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Measurement of Cerebral Blood Flow in Chronic
Carotid Occlusive Disease: Comparison of
Dynamic Susceptibility Contrast Perfusion MR
Imaging with Positron Emission Tomography

Pratik Mukherjee, Hyunseon Christine Kang, Tom O. Videen, Robert C. McKinstry,
William J. Powers, and Colin P. Derdeyn

BACKGROUND AND PURPOSE: Our purpose was to evaluate the accuracy of cerebral blood
flow (CBF) measurements obtained by using dynamic susceptibility contrast-enhanced MR
imaging, including the influence of arterial input function (AIF) selection, compared with those
obtained by using [**0]-H,O positron emission tomography (PET) for patients with chronic carotid
occlusion.

METHODS: MR images and PET scans were obtained of seven patients with unilateral carotid
occlusion and were co-registered for region of interest analysis. PET CBF maps were generated by
using the autoradiographic method. MR imaging CBF maps were calculated by deconvolution of the
susceptibility time curve with a proximal middle cerebral artery AIF and were converted to absolute
flow rates either by assuming a constant contralateral white matter CBF value of 22 mL/100 mL/min
or by using individually determined PET white matter CBF values.

RESULTS: Although CBF values measured by PET and MR imaging were positively corre-
lated for every patient, the slopes and y intercepts of the regression lines varied widely among
patients. The correlation was better when individual white matter CBF values measured by PET
were used to scale the white matter CBF values measured by MR imaging (r = 0.84, P < .0001)
than when constant contralateral CBF values were assumed (r = 0.54, P < .0001). The choice
of AIF ipsilateral or contralateral to the occluded carotid artery made no statistically signifi-
cant difference (P > .05) to the correlation coefficient, slope, or y intercept of the MR imaging
versus PET CBF regressions for six of the seven patients.

CONCLUSION: Although linearly correlated with CBF values measured by PET, dynamic
susceptibility contrast-enhanced MR imaging was not accurate for measuring absolute CBF
values. AIF selection relative to the side of carotid occlusion did not significantly affect

calculated MR imaging CBF values for six of the seven patients.

Numerous techniques exist for the noninvasive assess-
ment of cerebral hemodynamic variables such as ce-
rebral blood flow (CBF). These imaging modalities
include positron emission tomography (PET), single
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photon emission CT, bolus-tracking CT, stable xenon
CT, and perfusion MR imaging techniques using dy-
namic susceptibility contrast-enhanced MR imaging
or arterial spin labeling. Dynamic susceptibility con-
trast-enhanced MR imaging has become a widely
used technique for perfusion imaging, because MR
imaging units are widely available and the examina-
tion is free of exposure to ionizing radiation or iodin-
ated contrast agents. Dynamic susceptibility contrast-
enhanced MR imaging has been used in the clinical
evaluation of disorders such as stroke (1), tumors (2),
and infection (3). Although dynamic susceptibility
contrast-enhanced MR imaging can be used to mea-
sure CBF (4), the most popular current method for
analyzing dynamic susceptibility contrast-enhanced
MR imaging yields only qualitative (relative) values
of CBF (5, 6). This technique relies on deconvolution
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of the measured tissue susceptibility time curve with
an arterial input function (AIF) selected from a major
blood vessel near the region of interest and an esti-
mation of relative CBF as the peak of the resulting
tissue impulse response (5, 6). Additional postpro-
cessing steps have been suggested for deriving ab-
solute values of CBF from dynamic susceptibility con-
trast-enhanced MR images (7-10), and these
elaborations have produced quantitative results sim-
ilar to those of PET of normal humans (8), of patients
with chronic cerebrovascular disease (10), and of an-
imals in models of stroke (11). However, these quan-
titative MR imaging methods for measuring CBF are
not yet in routine clinical use at most medical centers.

For accurate measurement of CBF by using dy-
namic susceptibility contrast-enhanced MR imaging,
no general consensus has been reached regarding
whether the AIF should be chosen ipsilateral or con-
tralateral to the affected hemisphere in patients with
unilateral carotid steno-occlusive disease (12). Theo-
retically, the delay in arrival time and dispersal of the
IV administered bolus of contrast agent causes un-
derestimation of CBF values (13), leading to false
positive areas of acute ischemia on CBF maps of
patients with carotid steno-occlusive disease if the
AIF is taken from the contralateral vessel (14). Place-
ment of an AIF distal to the stenosis or occlusion may
help correct for the delay and dispersal of the bolus of
contrast agent (15); however, this AIF may not accu-
rately reflect the hemodynamics of the unaffected
contralateral hemisphere. This could introduce sys-
tematic errors into CBF ratios calculated by flow
normalization with the contralateral hemisphere. To
our knowledge, no quantitative data regarding the
influence of AIF selection on CBF measurement ac-
curacy, as determined by comparison with an inde-
pendent gold standard in patients with cerebrovascu-
lar disease, are available.

In this study of patients with chronic cerebrovascu-
lar disease, we sought to evaluate the accuracy of
CBF measurement with dynamic susceptibility con-
trast-enhanced MR imaging, including the effects of
AIF selection, by using absolute CBF measurements
from ['°0O]-H,O PET as the gold standard. The study
population consisted of patients with chronic carotid
occlusion. The altered cerebral hemodynamics asso-
ciated with carotid occlusion has already been exten-
sively characterized with PET (16-18). In patients
with unilateral carotid occlusion, the cerebral hemi-
sphere contralateral to the occluded carotid artery
can serve as an internal control for PET and dynamic
susceptibility contrast-enhanced MR imaging mea-
surements of CBF. Another advantage of studying
chronic carotid occlusion is that it is a steady-state
paradigm, unlike acute stroke, in which CBF may
fluctuate rapidly because of changes in vascular resis-
tance, development of collateral flow, or recanaliza-
tion of the occluded vessel. For the purposes of this
study, we used a common technique originally de-
scribed by Ostergaard et al (5, 6). We compared CBF
values measured by MR imaging with CBF values
measured by PET in both the affected cerebral hemi-
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sphere ipsilateral to the occluded carotid artery and
the control cerebral hemisphere contralateral to the
occlusion. This comparison was made both for CBF
values measured by MR imaging calculated with an
AIF from the middle cerebral artery (MCA) ipsilat-
eral to the occluded carotid artery and for CBF values
measured by MR imaging calculated with an AIF
from the MCA contralateral to the occlusion. We
correlated this information with cerebral hemody-
namic status, as determined from cerebral blood vol-
ume, mean transit time, and oxygen extraction frac-
tion ratios of the affected hemisphere with the control
hemisphere measured with PET.

Methods

Patients

Seven patients with unilateral occlusion of the proximal
internal carotid artery were enrolled from an ongoing clinical
trial of hemodynamics in chronic cerebrovascular disease.
Written informed consent was obtained from every participant
in accordance with the guidelines of the institutional review
board at our medical center. The inclusion criterion was an
angiographically confirmed atherosclerotic occlusion of one
proximal internal carotid artery. Both asymptomatic and symp-
tomatic patients were enrolled, with symptoms including tran-
sient ischemic neurologic deficits, transient monocular blind-
ness, and mild to moderate permanent ischemic neurologic
deficits in the appropriate carotid artery territory. Symptomatic
patients were studied at least 1 month after their last event.
Exclusion criteria were inability to provide informed consent,
inability to tolerate a supine position for PET and MR imaging,
pregnancy, and contraindications to MR imaging, such as
claustrophobia or MR-incompatible medical implants.

Both PET and MR imaging were performed within 1 hour of
each other for each patient. Just before the PET and MR
imaging were performed, each patient underwent a thorough
clinical evaluation by a physician investigator. Evaluation in-
cluded a review of any new hospital records, CT scans, and
angiograms and detailed questioning regarding any symptoms.
In addition, descriptive clinical information regarding any ce-
rebral ischemic events was collected, including occurrence and
characteristics of transient ischemic attacks.

MR Imaging Protocol

All MR imaging examinations were performed on a 1.5-T
system (Magnetom Vision; Siemens, Erlangen, Germany) with
circularly polarized RF coils. The imaging protocol included
anatomic localization with an unenhanced sagittal view 3D fast
low angle shot gradient-echo T1-weighted sequence covering
the entire brain (5.5 min) and dynamic imaging of an IV
administered bolus of contrast agent with a single shot echo-
planar gradient echo sequence (800/47 [TR/TE]; flip angle, 60
degrees; field of view, 24 cm; matrix, 96 X 200) covering the
cerebral hemispheres with eight contiguous sections of 6-mm
thickness. Each eight-section acquisition was repeated once per
second, for a total imaging time of 80 s. The bolus of contrast
agent consisted of a 0.2 mmol/kg dose of gadodiamide (Omni-
scan, Nycomed) delivered at 5 mL/s with an MR imaging-
compatible power injector (Mallinckrodt, Inc.) through a large
bore antecubital IV catheter.

CBF maps created from the resulting dynamic susceptibility
images were generated by using the method presented by
Ostergaard et al (5, 6) and publicly available software
(MAKEPERF; Massachusetts General Hospital, Boston, MA).
This algorithm allows deconvolution of the tissue susceptibility
time curve with an AIF by using nonparametric singular value
decomposition and estimates relative CBF as the amplitude of
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Fic 1. T2*-weighted gradient-echo single shot echo-planar
transverse image (800/47; flip angle, 60 degrees), obtained at the
level of the sylvian fissures in patient 7 (Table 1), who had left
carotid occlusion, shows AIF selection at the M1 and M2 seg-
ments of the MCA. Pixels chosen for AIF determination are
illustrated in yellow. Ten to 12 pixels were chosen in the MCA,
both for an AlF ipsilateral to the occlusion and an AIF contralat-
eral to the occlusion.

the resulting tissue impulse response. This is a model-indepen-
dent method for determining relative CBF, in the sense that
the procedure does not require any assumptions regarding the
underlying tissue residue function, as does CBF measurement
with [°O]-H,O PET. AIFs were manually defined by selecting
10 to 12 pixels containing the M1 or M2 segment of the MCA,
located in the sylvian fissure (Fig 1). Each pixel was confirmed
to contain the MCA by anatomic location within an area of
flow void and by a susceptibility time curve with a steeper slope
and greater amplitude than in adjacent brain parenchyma. Two
CBF maps were calculated for each patient: one from an AIF
ipsilateral to the occluded carotid artery and the other from an
AIF contralateral to the occluded carotid artery.

PET Protocol

All PET scans were acquired with an ECAT EXACT HR
PET scanner (CTI PET Systems, Knoxville, TN) in 2D mode
with intersection septa extended (19). A 40-s acquisition was
initiated at arrival of activity in the head after bolus injection of
1850 to 2600 MBq of [°0O]-H,0, and arterial blood activity was
obtained at 1-s intervals with an automated blood sampler.
PET scans (2.14 X 2.14 X 3.125 mm pixels) were reconstructed
with filtered back projection by using measured attenuation
and scatter correction with a ramp filter. The reconstructed
images were smoothed with a 3D gaussian filter to a final
resolution of 10-mm full width at half-maximum in all dimen-
sions for the region of interest analysis. Blood flow was mea-
sured by using an adaptation of the Kety autoradiographic
method (20, 21). CBF values measured with ['°O]-H,O PET
underestimate the true CBF values at high flow rates because
of the incomplete permeability of the blood-brain barrier to
water. CBF values measured with PET can be corrected for the
effect of finite permeability by accounting for the measured
permeability-surface area product of water in the brain (22).
This correction factor was applied to all CBF values measured
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with PET in this study by using the method presented by
Herscovitch et al (22)

1) CBF = F/(1 — exp(—1.50 — 20.6/F))

where F is the uncorrected PET blood flow obtained by using
the water bolus autoradiographic method (20, 21).

To determine the degree of hemodynamic impairment in
these patients and the possible impact on CBF values measured
by MR imaging, PET studies of cerebral blood volume, mean
transit time, and oxygen extraction fraction were also per-
formed. Cerebral blood volume was obtained from inhaled
['30]-CO experiments as previously described (23), and oxygen
extraction fraction measurements were obtained by using the
method presented by Mintun et al (24). Mean transit time was
calculated as cerebral blood volume/CBF on a pixel-by-pixel
basis. PET data were converted to atlas space, and seven
spherical regions of interest were placed stereotactically within
the MCA territory. Regions with previous infarction were iden-
tified based on a review of structural imaging and were ex-
cluded. Ipsilateral to contralateral hemispheric ratios of CBF,
cerebral blood volume, mean transit time, and oxygen extrac-
tion fraction were calculated and compared with the range of
ratios observed in 18 normal control participants (25). Those
patients with ratios exceeding the normal range were consid-
ered abnormal.

CBF Region of Interest Analysis

All PET scans and MR images were co-registered and re-
sectioned to match the original echo-planar MR images by
using Automated Image Registration (26). The PET scans were
co-registered to the T1-weighted 3D fast low angle shot images,
which, in turn, were co-registered to the echo-planar images.
CBF maps created from the MR images were smoothed with a
3D gaussian filter to match the 10-mm full width at half-
maximum resolution of the PET scans.

Four 18-mm-diameter circular regions of interest were po-
sitioned in each hemisphere on each transverse section of the
co-registered PET scans and MR images of each patient (Fig
2). On each transverse section, three of the four hemispheric
regions contained mixed cortical/subcortical large vessel terri-
tories (anterior cerebral artery, MCA, and posterior cerebral
artery), and the fourth region contained deep white matter, to
define a wide range of flows. CBF was measured in the eight
regions of interest from each of the five most superior sections
to yield 40 corresponding flow measurements from PET and
MR imaging for each patient, except two patients for whom
only the four most superior sections were analyzed because of
susceptibility artifacts near the skull base in the lowest section.
These regions of interest were placed to avoid large vessels
such as those of the circle of Willis near the skull base. MR
imaging CBF calculations were made by using AIFs from the
M1 or M2 segments of the MCA, both ipsilateral and contralat-
eral to the occluded internal carotid artery. Three additional
smaller regions of interest were placed in normal appearing
subcortical white matter of the hemisphere contralateral to the
occluded carotid artery, one in each of the three large vessel
territories (Fig 2). This was performed only on the most supe-
rior section of each patient’s study. For each patient, relative
CBF values derived from MR imaging were converted to ab-
solute blood flow in physically meaningful units of mL/100
mL/min under each of two separate conditions. Under the
constant white matter CBF condition, this conversion was ac-
complished by assigning the mean relative CBF value in the
three subcortical white matter regions of interest to a standard
value of 22 mL/100 mL/min (6). The relative CBF values from
each of the 40 large territory regions of interest were then
multiplied by this individualized scaling factor to yield absolute
CBF. The rationale for using normal cerebral white matter as
an internal reference standard for generating absolute MR
imaging CBF values is based on PET measurements showing
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that in normal adult volunteers, white matter has a relatively
uniform age-independent blood flow of 22 mL/100 mL/min
(27). Under the PET-scaled white matter CBF condition, the
ratio between the mean CBF value measured by PET and the
mean relative CBF value measured by MR imaging in the three
subcortical white matter regions of interest was used as a
scaling factor. Relative CBF values measured by MR imaging
in the 40 large hemispheric regions of interest were multiplied
by this scaling factor to yield absolute CBF values measured by
MR imaging in mL/100 mL/min.

Linear regression of the paired MR imaging versus PET
CBF data and the linear correlation coefficient (Pearson’s r)
were calculated twice, once by using an AIF ipsilateral to the
occlusion and once by using an AIF contralateral to the occlu-
sion. Hypothesis testing was conducted by using the paired
two-population two-tailed Student’s ¢ test. Comparison of cor-
relation coefficients was performed after applying the Fisher z
transformation to normalize their underlying distributions (28).
Comparison of the slopes and y intercepts of regression lines
was performed with the appropriate ¢ statistic (29).

Results

Seven patients (six men and one woman; age range,
58-76 years; mean age, 67.0 years) with occlusion of
the proximal internal carotid artery underwent dy-
namic susceptibility contrast-enhanced MR imaging
and PET (Table 1). Five patients had left-sided oc-
clusion, and two had right-sided occlusion. Four pa-
tients had a history of cortical infarction ipsilateral to

PET CBF
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Fic 2. CBF in patient 4 (Table 1), who had
occlusion of the left internal carotid artery.

A, CBF measured with dynamic suscep-
tibility contrast-enhanced MR imaging (VR
CBF, left) and CBF measured with ['°0]-
H,O PET (PET CBR, right). Axial view MR
image and PET scan are co-registered to
the same location, filtered to the same spa-
tial resolution as the PET scan, and dis-
played with the same color scale. Diffusely
decreased CBF in the left hemisphere, ipsi-
lateral to the occluded carotid artery, can
be identified on both the MR image and PET
scan, with more severely reduced CBF fo-
cally within a chronic infarct in the left fron-
tal lobe.

B, Large regions of interest (gray circles)
for CBF measurement are shown on MR
image obtained in the hemisphere con-
tralateral to the carotid occlusion. Homolo-
gous regions of interest were placed in the
hemisphere ipsilateral to the occlusion (see
Methods).

C, Small subcortical regions of interest
(gray circles) in normal appearing white
matter of the hemisphere contralateral to
the carotid occlusion are shown on MR im-
age. These subcortical white matter regions
were used to determine normal white mat-
ter CBF for the purpose of scaling relative
CBF values measured by MR imaging to
physically meaningful units of mL/100 mL/
min (see Methods).

the occluded carotid artery, whereas three were
asymptomatic with no history of stroke or transient
ischemic attack.

Figure 2 provides illustrative examples of an MR
image and an anatomically co-registered PET scan of
a patient with left carotid occlusion who had a chronic
left frontal lobe infarct. Reduced CBF throughout the
hemisphere ipsilateral to the occluded carotid artery,
and more severely decreased CBF focally within the
left frontal infarct, are shown on both MR images and
PET scans.

For all seven patients, a statistically significant cor-
relation was shown between CBF values measured by
MR imaging and CBF values measured by PET (Ta-
ble 2). The linear correlation coefficients ranged from
0.50 to 0.88, all of which were statistically significant
at P < .001. No significant difference was observed in
the PET/MR imaging correlation coefficient for any
of the seven patients between CBF values measured
by MR imaging and obtained with an AIF ipsilateral
versus those measured by MR imaging and obtained
contralateral to the occluded carotid artery (P > .05).
The choice of AIF did not significantly affect the
slope or y intercept of the observed MR imaging
versus PET CBF regression lines for six of the seven
patients (P > .05). For these six patients, no appre-
ciable difference was observed between the AIFs ob-



866 MUKHERIJEE AJNR: 24, May 2003

TABLE 1: Participant clinical data and position emission tomography hemodynamic parameters

PET
Age/Sex/ Side of
Participant Handedness Occlusion Clinical History CBF CBV MTT OEF
1 67/M/R L Asymptomatic 0.85 0.89 1.05 1.02
2 65/F/R L Asymptomatic 0.84 0.95 1.13 1.03
3 58/M/R L Left parietal infarct 0.89 1.30 1.46 1.09
4 67/M/L L Left posterior 0.87 1.10 1.26 0.93
frontal infarct
5 71/M/R R Asymptomatic 0.96 1.13 1.17 0.98
6 76/M/R R Right posterior 0.98 1.17 1.19 1.04
parietal infarct
7 65/M/R L Left frontoparietal infarct 0.80 1.09 1.37 1.06

All positron emission tomography hemodynamic parameters are ipsilateral-to-contralateral ratios of mean hemispheric values. Cerebral blood
volume, mean transit time, and oxygen extraction fraction ratios that exceed the range observed in 18 normal control participants are shown in bold
text. The upper limits for normal hemispheric ratios for cerebral blood volume, mean transit time, and oxygen extraction were 1.21, 1.14, and 1.08,
respectively. Hemodynamic impairment is clearly shown for participant 3. Participants 4 through 7 may have some degree of autoregulatory
vasodilation, with elevated mean transit times.

Note.—PET indicates positron emission tomography; CBF, cerebral blood flow; CBV, cerebral blood volume; MTT, mean transit time; OEF,
oxygen extraction fraction; M, male; F, female; R, right; L, left.

TABLE 2: Results of linear regression of cerebral blood flow values measured by MR imaging versus cerebral blood flow values measured by
positron emission tomography

Ipsilateral AIF Contralateral AIF
Participant r Slope y-int.* r Slope y-int.*
1 0.65 0.48 9.30 0.66 0.47 9.11
2 0.75 0.70 2.63 0.72 0.67 4.42
3 0.50 0.42 20.8 0.62 0.55 15.9
4 0.88 1.04 5.20 0.85 0.88 9.10
5 0.88 0.94 0.38 0.88 0.97 0.27
6 0.80 1.05 —9.44 0.82 1.17 —14.7
7 0.79 1.65 —5.74 0.81 2.14 -17.7
Pooled” 0.60 0.55 = 0.05 16.6 = 1.99 0.54 0.54 = 0.05 17.6 + 2.26

For each participant and for the pooled data, the linear correlations between cerebral blood flow values measured by MR imaging and cerebral
blood flow values measured by by positron emission tomography, both for ipsilateral and contralateral arterial input functions, are statistically
significant (P < .001).

* y-intercepts of regression lines are expressed in mL/100 mL/min.

* Mean linear regression parameters of pooled data from all seven participants (Fig 5A) and standard errors of the mean for slopes and y-intercepts
of regression lines.

Note.—AIF indicates arterial input function; y-int., y intercepts of the regression lines. The slopes represent cerebral blood flow values measured
by MR imaging versus cerebral blood flow values measured by positron emission tomography and therefore are dimensionless.

tained from the MCAs ipsilateral and contralateral to measured by PET in other cases. This is also reflected
the occlusion (Fig 3). For patient 7, a statistically by the wide variation among patients in the PET CBF
significant difference (P < .05) was shown in the regression lines versus the MR imaging CBF regres-
slope of the regression line obtained under the two sion lines (Table 2), many of which depart consider-

AIF conditions (Fig 4A). This patient was also the ably from the ideal slope of 1 and the ideal y intercept
only one to exhibit a delayed, broadened AIF in the of 0. The regression line through the pooled MR

MCA ipsilateral to the carotid occlusion (Fig 4B). imaging versus PET CBF data (Fig 5A) shows that

Figure 3 shows good quantitative agreement be- across all patients, MR imaging tended to overesti-
tween CBF values measured by MR imaging and mate CBF at low flow rates and to underestimate
those measured by PET in regions of interest from CBF at high flow rates. This results in a slope signif-
both cerebral hemispheres in a 71-year-old man with icantly <1 and a y intercept significantly >0 for the
asymptomatic right carotid occlusion. However, for pooled MR imaging versus PET regression line, both

other patients, the quantitative CBF values measured for the ipsilateral AIF and the contralateral AIF (Ta-
by MR imaging and those measured by PET diverged ble 2). The choice of AIF made no statistically signif-
more widely. The pooled data from all seven partici- icant difference in the correlation coefficient, slope,
pants (Fig 5A) showed considerable scatter around or y intercept of the pooled MR imaging versus PET
the line of identity, with CBF values measured by MR regression line (P > .05).

imaging underestimating CBF values measured by One source of the discrepancies between quantita-
PET in some cases and overestimating CBF values tive CBF values measured by PET and those mea-



AJNR: 24, May 2003

704 8 Contra AlF A
O IpsiAIF
E 60 _,./'L’/
E ] Ly
€ 50_. °° .','"4;/"/
8 40 3 Er
= - 0
E 30- AN
R /
m 204 8 s
O | " .
OEC 101 .
0 T T T T T T T T T T T 1
0 10 20 30 40 50 60 70
A PET CBF (ml/100 ml/min)
AR2*
3.0~
2.5+ —0— Ipsi AlF
(Docio —=— Contra AIF
2.0 i
Lo
1.54 \
1 !
1.0
0.5 C‘“’
| C&BW
OO __*-_'hl v T T T T 1
0 20 40 60 80
B Time (sec)

Fic 3. CBF in patient 5, a 71-year-old man who had chronic
right carotid occlusion.

A, Graph compares CBF values measured by MR imaging (MR
CBF) with those measured by PET (PET CBF). CBF values mea-
sured by PET have been corrected for the finite permeability of
water through the blood-brain barrier (see Methods). CBF values
measured by MR imaging were calculated with AlFs from the
proximal MCA, both ipsilateral to the occluded carotid artery
(lpsi AIF, open circles) and contralateral to the occluded carotid
artery (Contra AlF, closed squares). The line of identity, with a
slope of 1 and a y intercept of 0, is depicted by a solid line. The
slopes of the regression line for the data from the ipsilateral AIF
(dashed line) and for the data from the contralateral AIF (dotted
line) are both close to 1 (Table 2). No statistically significant
difference was observed in the slopes or y intercepts of the two
regression lines (P > .05). The linear relationship between CBF
values measured by MR imaging and those measured by PET is
statistically significant for both the ipsilateral AIF (r = 0.88, P <
.0001) and the contralateral AIF (- = 0.88, P < .0001). CBF
values measured by PET in the subcortical white matter regions
used in scaling the CBF values measured by MR imaging was
21.1 mL/100 mL/min, which is close to the assumed value of 22
mL/100 mL/min (see Methods).

B, Plots of the relaxivity AR2* versus time for the AIF in the M1
or M2 segment of the MCA ipsilateral to the carotid occlusion
(open circles), and that contralateral to the occlusion (closed
squares), show that they are almost identical. AR2* was deter-
mined as the negative log of susceptibility after baseline normal-
ization. Because susceptibility is a relative measurement and not

CHRONIC CAROTID OCCLUSIVE DISEASE 867

sured by MR imaging was the variability of blood flow
within the reference white matter regions used to
scale the MR imaging measurements to absolute
units of mL/100 mL/min. The CBF values measured
by PET in these white matter regions ranged from 21
to 45 mL/100 mL/min among patients. This resulted
in large scaling errors in the CBF values measured by
MR imaging for those patients in whom the actual
white matter blood flow, measured with PET, de-
parted considerably from the assumed value of 22
mL/100 mL/min. Use of the white matter flow rates
measured with PET for each patient to scale the CBF
values measured by MR imaging for that patient to
absolute units resulted in an improvement in the
correlation between CBF values measured by PET
and those measured bg MR imaging (Fig 5B). For the
ipsilateral AIF, the R” value, expressing the percent-
age of the variance in CBF values measured by MR
imaging across all patients explained by CBF values
measured by PET, increased from 36% to 72%. Sim-
ilarly, for the contralateral AIF, the R? value im-
proved from 29% to 71%. With this correction for
flow variability in white matter, the resulting regres-
sion lines through the pooled data for both AIFs had
slopes significantly >1 (P < .0001) and y intercepts
significantly <0 (P < .05).

Discussion

We have shown that blood flow measurements ob-
tained with dynamic susceptibility contrast-enhanced
MR imaging are significantly correlated with quanti-
tative CBF values derived from ['°O]-H,O PET in all
seven of our patients with chronic unilateral carotid
occlusion. Although a significant linear relationship
existed between CBF values measured by MR imag-
ing and those measured by PET for every patient and
in the pooled data from all patients, the slope and y
intercept of the regression lines varied widely among
patients. Thus, although dynamic susceptibility con-
trast-enhanced MR imaging may provide a good qual-
itative index of CBF, it does not yield accurate quan-
titative values of absolute CBF in individual patients
with cerebrovascular disease. These findings are con-
sistent with those reported by Lin et al (10) who also
noted significant linear correlations between CBF
values measured by MR imaging and those measured
by PET for each of five patients with unilateral ca-
rotid occlusion but large differences in the slope of
the relationship.

The relatively poor accuracy of absolute CBF val-
ues measured by MR imaging relates to the general
issue of how to convert a susceptibility signal intensity
with no intrinsic measurement units into an absolute
flow rate with physically meaningful units of mL/100

an absolute quantity, AR2* is expressed in arbitrary units. The
amplitude of the observed change in AR2* is not quantitatively
comparable between the ipsilateral and contralateral sides be-
cause of differences in factors such as vessel orientation and the
extent of partial volume averaging of the blood vessel with
surrounding tissue and/or CSF within the selected AIF pixels.
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Fic 4. Delay and dispersal of the AIF ipsilateral to the occluded
carotid artery affects calculated CBF values measured by MR
imaging (MR CBF). Conventions used are as described in the
legend to Figure 3.

A, In a 65-year-old man with symptomatic left carotid occlu-
sion (patient 7), CBF values measured by MR imaging system-
atically overestimated CBF values measured by PET (PET CBF).
The linear regression between CBF values measured by MR
imaging and those measured by PET has a slope of 1.65 for the
ipsilateral AIF (lpsi AIF, r = 0.79, P < .0001) and 2.14 for the
contralateral AIF (Contra AIF, r = 0.81, P < .0001). This differ-
ence in slopes is statistically significant (P < .05). CBF value
measured by PET in the subcortical white matter regions used in
scaling the CBF values measured by MR imaging was 21.9
mL/100 mL/min, which is very close to the assumed value of 22
mL/100 mL/min.

B, AlFs in patient 7 show a delay in the peak of the ipsilateral
AIF (open circles) and a broader peak of the ipsilateral AlF,
compared with the contralateral AIF (closed squares).

mL/min. One approach to this problem, first used by
Ostergaard et al (6), is to use a constant internal white
matter reference flow rate to scale relative CBF val-
ues measured by MR imaging to absolute values. This
solution is based on the observation that measure-
ments of white matter CBF obtained by PET of nor-
mal volunteers have a uniform, age-independent
value of 22 mL/100 mL/min (27). Although white
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Fic 5. CBF in all seven patients.

A, Pooled data from all seven patients shows a statistically
significant correlation between CBF values measured by MR
imaging (MR CBF) and CBF values measured by PET (PET CBF),
when CBF values measured by MR imaging are calculated with
an AlF ipsilateral to the carotid occlusion (lpsi AlIF, open circles)
(r = 0.60, P < .0001) and with an AIF contralateral to the
occlusion (Contra AlF, closed squares) (r = 0.54, P < .0001). No
significant differences were observed between the correlation
coefficients, slopes, or y intercepts of the regression lines for the
ipsilateral AIF (dashed line) and the contralateral AIF (dotted line).
Both regression lines have slopes significantly <1 (P < .001) and
y intercepts significantly >0 (P < .001). Relative MR CBF values
were scaled to absolute units by assuming a normal white matter
flow rate of 22 mL/100 mL/min (see Methods).

B, Use of white matter flow rates measured with PET for each
patient to scale relative CBF values measured with MR imaging
for each patient to absolute units improves the correlation be-
tween CBF values measured by MR imaging and those mea-
sured by PET, both for the ipsilateral AIF (open circles) (r = 0.85,
P < .0001) and the contralateral AlF (closed squares) (r = 0.84,
P < .0001). Again, no significant difference was observed be-
tween the correlation coefficients, slopes, or y intercepts of the
regression lines for the ipsilateral AIF (dashed line) and the
contralateral AIF (dotted line). However, both regression lines for
PET-scaled CBF values measured by MR imaging versus CBF
values measured by PET have slopes significantly >1 (P < .001)
and y intercepts significantly <0 (P < .05).

matter CBF may be relatively constant in normal
adult volunteers, our measurements obtained by PET
showed wide variability (21-45 mL/100 mL/min) in
patients with chronic carotid occlusion, in the hemi-
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sphere contralateral to the occlusion, leading to sys-
tematic underestimation of absolute CBF values mea-
sured by MR imaging for some patients (Fig 5A).
Correcting this white matter flow variability by using
measurements of white matter CBF obtained by PET
to scale the relative CBF values measured by MR
imaging to absolute units improves the correlation
between CBF values measured by MR imaging and
those measured by PET (Fig 5B).

Another source of error in CBF values measured
by MR imaging is delay and dispersal of the bolus of
contrast agent (5, 6, 13). Delay and dispersal of the
bolus may arise from factors related to IV adminis-
tration, such as injection rate and caliber of the ve-
nous cannula, or it may be caused by host factors such
as cardiac output. Because all our patients were
power injected at a standardized rate, with no evident
problems at the injection site, variation in host factors
is the more likely explanation for differences across
patients in the measured AIFs. Also, underestimation
of the AIF causes overestimation of the calculated
CBF values measured by MR imaging (9). Underes-
timation of the AIF may occur because of inadequate
temporal resolution in sampling the AIF or partial
volume averaging of the artery with adjacent brain
parenchyma or CSF. AIF underestimation seemed to
be worst in patient 7, in whom the slopes of the MR
imaging versus PET CBF regression lines were the
greatest (Fig 4A, Table 2). After correction for white
matter flow variability, the pooled data across all
patients showed that CBF values measured by MR
imaging systematically overestimated those measured
by PET (Fig 5B). This indicates that underestimation
of AIF may have occurred to varying extents for all
seven patients. Because the caliber of the proximal
MCA is only approximately 2 mm, whereas the sec-
tion thickness of the MR imaging acquisition is 6 mm,
partial volume averaging of the AIF should be ex-
pected for every patient.

Previous studies have used additional postprocess-
ing steps to derive quantitative estimates of absolute
CBF values measured by dynamic susceptibility con-
trast-enhanced MR imaging by empirically correcting
for underestimation of the AIF due to partial volume
averaging. One approach has been to normalize the
area under the AIF curve to the injected dose of
contrast agent and to then apply an empiric correc-
tion factor, common across all patients, to the calcu-
lated CBF values measured by MR imaging to con-
vert them to absolute flow rates in physically
meaningful units of mL/100 mL/min (7, 8). This
method has yielded good quantitative correspon-
dence between MR imaging and PET measurements
of absolute CBF in normal human volunteers (8) but
has not been validated in patients with cerebrovascu-
lar disease. Another approach is to measure the con-
trast agent concentration time curve in the superior
sagittal sinus, to determine the venous output func-
tion, and to compute a correction factor that is indi-
vidual to each patient and that can convert MR im-
aging blood flow measurements to absolute CBF
values in terms of mL/100 mL/min (10). The resulting
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changes in scale were largely successful in standard-
izing the slopes of the MR imaging versus PET blood
flow regression lines to values close to unity in a
group of five patients with unilateral carotid occlusion
(10). However, variation remained in the y intercepts
of the regression lines, reducing the accuracy of the
quantitative CBF estimates measured by MR imag-
ing, especially at low flow rates. Also, all these meth-
ods for deriving absolute CBF values measured by
MR imaging assume linearity between contrast agent
concentration and the measured T2*-weighted signal
intensity decrease. Experimental measurements have
found some nonlinearity in this relationship (30), and
linearity is explicitly violated in cases in which there is
truncation of the measured signal intensity at 0. The
techniques for generating absolute CBF measure-
ments from dynamic susceptibility contrast-enhanced
MR imaging are not widely used clinically, and we did
not use them, considering that our purpose was to
evaluate the accuracy of CBF values estimated based
on MR imaging by using the methodology that is
currently in the most widespread clinical use.

We examined the effect on CBF values measured
by MR imaging of AIFs chosen ipsilateral to the
carotid occlusion versus those contralateral to the
occlusion. For six of the seven patients, no apprecia-
ble difference was observed between the two AIFs
and no statistically significant difference (P <.05) was
observed between CBF values measured by MR im-
aging based on the two AIFs (Fig 3). The seventh
patient did exhibit delay and dispersal of the bolus of
contrast agent in the MCA ipsilateral to the carotid
occlusion, and this did significantly influence the CBF
values measured by MR imaging (P < .05) (Fig 4).
The delay in the ipsilateral AIF may be the most
important factor, because singular value decomposi-
tion is known to be sensitive to contrast agent arrival
delays (5, 6, 13, 15).

Patient seven also had a moderate degree of he-
modynamic compromise in the cerebral hemisphere
ipsilateral to the occlusion, as evidenced by a history
of ipsilateral cortical infarction and by a markedly
elevated mean transit time ratio (Table 1). However,
the other six patients, for whom there were no differ-
ences in CBF values measured by MR imaging attrib-
utable to AIF selection, exhibited degrees of hemo-
dynamic compromise varying from none in two
asymptomatic patients (patients 1 and 2) to severe in
a symptomatic patient (patient 3) with both elevated
oxygen extraction fraction and elevated cerebral
blood volume (16, 18). We observed no systematic
differences in the performance of dynamic suscepti-
bility contrast-enhanced MR imaging for the mea-
surement of CBF based on these differences in he-
modynamic status. It is important to note that we
measured cerebral blood volume, mean transit time,
and oxygen extraction fraction in mixed cortical and
subcortical regions within the MCA territory. This
was done for two reasons. First, the regions of interest
for CBF values measured by MR imaging AIF sam-
pling were placed in the MCA as well. Second, the
identical regional analysis was used in previous stud-
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ies correlating hemodynamic impairment with stroke
risk (18, 25).

In this study, we used PET as the gold standard
method of comparison for MR imaging measure-
ments of CBF. However, for several reasons, includ-
ing the two enumerated below, PET is not an ideal
technique for absolute CBF quantitation. First, one
assumption of the water-bolus PET autoradiographic
method for CBF measurement (20) is that the time-
activity curve of radiotracer in the radial artery is the
same as in the intracranial arteries. This may not hold
true in patients with occlusive disease and collateral
channels of flow. The impact of this on the accuracy
of CBF values measured by PET is not known but is
likely less critical than for MR imaging or CT meth-
ods of measuring CBF using the first pass of nondif-
fusible plasma tracers. The PET method relies on
integration of radioactivity counts during a 40-s time
period by using a freely diffusible radiotracer, com-
pared with the first pass study of a plasma tracer.
Second, the PET and MR imaging measurements
were not simultaneous. Some change in CBF after
transfer from the MR imaging unit to the PET scan-
ner, or vice versa, might be expected.

In summary, for six of seven patients with chronic
unilateral carotid occlusion, including some symp-
tomatic patients with PET evidence of ipsilateral he-
modynamic compromise, the AIFs did not differ be-
tween hemispheres. In only one symptomatic patient
with evidence of hemodynamic compromise was a
delayed, broadened AIF found ipsilateral to the oc-
clusion, and this was the only patient who showed
significant differences in CBF values measured by
MR imaging due to AIF selection (P < .05). These
findings in association with chronic carotid occlusive
disease differ from what has been described in asso-
ciation with acute ischemia. In cases of acute isch-
emia, delay and dispersal of the bolus of contrast
agent is commonly encountered distal to the occluded
artery, and, in these instances, AIF selection has been
shown to affect quantitative hemodynamic parame-
ters obtained from dynamic susceptibility contrast-en-
hanced MR imaging (15) and the spatial extent of the
hemodynamic abnormality on parametric maps (14).

Conclusion

Dynamic susceptibility contrast-enhanced MR im-
aging, by allowing deconvolution of the tissue suscep-
tibility time curve with the AIF, can provide a good
qualitative index of CBF for patients with chronic
carotid occlusion. However, direct comparison with
the results of ["°O]-H,O PET shows that without
additional postprocessing steps, these CBF values do
not constitute a reliable quantitative measure of ab-
solute CBF in individual patients with chronic cere-
brovascular disease. The two dominant sources of
error in absolute CBF values measured by MR imag-
ing were 1) variability in blood flow in white matter
regions used to scale relative CBF values measured by
MR imaging to absolute units, causing 2) underesti-
mation of true flow rates, and underestimation of the
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AIF, leading to overestimation of true flow rates. The
choice of AIF, relative to the side of carotid occlusion,
had no significant influence on the CBF values mea-
sured by MR imaging for six of seven patients (P > .05),
because the AIFs did not differ between the two sides.
However, one patient with symptomatic carotid occlu-
sion did exhibit delay and dispersal of the AIF ipsilateral
to the occlusion, which did significantly affect the calcu-
lated CBF values measured by MR imaging. These
findings differ from those presented in published studies
of dynamic susceptibility contrast-enhanced MR imag-
ing in the setting of acute ischemia. Further studies with
correlation to clinical end points are needed to deter-
mine the usefulness of relative CBF values measured by
MR imaging for patients with pathologic cerebral he-
modynamics.
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