesstiparametric Bayesian-based model provided the highest diagnosing method are summarized in Fig 4. The limits of agreement
tic accuracy in predicting infarction, with an overall accuracy of
defined as the mean ⫾ 2 times the SD of the differences were ⫺25
79.4% (AUC ⫽ 0.84). In this model, if the logit score of a voxel
to 27 for the Bayesian-based logit score and ⫺61 to 52 for
was greater than the optimal threshold of 0.109, the voxel would
oSVD-CBF.
be classified as an infarct.
One advantage of our multiparametric model is that it uses a
DISCUSSION
combination of time maps in addition to currently used rCBF to
Although quantitative CTP has been used successfully for treatprovide a more accurate estimation of ischemic core, in particular
ment selection of patients with AIS in a controlled environment of
for patients in whom some degree of reperfusion of the ischemic
randomized clinical trials, its day-to-day use may still be challengcore is present. Increased blood flow within the ischemic territory
ing due to inconsistencies of the results that are reflected in the
literature.13,16,17,19,25,28,29
is a known phenomenon that increases progressively with time
AJNR Am J Neuroradiol 40:1491–97
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from onset,36-38 with the reported incidence of 16% at 8 hours
from the onset of ischemia.36 In the absence of thrombolytic
treatment, the restoration of blood flow within the ischemic core
might be from reperfusion related to spontaneous recanalization
of the occluded artery or via development of collateral flow or
from severe reperfusion/luxury perfusion related to blood-brain
barrier injury.39-41 Regardless of the underlying mechanism, following reperfusion, blood flow within the ischemic core may return to levels beyond the defined threshold (ie, rCBF ⬍30%),
which, in turn, can result in erroneous estimation of the ischemic
core volume.
The erroneous estimation of ischemic core due to infarct
reperfusion can be best addressed using a combination of parametric maps, including time maps and CBF to provide supplementary information that can best approximate the physiologic status of a given voxel within the ischemic bed. Because
more patients with AIS are being treated later during their
disease course (up to 24 hours) and because the incidence of
spontaneous reperfusion of the infarct increases with time,36
multiparametric models such as ours can provide a more realistic estimation of ischemic core volume over what is estimated
through rCBF alone.
Our multiparametric Bayesian-based approach showed great
reduction in the variability of the estimated ischemic core. Compared with the calculated final infarct volume, the limits of agreement ranged from ⫺25 to ⫹27 mL for our multiparametric
Bayesian-based model compared with ⫺61 to ⫹52 mL for oSVDrCBF. With reliance on ischemic core volume to include or exclude patients from attempted revascularization treatment,14,15
accurate and reliable quantification of ischemic core is of paramount importance outside the controlled and supervised environment of clinical trials if CTP is to be adopted broadly in routine clinical practice. The reduced variability in the estimation of
the ischemic core afforded by our multiparametric Bayesian
model can play a critical role for the broad acceptance of CTP in
clinical practice and to ensure that patient selection for mechanical thrombectomy is optimized.
One of the limitations of our study is that due to the retrospective study design, we did not strictly control the time between CTP
and recanalization or the time between CTP and MR imaging
acquisitions. Growth of infarction and increased volume are possible between CTP and the scans that were used for final infarct
volume calculation. We tried to minimize these confounding factors by including patients with successful recanalization and by
excluding patients with time from CTP to recanalization of ⬎4
hours. Another limitation is that we used recanalization of ⱖTICI
2b as a cutoff for successful recanalization; however, going forward and with advances in mechanical thrombectomy, ⱖTICI 2c
may be used as a cutoff for successful outcome. Last, the final
imaging study used for determination of final infarct volume
in our volumetric analysis was CT in a subset of patients (16%)
because they could not undergo MR imaging. Although follow-up CT has been used as an acceptable method for determination of final infarct volume, it is plausible that this can
result in inconsistencies in comparison with the more accurate
MR imaging.
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CONCLUSIONS
We established thresholds for the Bayesian model to estimate
ischemic core using CTP. The described multiparametric Bayesian-based model improved consistency in the CTP estimation of
ischemic core in comparison with the methodology used in current clinical routine. If its potential is realized in a prospective
study, the described model can be used for accurate estimation
and reduced variability of CTP-estimated ischemic core for
broader acceptance of CTP outside the controlled environment of
clinical trials.
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