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Comparison of Magnetic Resonance Volume
Flow Rates, Angiography, and Carotid Dopplers

Preliminary Results

Ross L. Levine, MD; Patrick A. Turski, MD; Kathy A. Holmes, RTR; Thomas M. Grist, MD

Background and Purpose We compared the results of con-
ventional angiography, carotid Doppler, and magnetic reso-
nance angiography volume flow rates to determine the clinical
utility of volume flow rate assessment of blood flow to the
anterior circulation in patients with carotid occlusive disease.

Methods From 11 symptomatic patients, a total of 22
extracranial carotid arteries were studied with all three tech-
niques. The studies were independently read, and regression
analysis was used to compare the measurements.

Results Carotid Doppler measurements of the distal extra-
cranial carotid arteries were proportional to the inverse of the
extracranial carotid volume flow rate (r=.53, R2=29%, P<.0l),
volume flow rates were proportional to the inverse of mea-
sured percent stenosis on angiography (r=.84, R2=ll%,
/><.O1), and Dopplers were proportional to angiography
(r=.94, R2=90%, P<.01). Symptomatic Doppler systolic veloc-

ity was significantly higher (P<.002), symptomatic measured
stenosis was significantly higher (P<.002), and symptomatic
volume flow rate was significantly lower (/><.O1) than their
respective asymptomatic-side values. These preliminary obser-
vations, however, may well change once a large data set,
especially one in which more patients with high-grade carotid
stenosis are included, is studied.

Conclusions Assessment of carotid volume flow rates by
magnetic resonance angiography quantifies flow reduction
secondary to atherosclerotic occlusive disease. The easily
obtained flow data add both documentation of arterial flow
characteristics related to internal carotid stenosis and infor-
mation regarding the adequacy of collateral pathways. (Stroke.
1994^5:413-417.)
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Magnetic resonance imaging and magnetic res-
onance angiography are fast becoming valu-
able tools in the noninvasive delineation of

cerebrovascular abnormalities and are beginning to
replace the use of catheter-generated invasive x-ray
angiography (XRA). Magnetic resonance angiographic
(MRA) images can be obtained without contrast me-
dium by exploiting the physical properties of moving
blood.1 MRA methods have been used to produce
clinically relevant angiographic images of the cerebral
vasculature. MRA techniques have also been used to
measure blood flow by using time-of-flight phenomena
or phase-contrast effects.2"7

Phase-contrast MRA is based on the principle that
blood flowing at a constant velocity through a magnetic
field gradient will experience a predictable change in
spin phase relative to the surrounding stationary tis-
sue.1710 Cine phase-contrast angiography is an MRA
acquisition technique that can provide flow velocity,
volume flow rate, and flow characteristics.7

We report a prospective study on a group of patients
with symptomatic carotid occlusive disease to compare
cardiac-triggered cine two-dimensional phase-contrast
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angiographic measurement of extracranial internal ca-
rotid artery volume flow rates (PCVFRs) to carotid
Doppler examinations and XRA.

Subjects and Methods
Eleven patients were evaluated by carotid Doppler, XRA,

magnetic resonance imaging, MRA, and PCVFR determina-
tions at our institution. These patients had been referred for
consideration for entrance into the North American Symptom-
atic Carotid Endarterectomy Trial (NASCET), and all had
unilateral carotid territory minor stroke or transient ischemic
attack.

The carotid Doppler examinations were performed by an
experienced technician with a pulsed-wave Doppler with a
7.5-MHz probe (Acuson, Inc). Degree of stenosis was deter-
mined by measuring the peak systolic velocity, the diastolic
velocity, and the degree of spectral broadening. For this study
the highest systolic velocity (in centimeters per second) of the
extracranial internal carotid artery was used for comparisons.

Conventional XRA was performed through femoral artery
catheterization with selective carotid artery injections in all 11
patients. Biplane views of the carotid bifurcation were obtained
using digital subtraction technique. Angiographic percent steno-
sis was according to NASCET criteria and was represented by
the formula [1-(diameter of the narrowest lesion/diameter of
the distal internal carotid artery)] x 100. Measured stenoses ac-
cording to XRA and according to MRA were not otherwise
directly compared for the present study. The MRA examinations
were obtained by our usual protocol that combines time-of-flight
and phase-contrast techniques.7

A cardiac-triggered cine two-dimensional phase-contrast
angiographic acquisition was obtained to measure distal extra-
cranial internal carotid artery PCVFRs. The examinations
were performed on a 1.5-T General Electric Signa Scanner
operating at software level 4.8.7 In this method, introduced by
O'Donnell,3 implemented for clinical studies by Evans et al,"
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TABLE 1. Comparison of Doppler, Anglography, and Volume Row Rates

Patient

1

Z

s
4-
5

S

7

8

9

10
11

Mean±SD

Ooppler Velocity, cm/s

Symptomatic

73

104

147

162

201

220

234

262

265

NINT

NINT

188±65*

Asymptomatic

72

128

66

59

90

68

108

120

91

238

68

96±52

% Stenosis on Anglography

Symptomatic

10

25

60

60

50

62

63

67

80

82

100

55 ±20*

Asymptomatic

14

40

OpI

OpI

0 nl

OpI

29

33

OpI

67

Onl

15±22

PCVFR,

Symptomatic

205

191

134

192

176

128

212

226

39

50

0

141±78t

mL/min

Asymptomatic

192

188

213

252

322

238

264

292

239

126

493

256 ±95

Doppler velocity Indicates highest systolic velocity on Doppler; PCVFR, phase-contrast volume flow rate; pi, plaque; nl, normal; and
NINT, nonlnterpretable.

*P<.002, Wllcoxon two-sample rank test, symptomatic-side higher values.
tP<-01, Wllcoxon two-sample rank test, symptomatic-side lower values.

and validated by Tang et al12 and Sondergaard et al,13 velocity
of flow was measured by acquiring two interleaved acquisitions
with opposite polarity of the bipolar phase encoding gradients.
The phase difference between the two acquisitions was pro-
portional to the first gradient moment, a constant called the
gyromagnetic ratio, and flow velocity. The first gradient mo-
ment was calculated based on amplitude and duration of the

TABLE 2. Phase Cardiac Cycle Plot Data*

Frame

1

2

3

4

it
6
7

8

9

10

11

12

13

14

15

16

Average

Net PCVR,

Right ICA

14.3838

36.7271

51.3507

59.1661

60.9310

58.4630

48.0604

42.2424

39.2356

33.1397

31.8204

28.6730

30.3102

37.9360

28.5206

17.4505

mL/mln

Left ICA

206.077

279.366

375.150

372.080

346.094

277.838

278.284

247.301

226.938

207.108

190.696

171.924

160.971

154.647

161.341

164.075

bipolar flow-encoding gradient. Thus, the phase difference
between the two acquisitions was directly proportional to the
velocity of flow along the applied axis of the bipolar gradient
pulse.

The main advantage of this approach was that adverse
effects of magnetic field inhomogeneity, eddy currents, and
radiofrequency penetration were minimized." In the present
study the scans were acquired in the axial plane, resulting in
the assessment of flow in the superior/inferior direction. To
encode for the correct range of velocities, the bipolar flow-
encoding gradient amplitude and change in the first gradient

38:6 238.7

•Patient 9, Table 1, right internal carotid artery (ICA), symp-
tomatic. PCVFR Indicates phase-contrast volume flow rate.

FIG 1. Anteroposterior magnetic resonance angiography view
with distal internal carotid artery vessels selected at the second
cervical vertebral level for determination of phase-contrast vol-
ume flow rate.
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FIG 2. Showing that laminar flow
is reestablished quickly distal to a
stenosis, thus allowing measure-
ment of phase-contrast volume
flow rate, note that the post-
stenotic internal carotid artery In
this two-dimensional tlme-of-flight
magnetic resonance angiogram
(patient 9 in Tables 1 and 2) has
excellent signal quality at the sec-
ond cervical vertebral level (ar-
row). TR indicates repetition time;
TE, echo time, R, right; and L, left.

moment was selected so that the phase shift varied from -180°
to +180°. This produced a linear phase shift over the range of
desired velocities. The phase difference, which is proportional
to velocity, was displayed as variations in pixel intensity on the
phase image. Motion in the positive direction along the
flow-encoding axis appeared as bright pixels, flow in the
opposite direction appeared as dark pixels, and stationary
tissue appeared gray.14 The PCVFR technique was also used
because of its ability to integrate blood flow across the entire
lumen of a particular vessel.6'15 A region of interest outlining
the vessel was summed, thereby deriving the total flow across
the slice. A region of interest was drawn around the edge of
the vessel under study to exclude as much background as
possible and reduce the amount of background noise in the
calculations. Either "magnitude" images or "magnitude-

40

20
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y(X4x-ir
F'l63,p<aOI
r*'O.9O
Rtsiduol trror'9

| 0 100 200 300
ICA Doppler (cm/a) Peak Reading

FIG 3. Plot shows regression of Doppler vs percent stenosis as
measured on invasive angiography. With the possibility of re-
duced Ooppler velocity with some high-grade lesions, correlat-
ing with increased stenosis, a linear relation will no longer be a
sufficient description of these data. ICA indicates Internal carotid
artery.

weighted" velocity images were available for defining the
region of interest. The region of interest was then superim-
posed in the subsequent images throughout the cardiac cycle,
typically 16 images total, to determine whether the vessel
changed in size or location during the cardiac cycle. If the
vessel was in a different configuration, new regions of interest
had to be defined. The background stationary tissue was then
sampled adjacent to the vessel. A phase correction was per-
formed from local background points. The value in each pixel
of each frame of the velocity-encoded image represented the
average velocity of flow in that pixel (in centimeters per
second). When each pixel (in centimeters per second) was
multiplied by the pixel area (in square centimeters), the
PCVFR (in milliliters per second) through that pixel in that
frame was obtained. Summation of such values within a region
that contained the blood vessel of interest yielded the total
PCVFR (in milliliters per minute) through the vessel at that

•
300

y-308-O66x
F'7.9, pO.OI

0 SO 100 ISO 200 250 300 330 400 450 500
Distal ICA volume Flow Rate (ml/mbi)

Fra 4. Plot shows regression of Doppler vs phase-contrast
volume flow rate (PCVR). Note that one Doppler reading (solid
black circle with arrow), with a low PCVFR reading, was unlnter-
pretable. If this point was available, the regression line might shift
upward and the R2 value would be higher, or it might shift
downward if the high-grade stenosis had a reduced Doppler
reading. Again, expansion of the data set to include more
patients with high-grade internal carotid artery (ICA) stenosis will
remove the linearity of this relation.
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100

Residual error'18
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FIG 5. Plot shows regression of phase-contrast volume flow rate
vs percent stenosis. ICA Indicates Internal carotid artery.

point in the cardiac cycle, and the average PCVFR throughout
the cardiac cycle was then calculated.6 For vascular measure-
ments, a region of interest was defined for each of the internal
carotid arteries at peak systole in the cardiac cycle. Distal
extracranial internal carotid arteries were studied so as to
avoid undesired loss of signal, which usually occurs five to
seven vessel diameters distal to a moderate or high-grade
stenosis. Although our measurements are not at a fixed
distance, they are uniformly done at the level of the second
cervical vertebrae.

Magnetic resonance imaging parameters included repetition
time of 54 milliseconds, echo time of 9.7 milliseconds, two
excitations, flip angle of 30 degrees, matrix of 256x 128 pixels,
field of view of 16 to 18 cm, and section thickness of 5 mm.6-7

The PCVFR measurements were made independently and
blinded to the results of carotid Doppler and XRA measure-
ments. Simple linear regression was used to compare these
measurements. Linear regressions were employed using all
arterial measurements, whether symptomatic or not. Two-
tailed Wilcoxon two-sample rank testing was used to study
symptomatic versus asymptomatic sides in terms of the mea-
surement of each technique. Bonferroni's method of correc-
tion was applied to multiple comparisons.

Results
Carotid Doppler measurements of systolic velocity were

available on 11 asymptomatic and nine symptomatic inter-
nal carotid arteries, respectively. Doppler examinations
were otherwise uninterpretable in two symptomatic arter-
ies, one of which was completely occluded and the other
nearly occluded as viewed on XRA The mean±SD
systolic velocities of the interpretable data were 96±52
and 188±65 cm/s for asymptomatic and symptomatic
sides, respectively (/><.002, Table 1).

The XRA measurements of percent stenosis were
available on all 22 internal carotid arteries. The
mean±SD percent stenosis was 15 ±22% and 55 ±20%
for asymptomatic and symptomatic sides, respectively
(P<.002, Table 1).

Magnetic resonance measurements of distal extracTa-
nial PCVFRs (Table 2, Figs 1 and 2) were also available
on all 22 internal carotid arteries. The mean±SD
PCVFRs were 256±95 and 141 ±78 mL/min for asymp-

tomatic and symptomatic sides, respectively (P<.01,
Table 1).

Doppler measurements were directly proportional to
measured percent stenosis (P<.01, Fig 3), Doppler
measurements were inversely proportional to PCVFRs
(F<.01, Fig 4), and PCVFRs were inversely propor-
tional to measured percent stenosis (/><.O1, Fig 5).

Discussion
Phase-contrast MRA is a flow analysis technique that

accurately measures blood flow to the brain in normal
and disease states. Noninvasive measurements of flow
velocity and volume flow rates are generated from
velocity-induced differences in spin phase. The quanti-
tative accuracy of phase-contrast measurements of ve-
locity and volume flow rates has also been validated.1117

Bendel et al,18 in a study of two normal volunteers and
six patients with cerebrovascular disease, found that
MRA measurements yielded values between 250 and
580 mL/min for the PCVFR through each of the com-
mon carotid arteries in the two normal volunteers.

Few techniques have evolved as rapidly as MRA.7

There are a few studies that have compared XRA with
MRA of the carotid bifurcation,19-23 but MRA often
overestimates the degree of stenosis.23 In the present study
we have been able to show preliminary correlations be-
tween carotid Doppler systolic velocity, conventional
XRA-measured percent stenosis, and PCVFRs of the
extracranial internal carotid artery. Our correlations are
tempered by our small data sampling and by our limited
number (n=2) of internal carotid arteries with high-grade
stenosis. As we study more patients with high-grade
stenosis in the preocclusive £85% range, a reduction in
Doppler velocity might well be the expected correlation to
a reduced PCVFR value. The imprecision of this relation
is reflected in the low R2 value of .29 in Fig 4. Figs 4 and
5, realistically, will become bimodal or hyperbolic once we
expand our data set to include more preocclusive internal
carotid arteries.

Despite a limited number of subjects and a limited
number of preocclusive stenoses, we found that Doppler
systolic velocities and measured stenoses were signifi-
cantly higher and PCVFRs were significantly lower for
the symptomatic-side extracranial internal carotid ar-
tery compared with the asymptomatic side. As our data
set expands and we study higher-grade stenoses, we
anticipate that linear regressions will no longer suffice
as a data analysis technique. We do believe, however,
that we have begun to noninvasively demonstrate spe-
cific measured flow volume data relative to arterial
pathology.

Future advances in these measurement techniques
include sophistication of the PCVFR determination at
the site of maximal stenosis and more exacting measure-
ments of the percent stenosis on the magnetic reso-
nance vascular anatomic images. A paradigm to com-
pare middle cerebral artery PCVFRs and internal
carotid artery PCVFRs will allow direct quantitation of
potential collateral flow to the symptomatic hemisphere
of patients with vascular disease.
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