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Background and Purpose—Various calculation methods are available to estimate the transit-time on MR perfusion-
weighted imaging (PWI). Each method may affect the results of PWI. Steno-occlusive disease in the parent vessels is
another factor that may affect the results of the PWI. The purpose of this study was to elucidate the effect of the
calculation methods and underlying vasculopathy on PWI.

Methods—From a pool of 113 patients who had undergone PWI during the study period, a total of 12 patients with
nonlacunar ischemic strokes who were scanned within 24 hours after onset of symptom were selected for the study. The
patient population consisted of 6 patients who had extracranial internal carotid artery stenosis (�70%) and 6 individuals
without stenosis. Seven different postprocessing methods were evaluated: first moment, ratio of area to peak, time to
peak (TTP), relative TTP, arrival time, full-width at half-maximum, and deconvolution methods. Follow-up MR or CT
images were used to determine the areas that evolved into infarcts, which served as the gold standard. Sensitivity and
specificity of each transit time technique were calculated.

Results—Calculation methods with high sensitivity were the first moment (sensitivity, 74%), TTP (sensitivity, 77%), and
deconvolution methods (sensitivity, 81% to 94%). Between the 2 groups with and without internal carotid artery
stenosis, the specificity of most of the techniques was lower in the internal carotid artery stenosis group. The first
moment and deconvolution methods maintained relatively high specificity even in the stenosis group.

Conclusions—The calculation technique and presence of underlying vasculopathy have a direct impact on the results of
PWI. The methods with high sensitivity even in the presence of steno-occlusive disease were the first moment and
deconvolution methods with arterial input function derived from the peri-infarct arteries; the deconvolution method was
the superior choice because of higher lesion conspicuity. (Stroke. 2002;33:87-94.)
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Although conventional CT imaging and MR imaging are
excellent modalities for detecting and characterizing

cerebral ischemia or infarction, they may fail to depict acute
ischemia reliably at its earliest stage.1 One of the most useful
methods currently available is MR diffusion-weighted imag-
ing (DWI), which may also underestimate the final size of the
infarct when performed within the first day.2 In the acute
stage of stroke, therefore, it has been shown that DWI,
combined with measures of cerebral hemodynamics, may be
beneficial in the estimation of the surrounding area of
ischemic tissue at risk, the so-called ischemic penumbra.2

Dynamic susceptibility contrast imaging is one of the most
commonly used techniques for obtaining MR perfusion-

weighted images (PWI).2–9 A series of T2*-weighted images
is acquired during the transit of a bolus of contrast material
through the brain. The recorded signal intensity–time curves
are converted to concentration-time curves for calculation of
the perfusion parameters. Among the various hemodynamic
parameters, such as cerebral blood flow and cerebral blood
volume, the ones that reflect transit time (eg, mean transit
time) are most commonly used to estimate perfusion deficits
in acute stroke patients. This is based in part on the well-
known immediate coupling of mean transit time (MTT) with
cerebral perfusion pressure.10,11 In addition, transit time
parameters are able to delineate the visually distinct regions
of abnormality12,13 and the perfusion deficits of greater
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volume compared with the cerebral blood flow or cerebral
blood volume maps, which suggests that they are more
representative of the maximum anatomic extent of perfusion
impairment.12

Various ways have been proposed to estimate transit time,
including ratio of area to peak,14,15 first moment,12,15–19

deconvolution,9,20,21 time to peak (TTP),13,22,23 time of the
contrast arrival (arrival time),24 and relative TTP (TTP minus
arrival time).24 The first 3 calculation techniques estimate the
true MTT; the last 4 techniques are surrogate measures that
may simulate the mean transit time. Although all of these
techniques have already been accepted as part of routine
clinical practice, the differences in their ability to determine
the areas of perfusion deficit have not been fully addressed.
To the best of our knowledge, no studies have done a
systematic comparison of these various transit time calcula-
tion techniques using a single set of perfusion data. Without
knowledge of the general trends and limitations of these
various postprocessing techniques, the true efficacy of the
PWI is difficult to assess. Thus, the first purpose of this paper
was to compare these various calculation methodologies and
to determine the transit time calculation method that is most
suited for the imaging of acute stroke patients.

The second purpose of this study was to evaluate the effect
of major vasculopathy involving the parent arteries of the
brain. Steno-occlusive disease in the parent vessels may cause
significant delay or distortion of the peak of the
concentration-time curves. It is apparent, however, that the
degree of curve distortion may not be directly correlated with
local hemodynamic status, because the perfusion of brain
tissue is dependent on many factors other than the degree of
stenosis, which may include collaterals via the circle of Willis
and leptomeningeal anastomoses. Thus, it can be predicted
that the presence of steno-occlusive disease will result in
false-positive depictions of regional flow deficit. Underlying
vasculopathy may have a different degree of influence on
each calculation technique, and thus our second purpose was
to elucidate the effect of steno-occlusive disease on the
results of PWI. In this study, we specifically focused on
steno-occlusive disease of the internal carotid artery (ICA) to
simplify the study design.

Materials and Methods
Patients
A retrospective search of the neuroradiology report database system
our institution covering November 1995 through December 1997
revealed 113 patients who had undergone PWI studies. Within this
patient population, 6 cases met the following inclusion criteria: (1)
patients with acute nonlacunar ischemic stroke involving the cerebral
cortex; (2) PWI performed within 24 hours after the onset of ictus;
(3) availability of follow-up imaging studies, either MR or CT, that
allowed determination of the final area of the infarction; and finally
(4) stenosis of the ipsilateral extracranial ICA �70%. The ICA
stenoses were due to atherosclerotic disease (n�3), embolism (n�1),
dissection (n�1), or balloon embolization for treatment of giant
cavernous aneurysm (n�1). Location and severity of the ICA
stenoses were confirmed by 2 modalities in each case, which
included conventional angiogram (n�2), ultrasonography (n�3), CT
angiogram (n�2), and MR angiogram (n�5). All of these ICA
stenoses were noted on the side of acute infarctions. The steno-
occlusive disease of other vessels, including the contralateral ICA,

was not present in any of the selected cases. The age of these patients
ranged from 33 to 80 years (mean, 66.7 years).

Six patients with acute cerebral infarction but without ICA
vasculopathy were randomly selected from a pool of PWI studies
performed during the same study period. The inclusion criteria were
as follows: (1) acute nonlacunar ischemic stroke involving the
cortex, (2) PWI performed within 24 hours, (3) follow-up studies,
and (4) absence of carotid stenosis. These cases were determined to
be negative for ICA vasculopathy from MR angiogram (n�6) and
CT angiogram (n�1). The age of these patients ranged from 45 to 72
years (mean, 63.8 years). None of these patients had experienced
reperfusion or recanalization. None of these 12 patients had under-
gone aggressive interventions, such as intra-arterial thrombolysis or
recombinant tissue plasminogen activator administration. The study
was approved by an institutional review committee, and informed
consent was obtained from all patients or their next of kin.

MR Technique
The MR images were obtained with a GE Signa 1.5-T imager (GE
Medical Systems) retrofitted for echo-planar imaging (EPI) capabil-
ities (Instascan, Advanced NMR Systems). The PWIs were obtained
as part of our standard protocol for stroke patients.2 The PWIs were
obtained with a single-shot, spin-echo EPI sequence (n�7) or a
gradient-echo EPI sequence (n�5). The EPI sequence was a resis-
tance time of 1500 ms, an echo time of 50/75 ms (gradient echo/spin
echo, respectively), and a flip angle of 90°. We obtained 46 images
in each of 11 sections. Slice thickness and interslice gaps were 6 and
1 mm, respectively. A 256�128 acquisition matrix was used with a
40�20-cm field of view, leading to a pixel size of 1.6�1.6 mm.
Injected gadopentetate dimeglumine (Magnevist, Berlex Laborato-
ries) was 0.2 mmol/kg body weight. Contrast was injected 10
seconds after the start of imaging at a rate of 5 mL/s with the use of
an MRI-compatible power injector (Medrad). The bolus of contrast
material was followed by a similar volume of normal saline, which
was also injected at a rate of 5 mL/s.

PWI Calculation
Obtained EPIs were processed to create the various PWIs. Three
different calculation methods were used to compute MTT: first
moment,25 ratio of area to peak,15 and deconvolution methods.20 A
detailed discussion of the deconvolution technique is provided
elsewhere.20,21 In brief, the concentration of intravascular contrast
agent within a given volume of interest (VOI) can be expressed by
CVOI(t)�Ft�ƒ�Ca(�)R(t��)d�, where Ft is tissue flow, Ca(�) is the
arterial input function (AIF), and R(t) is the vascular residue function
describing the fraction of tracer still present in the vascular bed of the
VOI at time t after injection of contrast. Residue function and flow
can be calculated when the concentration-time curve [CVOI(t)] and
AIFs [Ca(�)] are given. An AIF is obtained by choosing 7 to 15
pixels adjacent to the artery with early and large drop in signal
intensity (3 to 10 times that of gray and white matter). The
concentration-time curves of these pixels were averaged to yield a
good representation of arterial contrast levels (Figure 1). These AIFs
were chosen by 1 of the authors (K.Y.). AIFs can be chosen from any
artery in a certain slice of an axial image. Multiple AIFs were
systematically selected from 4 different locations in each subject and
computed 4 different PWIs with the deconvolution technique. The
arteries used for AIFs included (1) the M1 segment of the ipsilateral
middle cerebral artery (MCA), (2) the M1 segment of the contralat-
eral MCA, (3) the P1/P2 segments of the posterior cerebral arteries
(PCAs), and (4) the small arteries in the peripheral region of the
ischemic/infarcted volume demonstrated on DWI.

In addition to these calculation methods, other surrogate parame-
ters empirically known to be useful for perfusion estimates were also
examined. These included TTP, arrival time, relative time to peak
(TTP minus arrival time), and full-width at half-maximum (FWHM)
(Figure 2).

Data Analysis
Interobserver reliability was tested between 2 fully trained neurora-
diologists (D.B., K.Y.). Individual PWI calculated by each postpro-
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cessing method was shown to the readers in a random order. The
readers were blinded with respect to the history and final extent of
infarction demonstrated on the follow-up scans.

All 11 slices of PWIs were shown to the readers on a workstation
screen. The readers were instructed to describe the extent of the area
of abnormality according to predetermined brain segments (Figure
3). This template of brain segments was designed to make the
reader’s description as specific as possible. Each hemisphere of the
brain was divided into 14 segments based on vascular territories. The
brain segments consisted of MCA superior division, MCA inferior
division, anterior cerebral artery, and PCA, as well as the end-artery
territories arising from the anterior and posterior circulations that
were arbitrarily named lenticulostriate and thalamoperforator terri-
tories, respectively. Each of the above-mentioned 2 segments of the
MCA territory was further divided into anterior and posterior parts to
make the description more specific. Furthermore, the major vascular
territories (excluding the lenticulostriate and thalamoperforator)
were also subdivided into cortical and subcortical regions.

After this initial reading session and on a separate day, the
follow-up MR (including the DWI) and/or CT images and the initial
DWI of each case were shown to the reader in a random fashion.
Once again, the reader was instructed to assign the regions of
abnormality on the above-mentioned template, and this served as the
gold standard. These follow-up scans were obtained between 3 and
16 days (mean, 6.6 days) after the initial PWI.

If an abnormality depicted on PWI was confirmed to have evolved
into an infarction on the follow-up scan, it was judged that this was
a true-positive result for infarct depiction. If there was an area of
PWI abnormality that failed to evolve into true infarct on the
follow-up scan, the PWI was judged false-positive (Figure 3). These
rates of matching and mismatching between the PWIs and follow-up
scans were examined for sensitivity, specificity, negative predictive

values (NPV), positive predictive values (PPV), and accuracy
calculation.

Statistical Analysis
Interobserver agreements were assessed by calculating the Cohen
coefficient. Agreements were classified as mild (Cohen’s coefficient
�0.40), good (�0.60), or excellent (�0.80). The differences in
sensitivity, specificity, NPV, PPV and accuracy between the DWI
and each calculation method were performed by use of �2 analysis of
Steel’s method, which is a nonparametric modification of a multiple
comparison procedure of Dunnett’s method. Differences between the
stenosis and nonstenosis groups were tested with �2 analyses.
Differences with a value of P�0.05 were regarded as statistically
significant.

Results
Good interobserver agreement was noted between the 2
readers (Cohen’s coefficient, 0.68; 95% CI, 0.64 to 0.72).
Because the Cohen’s coefficient indicated substantial corre-
lation between 2 observers, data from the second reader were
used for the subsequent analysis.

Effect of Calculation Methods
The sensitivity, specificity, PPV, NPV, and accuracy of each
PWI calculation technique for all 12 patients are shown in Table
1. The sensitivity and specificity values of the DWI obtained at
the time of PWI are given in the top row as reference. As shown
in Table 1, the DWI has high specificity (98%), PPV (93%),
NPV (86%), and accuracy (88%) but relatively low sensitivity
(60%). Thus, the primary role of PWI may be to supplement the
relatively low sensitivity of DWI.

Calculation methods of PWI with high sensitivity include
MTT images calculated by deconvolution (sensitivity; 81% to
94%), TTP (sensitivity; 77%), and the first moment method
(sensitivity; 74%), all of which have higher sensitivity than
DWI (sensitivity; 60%). Among these calculation methods,
statistically significant differences with DWI (P�0.05) were
noted for the deconvolution methods with AIF from con-
tralateral MCA, ipsilateral MCA, and PCA. Figure 4A and 4B

Figure 1. AIFs were chosen directly from the echo-planar
source images by selecting 7 to 15 pixels adjacent to the artery
with an early and large drop in signal intensity. These pixels
were averaged to yield a good representation of arterial contrast
levels. Error bars on the signal intensity–time curve represent
�1 SD of the averaged signal intensity.

Figure 2. Typical shape of a concentration-time curve is shown
with the various parameters used for transit time estimation. AT
indicates arrival time; 1st moment, first moment (center of gravi-
ty); and rTTP, relative TTP.

Figure 3. Schematic of the brain template and image analysis
process is demonstrated. Representative slice through the basal
ganglia is shown. Areas of signal abnormality on DWI, PWI, and
follow-up studies were assigned to the predetermined brain
template that is based on the vascular territory. Brain segments
that had abnormality on PWI that evolved into an area of infarct
on follow-up studies were judged true-positive. Brain segments
that did not have abnormality on PWI but were found to have
evolved into true infarcts were judged false-negative.
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show sensitivity versus specificity and NPV versus PPV,
respectively. The calculation methods closer to the upper
right corner are considered the ideal calculation methods. In
this regard, the deconvolution method with AIF from peri-
infarct arteries appeared to be one of the best calculation
methods. The relative TTP, ratio of area to peak, FWHM, and
arrival time image had sensitivities not significantly different
from or inferior to the DWI (sensitivity; 40% to 64%).

Effect of Underlying Vasculopathy
Table 2 shows the sensitivity, specificity, PPV, NPV, and
accuracy of each calculation technique for the carotid stenosis
and nonstenosis groups. There was no significant difference
in sensitivity and NPV for most of the calculation techniques
between the 2 groups, as shown in Figure 5A and 5D. On the
contrary, the specificity, PPV, and accuracy of most calcula-
tion methods were lower in the stenosis group (Figure 5B,

5D, and 5E). The differences were most prominent for the
TTP method and deconvolution method with the AIF from
the contralateral MCA. The first moment and deconvolution
methods with the AIF from the PCA and peri-infarct area
maintained relatively high specificity in both groups.

Illustrative cases are shown in Figures 6 and 7. As
demonstrated, lesion conspicuity was higher for the decon-
volution methods, which was a consistent trend noted in all of
our cases. The first example (Figure 6) is a case without ICA
stenosis in which most of the calculation methods except for
deconvolution failed to demonstrate cortical involvement.
Note that the images generated by deconvolution methods did
not differ significantly with different AIFs, which was a
consistent trend noted for those patients without ICA stenosis.
The second case (Figure 7) involves a patient who had a
balloon occlusion of the right ICA for treatment of a right
cavernous giant aneurysm. Her follow-up DWI in 24 hours
demonstrated a parietooccipital MCA/PCA watershed infarct
(Figure 7b), presumably caused by flow depletion in the right
ICA territory. There is a noticeable difference in the extent of
perfusion abnormality between the 4 deconvolution methods
(Figure 7i, 7j, 7k, and 7l). The deconvolution method with the
AIF from the peri-infarct area (Figure 7l) provides the most
accurate depiction of the final territory of infarction (Figure
7b). These differences between deconvolution methods were
frequently observed for the patients with ICA stenoses.

Discussion
We have shown here that the sensitivity and specificity of the
transit time computation methods in visualizing critical hy-
poperfusion vary significantly, depending on the chosen
technique. Because we believe that the main role of PWI is to
supplement the relatively low sensitivity of DWI, the calcu-
lation methods that have sensitivities lower than or equal to
DWI may not be useful for stroke imaging. From this point of
view, the optimal computation techniques may include the
deconvolution, first moment, and TTP methods, all of which
had considerably higher sensitivity compared with DWI.
Among these techniques, the deconvolution method had the
highest sensitivity values.

TABLE 1. Sensitivity, Specificity, PPV, NPV, and Accuracy of Each PWI Calculation Technique

Sensitivity, % Specificity, % PPV, % NPV, % Accuracy, %

DWI 60 (46-74) 98 (96-100) 93 (84-100) 86 (80-92) 88 (82-93)

First moment 74 (62-87) 84† (78-91) 65† (52-78) 89 (84-95) 82 (76-87)

Area to peak 40 (26-54) 94 (90-98) 73 (56-90) 80 (74-87) 79 (73-85)

Deconvolution (contralateral MCA) 94* (87-100) 69† (61-78) 54† (43-65) 97* (93-100) 76† (70-83)

Deconvolution (ipsilateral MCA) 87* (78-97) 79† (71-86) 61† (50-73) 94 (89-99) 81 (75-87)

Deconvolution (PCA) 85* (75-95) 79† (71-86) 61† (49-72) 93 (88-98) 80 (74-86)

Deconvolution (peri-infarct) 81 (70-92) 92 (87-97) 79 (68-91) 93 (88-97) 89 (84-93)

FWHM 51 (37-65) 93 (88-97) 73 (58-88) 83 (77-89) 81 (75-87)

TTP 77 (64-89) 79† (71-86) 58† (46-70) 90 (84-95) 78 (72-84)

rTTP 64 (50-78) 86† (80-92) 64† (50-78) 86 (80-92) 80 (74-86)

Arrival time 51 (37-65) 90 (85-95) 67 (51-82) 83 (76-89) 79 (73-85)

Numbers in parentheses are the 95% CI.
*P�0.05 higher than DWI; †P�0.05 lower than DWI.

Figure 4. Plots of sensitivity versus specificity (A) and NPV ver-
sus PPV (B) for each calculation technique are shown. Data of
DWI are also shown as reference. Error bars indicate 95% CIs.
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The inferior sensitivity of the first moment method com-
pared with the deconvolution method was an anticipated
result from the model described by Weisskoff et al.26 Their
model has shown that the MTT calculated by the first
moment of the concentration-time curve will in some cases be
underestimated by a factor of 2. The first moment method is
based on the indicator-dilution theory used for the measure-
ment of flow through an organ or tissue.27 After injection of
an indicator such as dye, ice water, or radioactive tracers
proximal to the target organ, the indicator concentration distal
to the organ is measured. The first moment of the measured
efflux concentration-time curve is the MTT of the organ. In
tomographic perfusion imaging, however, the measured
concentration-time curve of a pixel in the brain is not the
distribution of transit time. At best, we can measure the total

amount of the original bolus that remains in the tissue. Thus,
the first moment method is not the MTT when used for
cross-sectional imaging.26 The deconvolution method, on the
other hand, is able to assess the true MTT,20,21 and this may
have been part of the reason for the outstandingly high lesion
conspicuity of the deconvolution method, as demonstrated in
Figures 6 and 7.

Our study has shown that underlying vasculopathy in the
ICA �70% is another factor that may significantly influence
the results of perfusion imaging, which is in agreement with
the previous report by Neumann-Haefelin et al.28 Their report
had shown that the perfusion maps of those patients with
steno-occlusive disease tended to overestimate the area that
eventually evolve into infarct.28 Our study has shown the
specificity of the transit time maps to be inferior for those

TABLE 2. Sensitivity, Specificity, PPV, NPV, and Accuracy Between Carotid Stenosis and Nonstenosis Groups

Sensitivity, % Specificity, % PPV, % NPV, % Accuracy, %

Stenosis Nonstenosis Stenosis Nonstenosis Stenosis Nonstenosis Stenosis Nonstenosis Stenosis Nonstenosis

First moment 75 (58-92) 74 (56-92) 80 (70-90) 89 (81-97) 60 (42-78) 71 (53-89) 89 (81-97) 90 (82-98) 79 (70-87) 85 (77-92)

Area to peak 29 (11-47) 52 (32-73) 97 (92-100) 92 (85-99) 78 (51-100) 71 (49-92) 77 (68-87) 84 (75-92) 77 (68-86) 81 (73-89)

Deconvolution
(contralateral
MCA)

96 (88-100) 91 (80-100) 48† (36-61) 90† (83-98) 43† (29-56) 78† (62-93) 97 (90-100) 96 (92-100) 62† (52-72) 90† (84-97)

Deconvolution
(ipsilateral
MCA)

88 (74-100) 87 (73-100) 68* (57-80) 89* (81-97) 53 (37-68) 74 (58-91) 93 (86-100) 95 (89-100) 74* (64-83) 88* (81-95)

Deconvolution
(PCA)

88 (74-100) 83 (67-98) 70* (58-82) 87* (78-95) 54 (38-69) 70 (53-88) 93 (86-100) 93 (86-100) 75 (66-84) 86 (78-93)

Deconvolution
(peri-infarct)

79 (63-95) 83 (67-98) 85* (76-94) 98* (95-100) 68* (51-85) 95* (85-100) 91 (84-99) 94 (88-100) 83* (75-91) 94* (89-99)

FWHM 50 (30-70) 52 (32-73) 88 (80-96) 97 (92-100) 63 (41-85) 86 (67-100) 82 (72-91) 84 (76-93) 77 (68-86) 85 (77-92)

TTP 79 (63-95) 74 (56-92) 58† (46-71) 98† (95-100) 43† (29-58) 94† (84-100) 88 (77-98) 91 (84-98) 64† (54-75) 92† (86-98)

rTTP 67 (48-86) 61 (41-81) 82 (72-91) 90 (83-98) 59 (41-78) 70 (50-90) 86 (77-95) 86 (77-94) 77 (68-86) 82 (74-90)

Arrival time 67* (48-85) 35* (14-55) 85 (80-90) 95 (88-100) 64 (37-91) 73 (51-94) 86 (77-96) 79 (71-88) 80 (71-89) 79 (70-87)

Numbers in parentheses are the 95% CI.
*Statistically significant difference between stenosis and nonstenosis groups (P�0.05); †statistically significant difference between stenosis and nonstenosis groups

(P�0.005).

Figure 5. Graphs show difference of sen-
sitivity (A), specificity (B), PPV (C), NPV
(D), and accuracy (E) between ICA steno-
sis and nonstenosis groups. Sensitivity
and NPV of most of the techniques did
not differ significantly between the 2
groups. Specificity, PPV, and accuracy
were lower in the stenosis group for
most of the calculation methods. Note
that the calculation methods such as in
TTP and deconvolution method with AIF
from contralateral MCA had significantly
lower values when vasculopathy was
present.
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cases with ICA stenosis �70%, which in turn indicates that
there were higher incidence of false-positive areas depicted
by these perfusion maps. Both the study of Neumann-
Haefelin et al28 and our study indicate that there may be some
limitation in the perfusion imaging when assessing patients
with steno-occlusive disease. The steno-occlusive disease at
the parent artery may cause distortion of the concentration-
time curve as a result of turbulent flow at the stenotic segment
of the vessel or longer path through the collateral arteries. We
hypothesized that the transit time images calculated from the
distorted curves may lead to failure in accurately demonstrat-
ing the local perfusion abnormality, which was shown to be
true.

The effect of steno-occlusive vascular disease was more
prominent for certain calculation methods, such as the TTP

method. TTP is a simple measure of perfusion that calculates
the time it takes the bolus of contrast to reach its maximum
concentration in a given region of brain. This simple param-
eter is straightforward to compute and thus has become
widely popular in clinical practice.13,22–24 Despite such ben-
efits, this technique was shown to be highly vulnerable to
steno-occlusive disease and can be concluded to be less
reliable in the presence of steno-occlusive vascular disease. A
threshold method proposed for this TTP method may be
useful to increase the accuracy of the imaging technique.28

Some of the deconvolution methods were also vulnerable
to the presence of steno-occlusive disease, which may have
been caused by the misrepresentation of the selected AIF for
the flow at the affected area of the brain. Although it is ideal
to analyze each pixel with the AIF of its own feeding artery,

Figure 6. This 80-year-old woman presented with
acute onset of aphasia and confusion. Initial DWI
(a) showed an area of abnormality involving the left
basal ganglia (arrow), which was later shown to be
an infarct also involving the anterior temporal cor-
tex (arrowhead) on follow-up CT (b). PWI at the
time of onset using the first moment (c), time to
peak (e), and relative time to peak (f) images dem-
onstrated an area of abnormal perfusion in the left
basal ganglia, but the cortical involvement was
missed with these techniques. The deconvolution
method (Deconv.; i through l) was the only calcula-
tion technique that showed an unequivocal area of
cortical involvement in the anterior temporal MCA
territory (curved arrows). Cont. indicates contralat-
eral; ipsi, ipsilateral; and peri, peri-infarction
arteries.

Figure 7. This 80-year-old woman was admitted to
hospital for balloon occlusion of a right cavernous
carotid aneurysm. The patient remained asymp-
tomatic until she developed a left facial droop dur-
ing the evening after the procedure. Her initial DWI
was negative for an infarct (a). On the follow-up
DWI in 24 hours (b), the lesion in the parietooccipi-
tal region at the MCA/PCA watershed zone
became apparent (arrowhead). PWIs using decon-
volution methods (Deconv.; i through l) revealed
abnormality involving the right posterior MCA/PCA
watershed (curved arrows), whereas the other
methods failed to demonstrate an unequivocal
area of abnormality (c through h). Note that the
extent of abnormality demonstrated on the decon-
volution methods differs, depending on the
selected AIFs. The image calculated by the AIF
from the contralateral MCA (j) overestimates the
area of infarction, whereas the images with the AIF
from the peri-infarction area (l) showed the closest
agreement with the follow-up DWI (b). Abbrevia-
tions as in Figure 6.
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this is not clinically feasible because a large number of AIFs
will be required. Thus, an AIF is typically chosen from a
single location, such as the ICA or MCA contralateral to the
side of infarct.20,21,29 In the evaluation of a patient with
steno-occlusive disease, however, the AIF chosen from the
contralateral vessel may not represent the AIF of the ipsilat-
eral hemisphere, where there may be significant curve dis-
tortion. The resultant MTT images will tend to overestimate
the region of abnormal flow, resulting in lower specificity.
Conversely, when the AIF is chosen from the peri-infarct
arteries, higher specificity to the local flow disturbances is
obtained, because the AIF corrects for the contrast delay and
dispersion that occur distal to the vascular stenosis. Thus, in
the presence of steno-occlusive disease, selection of AIF from
the peri-infarct artery is one of the techniques of choice to
delineate the areas with true MTT prolongation.

Although proven a robust technique, a disadvantage of the
deconvolution method may be the mandatory extra step of
human input, namely the selection of an AIF from the source
images. Compared with the other methods, which can be fully
automated, this human-dependent extra step could be some-
what problematic in an acute clinical setting. However, the
AIF selection procedure is fairly straightforward and takes
�2 to 3 minutes by a trained person. In our experience, the
interobserver difference in the shape of the AIF and the
quality of the calculated perfusion maps are extremely low;
thus, we believe that the technique is feasible. Fully auto-
mated selection of AIF has also been proposed.29 In addition,
the total computation time is �15 minutes, including the
selection of AIF, which we believe is within an acceptable
time frame.

The findings reported here should be viewed in the context
of several methodological limitations. First, the number of
patients in our study is limited. More subjects may be
necessary to draw a solid conclusion regarding the best
calculation methods of choice. Second, the 2 subgroups
analyzed in our study were not perfectly matched for poten-
tially confounding factors, such as cerebral risk factors and
time between symptom onset and MRI. These may have had
an influence on the study results. Third, not all the follow-up
images were MR; CT scans also were included. Ideally, one
modality is to be used for a gold standard, with MR being the
superior choice with higher lesion conspicuity. However,
there is no question that the CT is an alternative follow-up
method with satisfactory lesion conspicuity, and we believe
that it is a suitable modality as a gold standard. Fourth, we
used the final area of infarct on the follow-up studies as the
gold standard for evaluating the transit time images. How-
ever, a direct correlation between transit time abnormality
and infarction is yet to be proven; thus, the ideal gold
standard of the transit time images may have been another
well-established perfusion imaging technique, such as PET,
SPECT, or xenon CT. In an acute stroke setting, however, it
is not always possible to obtain multiple different studies for
perfusion assessment. Furthermore, because our goal was to
assess the trends and limitation of various transit time
calculation methods that are currently in use for stroke
imaging, we believe that it is clinically relevant to use the
final area of infarct as the gold standard.

In conclusion, we have shown that both the calculation
technique and the presence of underlying vasculopathy have
direct impact on the results of PWI. Calculation techniques
with high sensitivity even in the presence of steno-occlusive
disease were the first moment method and deconvolution
method with the AIF selected from the peri-infarct arteries.
The higher lesion conspicuity of the deconvolution method
compared with the other calculation techniques leads us to
conclude that this is considered to be one of the best methods
of choice for stroke imaging.
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