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ABSTRACT

Background: While stable xenon CT (Xe-CT) cerebral blood flow (CBF) is an accepted standard for
quantitative assessment of cerebral hemodynamics, the accuracy of magnetic resonance
perfusion-weighted imaging (PWI-MRI) is unclear. The Improved PWI Methodology in Acute Clini-
cal Stroke Study compares PWI findings with Xe-CT CBF values in patients experiencing symp-
tomatic severe cerebral hypoperfusion.

Methods: We compared mean transit time (MTT) and Tmax PWI-MRI with the corresponding
Xe-CT CBF values in 25 coregistered regions of interest (ROIs) of multiple sizes and locations in
nine subacute stroke patients. Comparisons were performed with Pearson correlation coeffi-
cients (R). We performed receiver operating characteristic (ROC) curve analyses to define the
threshold of Tmax and absolute MTT that could best predict a Xe-CT CBF �20 mL/100 g/minute.

Results: The subjects’ mean (SD) age was 50 (15) years, the median (interquartile range [IQR]) NIH
Stroke Scale score was 2 (2–6), and the median (IQR) time between MRI and Xe-CT was 12
(�7–19) hours. The total number of ROIs was 225, and the median (IQR) ROI size was 550 (360–
960) pixels. Tmax correlation with Xe-CT CBF (R � 0.63, p � 0.001) was stronger than absolute
MTT (R � 0.55, p � 0.001), p � 0.049. ROC curve analysis found that Tmax �4 seconds had
68% sensitivity, 80% specificity, and 77% accuracy and MTT �10 seconds had 68% sensitiv-
ity, 77% specificity, and 75% accuracy for predicting ROIs with Xe-CT CBF �20 mL/100
g/minute.

Conclusion: Our results suggest that in subacute ischemic stroke patients, Tmax correlates better
than absolute mean transit time (MTT) with xenon CT cerebral blood flow (Xe-CT CBF) and that both
Tmax �4 seconds and MTT �10 seconds are strongly associated with Xe-CT CBF �20 mL/100
g/minute. Neurology® 2009;72:1140–1145

GLOSSARY
CBF � cerebral blood flow; DBP � diastolic blood pressure; DEFUSE � Diffusion and Perfusion Imaging Evaluation for
Understanding Stroke Evolution; DWI � diffusion-weighted imaging; EPITHET � Echoplanar Imaging Thrombolytic Evalua-
tion Trial; FOV � field of view; ICA � internal carotid artery; IQR � interquartile range; MCA � middle cerebral artery; MTT �
mean transit time; NIHSS � NIH Stroke Scale; PWI � perfusion-weighted imaging; PWI-MRI � magnetic resonance
perfusion-weighted imaging; ROC � receiver operating characteristic; ROI � region of interest; SBP � systolic blood pres-
sure; SVD � singular value decomposition; Xe-CT � xenon CT.

Providing an accurate quantitative assessment of cerebral hemodynamics is one of the major
goals of bolus contrast perfusion MRI (PWI-MRI).1,2 Both Tmax and mean transit time
(MTT) are commonly used perfusion-weighted imaging (PWI) analysis methods to detect
regions of hypoperfusion in patients with acute ischemic stroke. At present, these techniques
are primarily used in research settings. One study that compared PWI-MRI with PET in stroke
patients found that a Tmax threshold between 4 and 6 seconds (5.5) and MTT delays �6
seconds could delineate regions of acute ischemic penumbra that were identified by PET scan.3

Stable xenon CT (Xe-CT) is an accepted standard for the quantitative estimation of cerebral
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blood flow (CBF).4 We estimated the correla-
tions between PWI-MRI Tmax, absolute
MTT values, and Xe-CT CBF in patients
who experienced a subacute or chronic brain
infarction.

METHODS The Improved PWI Methodology in Acute Clin-
ical Stroke Study is an NIH-funded study of patients experienc-
ing a subacute or chronic brain infarct due to occlusion or severe
stenosis of a large cervical or cerebral artery. This study was ap-
proved by the Stanford Institutional Review Board, and all pa-
tients provided informed consent.

Nine patients (five men, four women) with clinical evidence
of cerebral ischemia underwent stable Xe-CT (diversified diag-
nostic imaging, four 10-mm slices, acquisition matrix 512 �

512, field of view [FOV] 250 mm, 28% xenon gas) and single-
shot GE echo-planar imaging–based PWI-MRI (1.5-tesla GE,
repetition time/echo time 2,000/60 msec, twelve 6-mm slices,
acquisition matrix 128 � 128, FOV 240 mm) within a 24-hour
period. No recanalization technique including thrombolytic
therapy, internal carotid artery (ICA)/external carotid artery by-
pass, or carotid endarterectomy was performed between symp-

tom onset and the MRI and Xe-CT scans. Symptomatic vascular
lesions were identified by magnetic resonance angiography at the
time of MRI examination.

CT was performed using a GE Lightspeed 8 detector scanner
integrated with a stable xenon enhancer system (Diversified Di-
agnostic Products, Houston, TX). The Xe-CT protocol imaged
four contiguous 10-mm slices (80 kVp, 240 mA) with the lowest
slice at the level of the basal ganglia. Eight sets of images were
acquired at 45-second intervals. The first two time points were
acquired during room air inhalation, whereas the remaining six
time points were acquired during 28% xenon gas inhalation.
End-tidal xenon concentration was assumed equal to arterial xe-
non concentration, a reasonable approximation except in pa-
tients with severe respiratory disease. CBF was calculated using
the Kety autoradiographic method by the manufacturer’s com-
mercial software according to reference 5, yielding CBF maps
with a nominal in-plane 1-mm spatial resolution.

Perfusion MRI maps (Tmax and MTT) were calculated us-
ing circular singular value decomposition (SVD) of the tissue
concentration–over–time curve using an arterial input function
from the contralateral middle cerebral artery (MCA) or the basi-
lar artery in case of bilateral ICA occlusion and venous output
function detection.6,7

Images were coregistered using SPM2 (Wellcome Depart-
ment of Imaging Neuroscience, University College of London,
UK, available at www.fil.ion.ucl.ac.uk/spm/software/spm2). For
each patient, we drew 25 regions of interest (ROIs) of multiple
sizes and locations on the MRI and Xe-CT slices. The ROIs were
drawn inside the core of infarction (on diffusion-weighted imag-
ing [DWI], B1000), within the PWI lesions (MTT, Tmax),
within regions of decreased CBF on Xe-CT as well as in normal
gray and white matter regions in the ipsilateral and contralateral
hemispheres. All ROIs were transferred to all three of the coreg-
istered perfusion maps (Xe-CT CBF, MTT, and Tmax) and the
mean Tmax, MTT, and Xe-CT CBF values were calculated for
each ROI (figure 1). We then compared the mean PWI-MTT,
Tmax, and Xe-CT CBF values obtained among each subject and
then among the complete cohort for all ROIs and then those
with a mean Xe-CT CBF �20 mL/100 g/minute. We used lin-
ear regression analysis weighted by the size of the ROI to take
into account the size difference between ROIs. As the plots show
(figure 2), the relation between Xe-CT CBF and both PWI-MRI
modalities (MTT and Tmax) were not linear in either the overall
or the individual comparisons. Therefore, we report the correla-
tion estimated from linear regression using a logarithmic trans-
formation of Xe-CT CBF as a dependent variable. Strength of
association was estimated with Pearson correlation coefficient
(R) and then compared using t tests. We compared the mean
Tmax and absolute MTT values measured in ROIs with Xe-CT
CBF �20 mL/100 g/minute vs ROIs with Xe-CT CBF �20
mL/100 g/minute using t tests. We performed a receiver operat-
ing characteristic (ROC) curve analysis to define the thresholds
of Tmax and MTT that most accurately predicted Xe-CT CBF
�20 mL/100 g/minute, and the accuracy of each threshold was
calculated.

RESULTS Baseline characteristics. The baseline
characteristics of the patients are presented in the ta-
ble. The systolic and diastolic blood pressure were
available for seven cases at the time of MRI and
Xe-CT and were not statistically different (p � 0.6).
The time between scans was �12 hours in six cases
(the three remaining were performed between 20 and

Figure 1 Region-of-interest generation

A 47-year-old patient presented with an acute brain infarct complicating left internal ca-
rotid artery occlusion. The baseline NIH Stroke Scale score was 9. MRI and xenon CT (Xe-
CT) were performed 2 days after symptom onset. The region of interest (n � 230 pixels)
was initially drawn in the Xe-CT cerebral blood flow (CBF) map (mean 9 mL/100 g/minute,
SD 7.4) and then transposed on the coregistered Tmax map (mean 7.5 seconds, SD 3.5) and
mean transit time (MTT) map (mean 16 seconds, SD 3.5). DWI � diffusion-weighted imaging.
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26 hours). The stroke etiology was determined by the
attending stroke neurologist to be atherothrombosis
(n � 5), moyamoya disease (n � 2) cardioembolism
(n � 1), or ICA dissection (n � 1). The vascular
lesions were listed as follows: one symptomatic ex-
tracranial ICA stenosis and two intracranial MCA
stenoses; five symptomatic ICA occlusions and one
embolic distal MCA occlusion. Eight cases experi-
enced an ischemic stroke, and one case had recurrent
TIAs.

Three patients received acetazolamide during Xe-
CT. The acetazolamide test was performed after
MRI in one case and more than 24 hours before MRI
in two cases (26 and 28 hours after Xe-CT). Only the
pre-acetazolamide xenon maps were used for this
analysis. The total number of ROIs was 225, and the
median (interquartile range [IQR]) ROI size was 550
(range 360–960) pixels. Seventy-one percent of the
ROIs were drawn in the white matter, 18% were
drawn in the cortex, and 11% were drawn in both.
Thirty-nine percent of the ROIs were drawn in a
restricted diffusion lesion, and 60% were drawn in a
normal region on DWI.

Correlations. There was a substantial variability be-
tween individual patient correlation coefficients: R
values ranged from 0.46 to 0.92 for Tmax/Xe-CT
CBF and from 0.27 to 0.72 for absolute MTT/
Xe-CT CBF. The overall correlation between Tmax
and Xe-CT CBF was R � 0.49 (p � 0.001) and
between absolute MTT and Xe-CT CBF was R �

0.44 (p � 0.001), p � 0.251, whereas between Tmax
and MTT the correlation was R � 0.72 (p � 0.001).
To adjust for intersubject variability, we normalized
the data by expressing values for each ROI as the
percentage of the mean within the subject. Normal-
ization increased the strength of the correlation be-
tween MRI and Xe-CT parameters. The correlation
between Tmax and Xe-CT CBF (R � 0.62, p �

0.001) was significantly higher than observed for ab-
solute MTT and Xe-CT CBF (R � 0.53, p �

0.001), p � 0.030. The correlation between absolute
MTT and Tmax was R � 0.69 (p � 0.001).

Sixty-three ROIs (28%) had a mean Xe-CT CBF
value �20 mL/100 g/minute. Compared with the re-
maining 162 ROIs, 56% vs 20% (p � 0.001) were

Figure 2 Correlation between xenon CT CBF mean values and Tmax, MTT, and between Tmax and MTT

Linear correlation fit line (plain line); logarithmic correlation fit line (dashed line). (A) Linear and logarithmic correlation between Tmax and xenon CT (Xe-CT)
cerebral blood flow (CBF) mean values. (B) Linear and logarithmic correlation between mean transit time (MTT) and Xe-CT CBF mean values. (C) Linear
correlation between Tmax and MTT mean values.

Table Baseline characteristics

No. of cases 9

Age, mean (SD), y 50 (15)

% Female 44

NIHSS score, median (IQR) 2 (2–6)

SBP at MRI, median (IQR), mm Hg 120 (105–139)

DBP at MRI, median (IQR), mm Hg 70 (62–90)

SBP at Xe-CT, median (IQR), mm Hg 122 (110–145)

DBP at Xe-CT, median (IQR), mm Hg 75 (68–85)

Time from onset to MRI, median
(IQR), days

12 (2–31)

Time between MRI and Xe-CT, median
(IQR), h

12 (�7–19)

No. of ROIs per patient 25

ROI size, median (IQR), pixels 550 (360–960)

Cause of brain ischemia

Atherosclerosis 5

Cardioembolic 1

Moyamoya 2

Dissection 1

NIHSS � NIH Stroke Scale; IQR � interquartile range;
SBP � systolic blood pressure; DBP � diastolic blood pres-
sure; Xe-CT � xenon CT; ROI � region of interest.
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drawn in areas of restricted diffusion, 81% vs 67% (p �
0.043) were in white matter, and 95% vs 56%
(p �0.001) were ipsilateral of the vessel lesion (stenosis/
occlusion). This analysis was performed without adjust-
ment for intersubject variability because the number of
ROIs per patient varied greatly, from 1 to 17, but differ-
ences in the size of the ROI were accounted for. We
found a good correlation between absolute MTT and
Tmax (R � 0.83, p � 0.001) in the ROIs with a mean
Xe-CT CBF �20 mL/100 g/minute. The correlation
between Tmax and Xe-CT CBF was moderate (R �
0.45, p � 0.001) and low between absolute MTT and
Xe-CT CBF (R � 0.36, p � 0.004) in these regions
with low CBF. The mean values of Tmax � 5.2 sec-
onds (SD 2.8) and MTT � 11.3 seconds (SD 3.9)
measured in the area with Xe-CT CBF �20 mL/100
g/minute were higher compared with the mean
Tmax � 2.5 seconds (SD 2.1) and MTT � 8.5 sec-
onds (SD 3.1) observed in the remaining areas (p �
0.001 and p � 0.001).

ROC curves. The ROC curve analyses suggested that
Tmax �4 seconds corresponded with Xe-CT CBF
�20 mL/100 g/minute with a sensitivity of 68% and
a specificity 80%. MTT �10 seconds delays corre-
sponded with Xe-CT CBF �20 mL/100 g/minute
with a sensitivity of 68% and a specificity of 77%.
The accuracies of the thresholds Tmax �4 seconds
and MTT �10 seconds to predict Xe-CT CBF �20
mL/100 g/minute were 77% and 75%.

DISCUSSION Our results suggest that Tmax values
correlate better than absolute MTT values with
Xe-CT CBF and that ROIs that have Xe-CT CBF
�20 mL/100 g/minute predictably have mean PWI
Tmax values �4 seconds and MTT values �10
seconds.

Two previous studies estimated the correlation
between Xe-CT and PWI. The first study docu-
mented a significant correlation between the two
techniques in 10 subacute ischemic stroke patients;
however, a slight overestimation of CBF by PWI in
both gray and white matter was noted.8 This study
did not perform either standard or circular SVD. A
more recent study that incorporated circular SVD
compared the ability of PWI-MRI and intra-arterial
Xe-CT to detect CBF change after a revascularization
procedure in eight patients with significant carotid
stenosis.9 The authors reported a significant correla-
tion between PWI and Xe-CT but noted an underes-
timation of the change in CBF with PWI. We
compared Xe-CT CBF with PWI-MTT or Tmax in
a group of patients with subacute stroke and a short
time window between the two examinations.

Two previous studies compared PET scan–de-
rived MTT to standard3,10 or circular SVD3 PWI-

MRI MTT. The first study enrolled seven healthy
volunteers,10 and the second enrolled five acute
stroke patients. Both studies found a significant cor-
relation between PWI and PET-MTT. They docu-
mented that PWI-derived absolute MTT10 and
MTT delay3 were consistently less prolonged than
PET-MTT. There was a strong correlation between
the PWI-MTT values obtained using both types of
deconvolution.3

In our study, individual patient analysis (25
ROIs/case) documented a large variation in the cor-
relation coefficients between PWI Tmax, absolute
MTT, and Xe-CT CBF. This finding has been previ-
ously documented between PWI-MRI MTT delays
and PET scan MTT among stroke patients, whereas
these variations were not observed among healthy
volunteers.3,10 However, consistent with our results,
overall comparisons demonstrated significant corre-
lations. In addition, the correlations between MTT
and Tmax with Xe-CT CBF in the areas with a CBF
�20 mL/100 g/minute were modest. These findings
highlight the limitation of bolus tracking MRI for
the absolute quantification of cerebral perfusion in
cerebral ischemia. Variability may occur because of
bolus delay dispersion caused by vessel lesions, as well
as individual patients characteristics (stage of isch-
emia, local hematocrit, etc.), which can critically al-
ter perfusion quantification.2 Therefore, neither
absolute MTT nor Tmax seems to be an adequate
substitute for Xe-CT to perform quantitative estima-
tion of CBF in subacute ischemic stroke. Nonethe-
less, we found that both Tmax and absolute MTT
were significantly correlated with Xe-CT CBF and
that absolute MTT (�10 seconds) and Tmax thresh-
old (�4 seconds) were able to predict critical hypo-
perfusion as defined by Xe-CT.

Previous PET studies found that cerebral blood
volume (CBV) is often increased downstream of ICA
occlusion.11 Because MTT is the ratio CBV/CBF,
variations in CBV could have altered the correlation
with Xe-CT CBF. In addition, as opposed to Tmax
and MTT delay, absolute MTT is not normalized to
the unaffected side. The use of MTT delay might
have improved the yield of this modality.

Several studies have demonstrated that 20 mL/
100 g/minute Xe-CT CBF is an important threshold
to define potentially reversible acute ischemic
lesions.12-15 Results of our study suggest that thresh-
olds of Tmax �4 seconds and MTT �10 seconds
can detect critical hypoperfusion defined by Xe-CT
CBF �20 mL/100 g/minute with a sensitivity and
specificity �70%. A significant amount of ischemic
penumbra was unlikely to be present in most of our
patients because they were scanned a median of 12
days after symptoms onset. However, 95% of the
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ROIs with a Xe-CT CBF �20 mL/100 g/minute
were ipsilateral to the symptomatic vessel lesion and
associated with restricted DWI lesions, suggesting
the persistence of severe hypoperfusion.

In the recent clinical trials Diffusion and Perfu-
sion Imaging Evaluation for Understanding Stroke
Evolution (DEFUSE) and Echoplanar Imaging
Thrombolytic Evaluation Trial (EPITHET), a
threshold of Tmax �2 seconds was used to define
critically hypoperfused brain tissue 3 to 6 hours after
symptom onset.16,17 In the present study, PWI Tmax
acquisition and processing were performed in the
same manner as in DEFUSE. ROC curve analysis
found that a Tmax threshold �2 seconds could pre-
dict Xe-CT CBF �20 mL/100 g/minute with 100%
sensitivity but only 12% specificity. Substudies from
both DEFUSE and EPITHET have recently re-
ported that Tmax values �4 seconds or �6 seconds
more accurately predicted penumbral salvage and in-
farct growth than the �2-second threshold.18,19 An-
other study found that Tmax values �6 seconds or
�8 seconds correlate well with final infarct volume.20

In addition, a recent study found that Tmax values
between �4 seconds and �6 seconds could identify
acute ischemic penumbra as assessed by PET scan.3

Therefore, multiple lines of evidence indicate that
the commonly used threshold of Tmax �2 seconds
overestimates critical hypoperfusion in stroke pa-
tients and more severe thresholds should be adopted
in future clinical trials.

Our study has several limitations. The Improved
PWI Methodology in Acute Clinical Stroke Study is an
exploratory study of subacute stroke patients with
Xe-CT as the gold standard. In contrast to MRI,
Xe-CT evaluation is limited to four hemispheric slices.
Therefore, our analyses were restricted by the spatial
limitations of Xe-CT. We included subjects who were
clinically stable and had limited neurologic deficits to
facilitate performing both examinations within a short
time period. Therefore, data from this study are not
directly applicable to acute stroke patients.

Different PWI sequences and analyses techniques
can be used to assess cerebral perfusion.4 We used
absolute MTT and Tmax maps generated by decon-
volution of the tissue concentration– over–time
curve using an arterial input function from the MCA
on the unaffected side. Different PWI acquisition or
analysis techniques may produce different results.
Future studies should compare additional techniques
to clarify how PWI acquisition and analysis methods
affect the correlations with Xe-CT results. In addi-
tion, gray vs white matter regions may have different
correlations between PWI and Xe-CT. Larger studies
are required to clarify relationships between Xe-CT
and PWI in specific brain regions.
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