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Whole Brain Quantitative CBF, CBV, and MTT
Measurements Using MRI Bolus Tracking:
Implementation and Application to Data Acquired
From Hyperacute Stroke Patients

Anne M. Smith, PhD,* Cécile B. Grandin, MD, Thierry Duprez, MD, Frédéric Mataigne, MD,
and Guy Cosnard, PhD

A robust whole brain magnetic resonance (MR) bolus track-
ing technique based on indicator dilution theory, which
could quantitatively calculate cerebral blood flow (CBF),
cerebral blood volume (CBV), and mean transit time (MTT)
on a regional basis, was developed and tested. T2*-
weighted gradient-echo echoplanar imaging (EPI) volumes
were acquired on 40 hyperacute stroke patients after gad-
olinium diethylene triamine pentaacetic acid (Gd-DTPA)
bolus injection. The thalamus, white matter (WM), in-
farcted area, penumbra, and mirror infarcted and penum-
bra regions were analyzed. The calculation of the arterial
input function (AIF) needed for absolute quantification of
CBF, CBV, and MTT was shown to be user independent. The
CBF values (ml/min/100 g units) and CBV values (% units,
in parentheses) for the thalamus, WM, infarct, mirror in-
farct, penumbra, and mirror penumbra (averaged over all
patients) were 69.8 6 22.2 (9.0 6 3.0 SD); 28.1 6 6.9 (3.9 6
1.2); 34.4 6 22.4 (7.1 6 2.7); 60.3 6 20.7 (8.2 6 2.3); 50.2 6
17.5 (10.4 6 2.4); and 64.2 6 17.0 (9.5 6 2.3), respectively,
and the corresponding MTT values (in seconds) were 8.0 6
2.1; 8.6 6 3.0; 16.1 6 8.9; 8.6 6 2.9; 13.3 6 3.5; and 9.4 6
3.2. The infarct and penumbra CBV values were not signif-
icantly different from their corresponding mirror values,
whereas the CBF and MTT values were (P < 0.01). Quanti-
tative measurements of CBF, CBV, and MTT were calcu-
lated on a regional basis on data acquired from hyperacute
stroke patients, and the CBF and MTT values showed
greater sensitivity to areas with perfusion defects than the
CBV values. J. Magn. Reson. Imaging 2000;12:400–410.
© 2000 Wiley-Liss, Inc.
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SEVERAL GROUPS have reported using MRI bolus
tracking methods to measure cerebral blood flow (CBF)
and/or cerebral blood volume (CBV) quantitatively (1–
4). Using these techniques, a time series of T2*-

weighted images is acquired after an IV bolus injection
of gadolinium diethylene triamine pentaacetic acid (Gd-
DTPA); then measurements of CBF, CBV, and mean
transit time (MTT) are made by applying indicator dilu-
tion theory (5–7). These values can be quantitative (ie,
expressed in absolute units) if the arterial input func-
tion (AIF) can be measured. In the groups reporting
absolute CBF measurements (1–3), the data were ac-
quired from only a few slices (usually two, one near the
base of the skull to image the large arteries and a su-
perior slice). So far, quantitative measurements of CBF,
CBV, and MTT for whole brain acquisitions have not yet
been reported with MR bolus tracking techniques.

Whole brain acquisitions have several advantages
over single-slice acquisitions. First, often clinicians and
researchers are not sure of the exact region that is
affected by a disease process and therefore do not know
a priori which slice or slices need to be imaged. For
example, the hyperacute infarct in stroke patients can
be delineated with diffusion imaging, but the actual
three-dimensional (3D) extent of the penumbra is not
known, and the whole brain should be imaged to be
sure that it is completely covered. Second, whole-brain
acquisitions can be easily coregistered to other volumes
acquired during the same session or on different days,
which is difficult to do with single-slice data. Finally,
the calculation of the AIF that is necessary for absolute
quantification is more flexible. More voxels can be used
for the calculation and arteries near the region of inter-
est can be chosen, thereby reducing the effects of dis-
persion (not done in this study).

The purpose of this study was to implement indicator
dilution theory on dynamically acquired whole brain
gradient-echo echoplanar imaging (EPI) volumes after
Gd-DTPA injection. The technique we developed for es-
timating the AIF from an entire brain volume is ex-
plained and shown to be user independent. This tech-
nique can be applied to normal volunteers as well as
patients with various types of neurologic disorders (eg,
degenerative diseases, epilepsy, and stroke), for whom
regional quantitative measures of CBF, CBV, and MTT
are desired from whole brain data. Performing absolute
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quantification allows for an easier comparison between
subjects and follow-up studies on the same subject.
The technique was retrospectively applied to data ac-
quired from hyperacute stroke patients to demonstrate
the type of information a whole brain quantitative tech-
nique can provide about the CBF, CBV, and MTT abso-
lute values of infarct, penumbra, and corresponding
mirror regions. How these values impact hyperacute
stroke patient management and predict eventual in-
farction of penumbra is currently being investigated
and will not be presented in this paper, although two
extreme cases will be presented in detail and some
preliminary results given.

MATERIALS AND METHODS

Implementation of Indicator Dilution Theory

In order to use indicator dilution theory, MR signal inten-
sity must be converted to Gd concentration (8–11):

Cm~t! 5 2K z ln
S~t!
So

, (1)

where Cm(t) is the measured concentration of Gd-DTPA
with respect to time, K is a proportionality constant that
is inversely proportional to the TE and depends on the
MR scanner, S(t) is the MRI signal intensity with respect
to time, and So is the baseline MRI signal before the
presence of Gd-DTPA and after a steady-state magne-
tization has been achieved. Since the same TE was used
when acquiring all slices of the bolus tracking volumes
and assuming that each tissue type (eg, large and small
vessels) will have the same proportionality constant
[which is not true for a spin echo EPI sequence (12,13)],
the actual value of K was never estimated since it can-
cels out (see equations below). We used three images
(second, third, and fourth acquired bolus tracking vol-
umes) to calculate S0. In our implementation, Cm(t)
could be calculated on an ROI basis as well as a voxel-
by-voxel basis.

Indicator dilution theory can be applied to MR bolus
tracking images to quantify CBF, CBV, and MTT. When
an ideal instantaneous arterial bolus (ie, a delta func-
tion) of Gd-DTPA is the input to a tissue region, the
following relation exists between the parameters
(5,6,14):

CBV
CBF

5
* C~t!dt

Cmax
, (2)

where C(t) is the concentration of Gd-DTPA in a tissue
region and Cmax is the maximum of this curve. However,
an instantaneous arterial bolus is not possible in prac-
tice but C(t) (the tissue response to an instantaneous
arterial bolus) can be calculated using the relation:

C~t! 5 Cm~t! # 21AIF~t! (3)

where Cm(t) is the measured tissue curve, AIF(t) is the
measured AIF curve, and V21 represents the deconvo-
lution operation. Absolute CBV can be calculated as:

CBV 5
k

r
z

* Cm~t!dt
* AIF~t!dt

, (4)

where k 5 (1 2 HCTLV)/(1 2 HCTSV) corrects for the fact
that the hematocrit in large vessels (HCTLV was set to
0.45) is larger than the hematocrit of small vessels
(HCTSV was set to 0.25) (1), and r is the density of brain
tissue (1.04 g/ml) (7). Once C(t) and CBV using Eqs. [3]
and [4] have been calculated, CBF can be calculated
using Eq. [2]. Finally, the MTT can be calculated using
the following relation (5):

MTT 5
CBV
CBF

(5)

Determination of the AIF

A program was developed to allow interactive selection
of voxels located in major brain arteries (Fig. 1). This
was done by searching for voxels that had an early and
large increase in Gd-DTPA concentration. The program
first selected those voxels whose peak Gd-DTPA con-
centration value was above 60% of the maximum voxel
Gd-DTPA concentration in the entire time series vol-
umes and whose peak value fell between a time window
of 3 and 30 seconds. Hundreds of voxels were usually
selected in this initial pass, and an average AIF was
calculated from these selected voxels. The selected vox-
els were superimposed in red on top of the first bolus
tracking volume (displayed in black and white). The
user could then step through the slices and select by
clicking with the mouse those voxels most likely belong-
ing to an artery (such as the basilar, carotid, or middle
cerebral arteries), and the Gd-DTPA concentration time
curve was displayed for that particular voxel. Once the
user was satisfied that a selected voxel was indeed an
artery, he/she decreased the time window such that
only a single time point was contained within the win-
dow, and then the average AIF was recalculated. The
height threshold was then raised until only 20 or so
voxels remained in the average AIF, and finally the user
inspected each of the remaining voxels and could ex-
clude noisy voxels or voxels not likely located in an
artery. Seven to 15 voxels were usually averaged to
calculate the final AIF for each patient. No attempt was
made to select voxels near the tissue ROI being ana-
lyzed, and no correction for dispersion of the AIF during
travel to the tissue ROI was made.

To test interobserver variability of AIF calculation,
four trained radiologists independently calculated an
AIF for each patient. The CBF, CBV, and MTT for two
tissue ROIs (parietal cortex and centrum semioval) were
calculated using the four different AIFs for each patient,
and a one-way analysis of variance (ANOVA) was used
to test for significant differences between the CBF and
CBV values calculated from the four different AIFs.

Gamma Variate Fitting

Gamma variate fitting was used to denoise the data and
correct for tracer recirculation (1,3,4). The fitting in this
study was implemented both on a voxel-by-voxel basis
and on a region-of-interest (ROI) basis. The AIF(t) and
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tissue Cm(t) curves were both fit to a gamma variate
function using the Levenberg-Marquardt method
(15,16):

AIFfit~t! or Cfit~t! 5 2K~x 2 D!a z e 2 ~x 2 D!/B z Fstep~x 2 D!,
(6)

where AIFfit(t) and Cfit(t) are the fitted AIF(t) and Cm(t)
curves, respectively, K is a constant, x is the image num-
ber, D is the delay between image 0 and the arrival of the
bolus (a positive number), a and B are gamma variate
parameters, and Fstep is a step function defined by:

Fstep 5 H 1 for ~x 2 D! $ 0
0 for ~x 2 D! , 0 . (7)

All data points were assigned a weight of 1.0 during the
fitting process. To eliminate the effects of recirculation,
any time points that were less than 30% of the maxi-
mum after the peak of the AIF(t) and Cm(t) curves were
not used in the fit. In some regions with delayed bolus
passage (such as infarcted regions), the 30% threshold
was too low, and the user could increase the threshold
until the X2 value of the gamma variate fit was within
610% of the value from the healthy mirror region.

MRI Protocol

Forty patients with confirmed brain infarct were se-
lected from a larger population of patients who had
suspected stroke. All patients in the large population
had undergone an MRI study within 6 hours of symp-
tom onset, and only patients (or relatives) who could

state the time of symptom onset exactly were included
in the study. The MRI protocol included a T1-weighted
whole brain sagittal sequence (to detect a possible hem-
orrhage since no computed tomography scanning was
performed), a fast spin-echo T2-weighted sequence (to
detect lesions in the brainstem), a fast fluid-attenuated
inversion recovery sequence [FLAIR, to detect nonacute
lesions and occluded vessels (17)], a 3D time-of-flight
angiography sequence (to detect occluded vessels or
slow flow since no computed tomography angiography
was performed), a diffusion-weighted sequence (to de-
tect hyperacute lesions), and a bolus tracking perfu-
sion-weighted sequence. The total time in the scanner
for each patient was less than 30 minutes, which also
gave the neurologist time to contact relatives for possi-
ble thrombolytic therapy consent since it was not an
approved therapy in Belgium at the time of the study.
Since the data analysis was performed only on the dif-
fusion-weighted and bolus tracking volumes, only
these sequences will be described in further detail.

All imaging was performed using a 1.5-T GE Signa
scanner (GE Medical Systems, Milwaukee, WI) with 5
mm slice thickness, 0.5 mm interslice gap, 24 3 24 cm2

field of view (FOV), and 24 slices per volume. A diffusion
trace volume (to delineate new infarcts) was calculated
from three diffusion-weighted volumes with the diffu-
sion gradients applied along each of the x, y, and z
directions, respectively. These volumes were acquired
using a spin-echo EPI sequence (TR/TE 4500/95 msec,
128 3 128 matrix, b 5 1000 s/mm2, d 5 32 msec, and
D 5 39 msec, where d represents the length of time that
a single diffusion-sensitizing gradient was on, and D

Figure 1. AIF calculation widget showing results of initial AIF calculation. Note that venous voxels were included in this initial
pass. The height threshold was set to 0.60 (60% of the maximum value of all bolus tracking volumes), and the time window was
set to 3–30 seconds (arterial peak minimum and maximum). After this initial pass, 600 voxels were included in the averaged AIF
curve (white curve in graph, with the gamma variate fit shown in yellow). The blue curve in the graph represents the voxel next
to the white arrow and is most likely located in the middle cerebral artery. The next step would be to decrease the time window
(vertical yellow broken lines in the graph) such that it only contains the peak of the blue curve and increase the height threshold
(horizontal broken red line in the graph) such that only approximately 20 voxels remain. The user can view each voxel
individually and exclude the unwanted voxels for the final calculation of the AIF.
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represents the time between the start of the first diffu-
sion-sensitizing gradient and the start of the second
one).

A single-shot gradient-echo EPI sequence (TR/TE 2.3
sec/30 msec) was used to perform the bolus tracking,
with the sequence started either at the same time or a
few seconds after the Gd-DTPA injection (0.1 mmol/kg).
The bolus was injected at a rate of 10 ml/sec in an
antecubital vein by an MRI power injector (Medrad,
Pittsburgh, PA) followed by a 30-ml saline flush. A
128 3 96 acquisition matrix was used, and 20 volumes
were acquired over time. Therefore, the entire brain was
imaged every 2.3 seconds for 46 seconds after injection
of Gd-DTPA.

No smoothing was performed on any of the images.
The diffusion and bolus tracking images were acquired
without moving the patient between the scans. The first
acquired bolus tracking volume was used only for reg-
istration and display purposes since it was not in
steady-state magnetization, and time 0 in our study
was assigned to the second acquired volume; therefore
43.7 seconds was assigned to the 20th acquired vol-
ume. One to 5 days after the initial examination, fol-
low-up FLAIR images (TR/TEeff/TI 10 sec/159 msec/
2200 msec, 256 3 160 acquisition matrix) were
acquired for each patient for positive confirmation of
stroke.

Correction for Patient Movement

All images were transferred to an offline workstation
(Sun Ultra 1/200, Sun Microsystems, Mountain View,
CA) for processing using programs written in C and IDL
(Research Systems, Boulder, CO). A registration (18)
was performed when anatomically drawn contours on
the diffusion images did not match the anatomy of the
first bolus tracking volume. Patient movement during
the acquisition of the 20 bolus tracking volumes was
detected by playing a cine loop of the same slice with
respect to time. If movement greater than approxi-
mately 1 voxel was detected, each bolus tracking vol-
ume was registered to the first acquired bolus tracking
volume. The follow-up FLAIR images were registered
and resampled to the position and size of the first ac-
quired bolus tracking volume.

Data Analysis

Quantitative maps of the CBF, CBV, MTT, bolus arrival
time (BAT), and time to peak (TTP) were calculated on a
voxel-by-voxel basis. First, voxel-by-voxel fits of the
Cm(t) curves to the gamma variate function (Eq. [6]) were
performed, and then the fits were deconvolved using
Eq. [3]. Equations [2], [4], and [5] were then imple-
mented on a voxel-by-voxel basis to calculate the CBF,
CBV, and MTT maps, respectively. The BAT was the
time between the peak of the AIF and 10% of the max-
imum of Cm(t), and similarly the TTP was the time be-
tween the peak of the AIF and the peak of Cm(t). A sixth
calculated volume (MAX) was formed by taking the
maximum of the deconvolved C(t) curves. Only those
voxels whose signal intensity on the first bolus tracking
volume was greater than 10% of the maximum of this

volume were used to create the maps in order to exclude
voxels outside the brain and within the susceptibility
artifact regions. The average and standard deviation of
the CBV volume map were calculated, and those voxels
that had a CBV value greater than 2 standard devia-
tions from the average were excluded from further anal-
ysis since these voxels were most likely large vessels.

Seven 3D ROIs were drawn for each patient. Three
ROIs were drawn on the contralateral side with respect
to the infarcted areas in the thalamus, parietal cortex,
and centrum semiovale on the first volume of the bolus
tracking images. A trained radiologist outlined the hy-
perintense signal area (corresponding to the infarct) on
the diffusion trace volume, and this ROI was called the
infarcted ROI; the same radiologist placed an ROI on
the abnormally long (with respect to the contralateral
side) MTTs on the calculated MTT volume. The differ-
ence between this ROI and the infarcted MRI was cal-
culated and called the “penumbra” ROI. For the pur-
poses of this paper, penumbra refers to the region (not
including the infarcted region) that has an abnormally
long MTT with respect to the mirror contralateral side.
The final two ROIs were the contralateral mirror ROIs of
the infarcted and penumbra regions. The ROIs from 10
patients were placed on the CBF and CBV volume maps
to obtain an average and standard deviation of the CBF
and CBV [ie, when Cm(t) was calculated on a voxel-by-
voxel basis]. These values were compared with the cor-
responding values from the region analysis [ie, when
Cm(t) was calculated on a regional basis] to determine
whether an ROI analysis is equivalent to placing the
same ROI on voxel-by-voxel calculated maps.

Statistical Analysis

A two-sample t-test assuming unequal variances was
used to determine whether significant differences ex-
isted between the GM CBF, CBV, and MTT values and
their corresponding WM values, and between the in-
farcted and penumbra values and their corresponding
mirror values. In addition, the MTT values for all re-
gions were compared with the WM MTT value, and the
P value was multiplied by 5 to correct for multiple tests.
A P value of less than 0.05 was considered significant.
Signal-to-noise ratios (SNRs) were calculated for two
different bolus tracking volumes for a single patient for
the six ROIs. The second acquired volume (a baseline
volume) and the volume that displayed the peak signal
decrease for the given ROI were used for SNR calcula-
tion, using the following formula: SNR 5 (mean signal
intensity of ROI)/(standard deviation of a background
ROI). The value z, a factor that incorporates noise due to
the logarithm calculation of Eq. [1], was also calculated
for a single patient using the formula (19):

§ 5
So

2

N O
i 5 1

N 1
Si

2 , (8)

where S0 is defined as for Eq. [1], N are the number of
images used for the gamma variate fit for the given
region, and Si is the average signal intensity of the given
region for the ith time point.
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RESULTS

In data from 2 of the 40 patients scanned, the arterial
bolus was delayed (the peak of the AIF occurred after
25.3 seconds) such that the tissue Cm(t) curves were
severely truncated and could not be used for further
analysis. Both patients had a history of cardiac disor-
ders, with one having atrial fibrillation and mitral valve
regurgitation and the other having chronic cardiac in-
sufficiency. In data from the remaining 38 patients, the
average time of the AIF peak occurred at 14.3 6 4.1
seconds (range 6.9–23 seconds). In data from one pa-
tient, the AIF peak was early (6.9 seconds), and there-
fore only two images were used to calculate the baseline
signal intensity S0 (Eq. [1]) instead of the usual three.
The series of bolus tracking volumes from two patients
had to be registered to the last bolus tracking volume
due to patient movement during the acquisition. In data
from one patient, no abnormal hyperintense signal was
seen on the trace diffusion volume, and thus no infarct
ROI and its corresponding mirror ROI could be drawn.
In data from nine patients, no abnormal MTT regions
were seen on the calculated MTT volume and thus no
penumbra ROIs and their corresponding mirror ROIs
existed for these patients.

The gamma variate fit failed (ie, the X2 value was not
within 610% of the healthy mirror regions) for three
infarcted regions and one penumbra region where there
was not sufficient bolus passage, and these regions
were excluded from the study. The cutoff threshold for
the gamma variate fit had to be adjusted by the user for
13 infarcted and penumbra regions. A total of 206 ROIs
were analyzed and compared. The average volume of
the infarcted regions was 26.3 cm3 (range 0.14–248.0
cm3, not including the patients in whom no infarct was
seen) and the average volume of the penumbra regions
was 51.6 cm3 (range 0.32–189.0 cm3, not including
regions from the nine patients in whom no abnormal
MTT was seen outside of the infarct). Figure 2A shows a
typical AIF and its gamma variate fit from a single pa-
tient, and Fig. 2B shows the Cm(t) curves from the in-
farcted and mirror infarcted regions and their respec-
tive gamma variate fits.

In Figure 3, all the calculated map images, the diffu-
sion-weighted trace image, and the follow-up FLAIR
image acquired more than 24 hours after symptoms
onset are displayed from the same patient and the same
slice level. In all calculated maps, voxels that could not
be fit to the gamma variate function were assigned a
value of 0 (and hence are black in the figure). Note that
the BAT, TTP, and MTT give qualitatively the same map,
with the BAT map being slightly noisier. This was typ-
ical in all of our studies. The MAX map was very similar
to the CBF map, which was expected since they are
proportional to each other (Eq. [2]). The MTT map
showed abnormally long mean transit times for a region
larger than the infarct (infarct was defined on the dif-
fusion trace image and confirmed on the follow-up
FLAIR image), and this region minus the infarcted re-
gion was defined to be the penumbra.

Table 1 summarizes the statistics for the four differ-
ent sets of AIFs calculated by the different radiologists
for all 40 patients.Figure 4A–C shows the interobserver

variability among the four different AIF curves used to
calculate the CBF, CBV, and MTT for the WM and GM
ROIs for each of the 38 patients. There were no statis-
tically significant differences among the four observers
for any of the data shown in Fig. 4 when the ANOVA
analysis was performed (P . 0.75).

Table 2 displays the average and standard deviations
of the CBF, CBV, and MTT from all the patients for six
different anatomical regions.The four ROIs for which
the gamma variate fit failed were not included in these
averages. Note that the MTT values for the thalamus,
mirror infarct, and mirror penumbra regions compared
with the MTT values for the WM were not significantly
different, while there were significant differences be-
tween the WM MTT values and the infarct and penum-
bra region values. Also note that no significant differ-
ences existed between the infarct and penumbra CBV
values and their corresponding mirror CBV values,
while the CBF values did demonstrate significant dif-
ferences.

Table 3 summarizes the results of the ROI analysis
for 10 patients compared with the same ROI drawn on

Figure 2. A: AIF curve (circles) and gamma variate fit (solid
line) from a single patient (X2/df 5 0.18, where df are the
degrees of freedom of the fit). This AIF was the average of 9
voxels. B: Infarcted region Cm(t) curve (boxes) with gamma
variate fit (X2/df 5 1.0e24) superimposed (solid line) and mir-
ror infarcted region Cm(t) curve (triangles) with gamma variate
fit (X2/df 5 9.9e25) superimposed (solid line). Regions are from
the same patient as in A. Note that the values for the X2/df are
dependent on the region since an unweighted gamma variate
fit was used.
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the quantitative voxel-by-voxel calculated CBV and
CBF images. Note that the voxel-by-voxel CBV and CBF
values were consistently higher for all regions, and that
the percent change in CBF from the ROI analysis to the
voxel analysis was the largest for the infarct (68.0%)
and penumbra regions (44.6%), while for the normal
regions (thalamus, WM, mirror infarct, and mirror pen-
umbra) the maximum percent change was 25%.

Table 4 compares the CBF and CBV values for corti-
cal GM and WM calculated in our study with values
found in the literature.Note that the CBF and CBV val-
ues calculated using MR bolus tracking techniques are
typically larger than the values calculated using other
techniques.

The SNR and z values of the bolus tracking volumes
from the patient shown in Fig. 3 are displayed in Table
5.Note that the SNR depends on which time volume is
analyzed (baseline vs. peak signal intensity drop) as
well as the region being analyzed. As expected, the
infarct ROI demonstrated the least drop in SNR since it
had the poorest Gd-DTPA bolus passage, and the z
values for all regions were close to unity, with the thal-

amus and infarct regions showing the maximum and
minimum values, respectively.

Finally, Figs. 3 and 5 depict two extreme cases from
our data. For the case shown in Fig. 3, the MRA showed
a complete left anterior cerebral artery occlusion. The
initial and final infarct sizes were 57 and 58 cm3, re-
spectively, and the volume of the penumbra region was
90 cm3. The CBF, CBV, and MTT values of the infarcted
region were 10 ml/min/100 g, 5%, and 28.5 seconds,
respectively, and for the penumbra region they were 31
ml/min/100 g, 8.9%, and 17.3 seconds, respectively.
Note that very little of the penumbra region became
infarcted.

For the case shown in Fig. 5, the FLAIR images ac-
quired 5 days after stroke onset showed an enormous
increase (241%) of infarcted tissue. The MRA images
depicted a left internal carotid artery occlusion with
collateral circulation through the anterior communicat-
ing artery. This case was unusual because the penum-
bra as depicted by the MTT images was much smaller
than the final infarct size (180 cm3 vs 266 cm3). The
CBF, CBV, and MTT values for the initial infarct were
8.5 ml/min/100 g, 2.8%, and 19.4 seconds, respec-
tively, and for the surrounding tissue that later became
infarcted (the difference between the white ROI and the
red ROI as shown in Fig. 5), the values were 21 ml/min/
100 g, 5.8%, and 16.8 seconds. In the region just rostral
to the initial infarcted region that did not show abnor-
mal MTT values but later became infarcted (see the
FLAIR images in Fig. 5), the CBF, CBV, and MTT values
were 44.0 ml/min/100 g, 6.9%, and 9.4 seconds, re-
spectively, and for the corresponding mirror region the
values were 49.3 ml/min/100 g, 6.4%, and 7.8 sec-
onds. Therefore, this region was probably not affected
by the initial stroke. We suspect that either the patient

Table 1
Summary Statistics (N 5 40) for the Four Sets of AIFs Calculated
by the Different Radiologists

Radiologist

Avg.
height

threshold
(%)

Avg. peak
time (sec)

Avg. area
(arib. units)

Avg. no.
of voxels

T.D. 69 6 8 15.6 6 5.3 14.6 6 2.1 11.2 6 2.5
G.C. 66 6 7 15.6 6 4.8 13.5 6 2.9 8.0 6 3.0
C.G. 65 6 1 15.0 6 4.9 13.2 6 2.4 9.1 6 1.8
F.M. 64 6 9 15.0 6 4.7 13.4 6 2.4 9.3 6 1.7

Figure 3. Single slice from same patient who had an infarct in the left anterior cerebral artery territory showing the BAT map
(A), TTP map (B), MTT map (C), MAX map (D), CBV map (E), CBF map (F), diffusion trace image (G), and the follow-up FLAIR image
(H) more than 24 hours after stroke onset. The calculated maps use the color scale on the left of the figure. The affected area is
clearly visible on all the images.
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had a general decrease of perfusion pressure, causing
the collateral circulation to no longer supply enough
blood to this region or that an embolus from the inter-
nal carotid occluded the left middle cerebral artery
sometime after the acquisition of the perfusion images
(no follow-up angiography was performed).

In the vast majority of cases, the penumbra as de-
fined on the MTT image was always larger than the final
infarct size, and hence the penumbra could be sepa-
rated into two classes: tissue that went on to become
infarcted and tissue that remained viable. One prelim-
inary result from our data was that whenever the CBF
value of the penumbra was below 18 ml/min/100 g, the
tissue always became infarcted (20).

DISCUSSION

The methodology was presented for implementing indi-
cator dilution theory for whole brain quantitative CBF,
CBV, and MTT measurements. The CBF and CBV val-
ues of GM and WM agreed well with those previously
reported in the MR bolus tracking literature for two
slice acquisitions (1,3). The CBF and CBV values cal-
culated using the different AIF curves generated by four
independent users were not significantly different. The
MTT values from unaffected regions were not signifi-
cantly different from each other, whereas the MTT val-
ues from the affected regions (infarct and penumbra)
were significantly different from the WM MTT values.
The infarct and penumbra CBV values were not signif-
icantly different from their corresponding mirror val-
ues, but the MTT and CBF values were. Finally, calcu-
lating the CBF and CBV on a voxel-by-voxel basis and
then drawing an ROI and calculating the mean CBF
and CBV did not always give the same results as form-
ing an average tissue curve and then calculating the
CBF and CBV.

The only user-dependent step in the methodology,
that of finding the voxels to calculate the AIF curve, was
shown to be user independent and typically took 5–10
minutes for a trained radiologist. Note that this tech-
nique was implemented using gradient-echo T2*-
weighted volumes. Spin-echo EPI volumes do not give
the same results (12) since the susceptibility contrast of
large vessels is smaller than that of small vessels (13)
and may have been the reason why Østergaard et al (2)
used an empirical constant to convert their MRI mea-
sured values to the positron emission tomography
(PET) values. Our group is currently analyzing and
comparing results from bolus tracking data acquired
from the principles of echo-shifting with a train of ob-
servations (PRESTO, 21) sequence as well.

Although the CBF and CBV values for GM and WM
regions were similar to those measured with MR bolus
tracking techniques (1,3), the MR values tended to be
larger than those reported in the PET and CT literature.
A possible explanation may be that the AIF is underes-
timated when using MR bolus tracking techniques,
which would cause overestimation of both the CBF and
CBV values. Underestimation of the AIF may occur for
four reasons. First, the resolution and methodology dif-
ferences may bias the values differently for each system
or method used. Second, the constant K in Eq. [1] may

Figure 4. A: CBF for parietal cortex (broken line) and WM
(solid line) regions for the four different AIFs calculated by the
different radiologists (circles, T.D.; plus marks, G.C.; triangles,
C.G.; squares, F.M.). B: CBV for parietal cortex (top) and WM
regions (bottom) using same symbols as in A. C: MTT (calcu-
lated using Eq. [5]) for WM and parietal cortex (PC) regions.
The WM values are plotted first for each patient (the first set of
38 numbers) followed by the PC values. The dotted line repre-
sents the boundary between the WM and PC regions. Note that
there is not a big difference between PC and WM MTT values.
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not be the same for large arteries compared with small
vessels and capillaries even for T2*-weighted gradient-
echo EPI images (as discussed in the above paragraph).
Third, the value of k in Eq. [4] may have been too large,
meaning either that the chosen value for HCTSV was too
large, or the chosen value for HCTLV was too small, or
both. In addition, the value of k is not likely to be the
same across patients or even within the same patient.
Finally, the voxels selected to represent the AIF may
still have partial volume effects with the surrounding
tissue. The later may be corrected by calculating a ve-
nous output function (VOF) in the same manner that
the AIF was calculated in this study, except now the
user should look for delayed large peaks and voxels
located near large veins and the sinuses. The AIF can be
scaled such that the integral equals that of the VOF
(this is true due to the conservation of mass) (7).

No significant differences were found among the MTT
values of normal regions (GM, WM, mirror infarct, and
mirror penumbra), whereas the values were signifi-
cantly delayed in the infarcted and penumbra regions
with respect to the WM values. The MTT may therefore
be a good marker of perfusion defects since it is relatively
homogenous in normal flow regions, whereas CBF and
CBV values vary in normal flow regions (eg, WM and GM).

The CBF and MTT values in the infarcted and pen-
umbra regions were significantly different from their
corresponding mirror regions, but not the CBV values.
The CBV values measured in infarcted regions have
been reported to decrease, increase (due to vasodilation
of small vessels and recruitment of capillaries), or re-
main unchanged, depending on the perfusion pressure,
time from stroke onset, and where the stroke occurred
(22–26). Since we averaged over all patients and did not
try to classify the patients into subgroups, it was not
surprising that the average CBV values for the affected

regions were not significantly different from their cor-
responding mirror regions. Therefore, it is important
that measures of CBF and MTT be made in addition to
CBV measures when analyzing bolus tracking data ac-
quired from patients with suspected stroke.

A consistent agreement was not found between cal-
culating the CBF and CBV on a voxel-by-voxel basis
and then drawing an ROI versus calculating the aver-
age Cm(t) curve from the ROI and then calculating the
CBF and CBV, especially in the infracted and penum-
bra regions. One reason may be that those voxels whose
time curve could not be fit by a gamma variate function
were excluded when calculating the mean CBV and
CBF values, which would have increased the mean val-
ues compared with their corresponding ROI analysis
values. Another reason, as mentioned by Østergaard et
al (27), is that there is probably not a high enough SNR
on a voxel-by-voxel basis to form quantitative CBF and
CBV maps. Smoothing the images spatially would of
course improve the SNR at the expense of resolution
and may allow for a voxel-by-voxel calculation. Also
note that no error bars were estimated on the parame-
ters calculated from an average Cm(t) curve. Although
the errors can be estimated on the gamma variate fit by
using the curvature matrix calculated during the fitting
process, these errors must be propagated through the
deconvolution process (Eq. [3]) in order to be able to
estimate the errors on the CBF, CBV, and MTT values.
The most practical way to do this would be to employ
Monte Carlo techniques, which would increase the pro-
cessing time considerably and therefore was not done
in this study.

When calculating CBF, CBV, and MTT on an ROI
basis, the result was almost instantaneous once the AIF
had been calculated, whereas '25 minutes were
needed for a voxel-by-voxel calculation (due to the fact

Table 2
Averages and Standard Deviations of CBF, CBV, and MTT for Six Different Regions

Thalamus
(n 5 38)

WM
(n 5 38)

Infarct
(n 5 34)

Mirror infarct
(n 5 34)

Penumbra
(n 5 28)

Mirror penumbra
(n 5 28)

CBF (ml/min/100 g) 69.8 6 22.2a 28.1 6 6.9 34.4 6 22.4b 60.3 6 20.7 50.2 6 17.5b 64.2 6 17.0
CBV (%) 9.0 6 3.0a 3.9 6 1.2 7.1 6 2.7 8.2 6 2.3 10.4 6 2.4 9.5 6 2.3
MTT (sec) 8.0 6 2.1 8.6 6 3.0 16.1 6 8.9b,c 8.6 6 2.9 13.3 6 3.5b,c 9.4 6 3.2

aSignificantly different from the corresponding WM value (P , 0.01).
bSignificantly different from the corresponding mirror value (P , 0.01).
cSignificantly different from the WM MTT value (P , 0.01, corrected for multiple tests).

Table 3
Comparison of CBV and CBF Values Calculated Either From a ROI Analysis, or the Same ROI Placed on the Calculated CBV and CBF
Volumes (n 5 10)*

Analysis Thalamus WM Infarct
Mirror
infarct

Penumbra
Mirror

penumbra

ROI
CBV (%) 9.1 6 3.0 3.7 6 1.1 7.3 6 2.7 8.0 6 2.0 10.5 6 1.8 9.6 6 1.8
CBF (ml/min/100 g) 72.6 6 18.1 28.4 6 8.9 30.4 6 21.5 63.2 6 20.4 44.1 6 13.2 66.8 6 14.0

Voxel
CBV (%) 10.2 6 3.1 4.1 6 0.6 9.5 6 3.4 9.6 6 2.7 11.8 6 2.1 11.0 6 1.5
CBF (ml/min/100 g) 81.7 6 22.4 34.3 6 9.2 51.1 6 21.7 79.3 6 26.8 63.8 6 16.9 83.7 6 16.9

*Mean 6 standard deviation. All voxel analysis CBV and CBF region values were significantly different from their corresponding ROI analysis
values except for the WM CBV region (paired t-test, P , 0.05).
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that a gamma variate fit must be performed for each
voxel) on the workstation used in this study. We were
able to decrease this processing time to 5–10 minutes
(limiting step is time needed to calculate the AIF) by
nonquantitatively calculating the CBV and MTT maps
by either not using a voxel-by-voxel gamma variate fit in
our program or using the commercial software Func-
tool® (General Electric). Our data analysis software can
be integrated into the Advantage Windows® worksta-
tion browser (General Electric), thus allowing the mean
transit time and negative enhancement integral (pro-
portional to CBV) volumes calculated by Functool® as
well as the trace diffusion and bolus tracking volumes
to be loaded into the program by selectioning the vari-
ous images in the browser. ROIs can then be drawn on
these volumes for regional quantitative CBF, CBV, and
MTT calculation.

Ideally, more time volumes should be acquired to
allow a better estimation of the baseline as well as
allow the Gd-DTPA concentration to return to base-
line. A previous study concluded that single-slice
nonquantitative CBV maps calculated using 10 base-
line images with z 5 1.2 had 34% more noise than
those calculated using 50 baseline points (19). In our
study, we used only 3 baseline points (and only 2 for
one patient with an early bolus), and our value for z
was also about 1.2, suggesting that a poor estimate of
the baseline signal may be introducing a large vari-
ance in our estimated parameters. Figure 4 may give
some idea as to how much variance was present in
the CBF and CBV estimates by looking at these val-
ues for the WM ROI from all 38 patients (mean 6
standard deviation: CBF 28.1 6 6.9 ml/min/100 g,
CBV 3.9 61.2%). The CBF and CBV values for WM

regions are generally considered to be less variable
among different subjects than GM regions. The phys-
iologic variances from one patient to another are of
course included in these figures. In this present
study, we were unable to acquire more time volumes
due to a manufacturer’s software limitation as to how
many total volumes could be acquired. Had we been
able to acquire more volumes, the data from two of
the patients in this study would not have been ex-
cluded. Current versions and other manufacturers’
software may not have this limitation, and therefore
future studies should acquire more volumes. If the
numbers of volumes are limited, patients with car-
diac disorders should have the bolus of Gd-DTPA
injected several seconds before the start of the image
acquisition.

We are currently analyzing all the cases in this
paper as well as additional cases to determine
whether the absolute values of CBF, CBV, and MTT
may be useful for predicting penumbra that will
evolve to become infarcted tissue. Note that for a
thorough 3D quantitative analysis of the penumbra,
whole brain or at least multislice acquisition of bolus
tracking volumes must be performed. Many sites al-
ready acquire whole brain acquisitions and perform
nonquantitative analysis on the images, and the tech-
nique presented in this paper puts no extra burden
on the data acquisition [other than that the EPI se-
quence needs to be a gradient-echo sequence, not a
spin-echo sequence, as discussed above (12)] only on
the data processing. A quantitative analysis is espe-
cially interesting because if correlations do exist be-
tween the CBF, CBV, and/or MTT absolute values
and penumbra that evolves to become infarcted, than

Table 4
Comparison of CBF and CBV Values From This Study and Literature Values*

Reference Study type
GM CBF

(ml/min/100 g)
GM CBV (%)

WM CBF
(ml/min/100 g)

WM CBV (%)

Present study MR bolus 65.5 6 16.3 9.6 6 1.9 28.1 6 6.9 3.9 6 1.2
1 MR bolus 69.7 6 29.7 8.0 6 3.1 33.6 6 11.5 4.2 6 0.9
3 MR bolus 52.2 6 16.4 — 27.4 6 6.8 —

28 MR ST 81.0 6 20.0 — 23.0 6 7.0 —
29 MR ST 58.5 6 7.2 — 20.7 6 2.3 —
30 PET 65.3 6 11.0 — 21.4 6 9.0 —
31 PET — 5.0 6 0.7 — 3.5 6 0.2
32 PET 42.0 6 8.0 3.8 6 0.5 22.2 6 4.9 2.7 6 0.6
33 CT — 4.5 6 0.6 — 2.5 6 0.6

*(CT 5 computed tomography, ST 5 spin tagging technique). The GM ROI in the present study was drawn in the parietal cortex; when
possible, a similar region was chosen from the literature. No age matching of the CBF GM values was done.

Table 5
SNR Values of Baseline (2nd Acquired Volume) and Bolus Tracking Volume That Contained Peak Signal Drop for the Given ROI, From
the Case Shown in Fig. 3*

Thalamus WM Infarct
Mirror
infarct

Penumbra
Mirror

penumbra

SNR baseline 148 130 139 141 136 139
SNR peak bolus 120 117 131 121 118 107
D% 219 210 25.8 214 213 223
z 1.21 1.09 1.07 1.20 1.19 1.24

*D% is the percent SNR change from the baseline volume to peak bolus volume. The value z is also given (see Eq. [8]).
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these parameters will be useful on a clinical basis for
decisions regarding stroke patient management. The
clinical relevance of these results and its impact on
hyperacute stroke management are currently being
analyzed and will be reported at a later date.

One drawback of this study was that there were no
other independent measures of CBF or CBV to verify
our technique. We are currently undertaking a study
that will compare the regional CBF and CBV values of
normal volunteers measured using our technique with
those measured using PET. We will also draw arterial
blood samples during the Gd-DTPA bolus injection and
compare this AIF with that measured from the MRI
images to be sure we are obtaining an accurate AIF with
our technique.

CONCLUSIONS

A quantitative whole brain bolus tracking technique for
gradient-echo EPI images was implemented and shown
to have minimal interuser variance. The values calcu-
lated for CBF and CBV in normal WM and cortical GM
were in agreement with previous results reported in the
MR bolus tracking literature and were slightly higher
than those reported in the PET literature. The average
values for infarct and penumbra CBV were not signifi-

cantly different from their corresponding mirror values
in 38 hyperacute stroke patients, whereas the CBF and
MTT values were significantly different. This finding
emphasizes the importance of measuring CBF and MTT
in addition to CBV in patients with suspected stroke.
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