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ABSTRACT

This study analyzed the effects of the obliqueness of flow on the accuracy of measuring flow
velocity by means of the 2D phase contrast MR technique. A constant flow phantom consisting
of a pump, a polyethylene tube and a flow meter was assembled. A commercial 1.5 Tesla MR
imager was used to perform flow velocity measurements. The phase contrast technique was used
to estimate the flow velocity of saline through the phantom. The effects of changes in oblique-
ness of flow to the plane of imaging were studied. The obliqueness had a significant effect that
was more pronounced with increasing section thickness. An increase in the obliqueness angle
caused underestimation of the average and maximum velocities. The obliqueness was found to
be an important parameter affecting the estimation with the 2D phase contrast MR technique.

The application of MR to flow velocity measurement was first described by Singer!. Various
pulse sequences have been proposed to evaluate the flow velocity by MR. The two main classes
of techniques are the time-offlight method and the phase contrast method. The time-of-flight
technique derives its contrast from the flow-related enhancement of inflowing blood'™'”. The
phase contrast method, on the other hand, is based on applying balanced gradient pulses, and
derives its contrast by detecting spin phase differences as blood moves across a magnetic field
gradient”. The phase contrast technique is not only a simple subtraction of phase images on a
pixel by pixel basis but a complex difference of phase obtained with a known different flow
encoding gradient. Phase images are collected using balanced gradient pulses to produce a phase
shift for moving spins. The difference in phase is directly proportional to the flow velocity of
the spins within the corresponding voxels'' ™9,

The phase contrast technique is generally better than the time-of-flight technique for quanti-
tative measurement of flow velocity in cardiovascular an cerebrospinal abnormalities'™'". Advan-
tages of the phase contrast method include bi-directional flow sensitivity, ability to obtain both
a conventional magnitude image an a velocity image from the same data set'” and the relative
simplicity in interpretation, processing, and display'®.

Cardiac gating can be used in conjunction with phase contrast to provide flow velocity encoded
phase images at equally spaced temporal intervals during the cardiac cycle. Interpretation of
flow velocity values during the cycle can provide instantaneous average and maximum flow veloc-
ity information®”.

The purpose of this study is to evaluate the effects of obliqueness of the flow on the accuracy
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of the MR flow velocity measurement.
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MATERIALS AND METHODS

Flow Phantom;

We studied flow velocity of saline in a poly-
ethylene tube with an inside diameter of 6.4
mm; inside area of 0.32 cm? The tube was con-
nected in a loop with a fluid supply reservoir.
Two sections of the tubing, one with outflow
fluid and the other with return flow, were
embedded in the center of a 10% agar-gel con-
tainer (25 cm length, 17 cm width, 10 cm height).
The phantom was placed in the MR imager
with the direction of flow parallel to the static
magnetic field vector (i.c.; along the z axis).

The constant flow was driven by a pump
(BIO-CONSOLE™™m;  VIO-MEDICUS, INC.,
Minnetonka, MN, USA). The pump was placed
outside the magnet room to minimize an inter-
action between pump and magnet, and to
reduce radio frequency interference®”. The
fluid used was saline with a T1 relaxation time
of approximately 4065 msec.

Imaging Setup;

The flow phantom was placed ina a 1.5 Tesla
clinical MR imager, GE Signa (General Electric
MEdical Systems, Milwaukee, WI, USA). The
two-dimensional (2D) phase contrast technique
using balanced gradient pulses was used to mea-
sure the flow velocity of the fluid. Measure-
ments were performed using a circular surface
coil with a diameter of 12 cm. A field of view
of 16 cm was used, and the slice thickness was
10 mm. The imaging parameters used were rep-
etition time (TR) =50 msec, echo time (TE) =
12.1 msec, the flip angle was 300, the matrix
size was 256 X 256, and number of acquisition
was one. We confirmed the accuracy of 2D
phase contrast MR flow velocity measurement
by using a flow meter, and then began the study
to test the impact of changing the obliqueness
of flow.

The effect of oblique flow was studied in two
different slice thicknesses (3 mm and 10 mm)
by changing the tube angle to the imaging
plane in steps of 10°up to 80°. We made 28.6
cm/sec average flow velocity by a pump and
70.0 cm/sec VENC (velocity encoding) value
were used. We evaluated the maximum flow
velocity in this study due to difficulty in cre-
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ation of an elliptic ROI. Maximum flow veloc-
ity was obtained by determining the pixel with
the maximum flow velocity within the tube
area. We measured the maximum flow velocity
components along the X, Y, and 7 axes, and
calculated the MR measured maximum f{low
velocity (Vygy) through the following equation

(1),

(1)

where Vywry, Vyary and Vi, are the MR
measured maximum flow velocity components
in the X, Y, and Z directions, respectively.
When the flow direction was angled from the
7 axis (slice selection direction, which is normal
to the slice plane) towards the X axis (fre-
quency encoding direction) in the X-Z plane,
the relationship between the true maximum
flow velocities and the true maximum flow
velocity components along the X axis and the

Vo ="V Vxmr)? +VY(MR)2 + Vi mr)2

7. axis are
Vx=Vsin q, (2)
V; =V cos q, (3)

where q is angle between the flow direction
and the slice selection direction, and Vg, V,,
and V are the true maximum flow velocity
components along the X axis, the Z axis, and
true maximum flow velocity, respectively.

We compared the true maximum flow veloc-
ity with the MR measured maximum flow
velocity from the MR measured maximum flow
velocity vomponents according to equation
(1), and we also compared the MR measured
maximum flow velocity components along the
X and Z axes with the calculated true maxi-
mum flow velocity components according to
equation (2) and (3). As a function of oblique-
ness, the “true” maximum flow velocity was
defined as the MR measured maximum flow
velocity at q = 0.

RESULTS

Obliqueness of the flow to the imaging plane
had a significant effect on the accuracy of flow
velocity measurement with 2D phase contrast.
As shown in Fig-la and 1b, an increase in the
oblique angle caused underestimation of the
maximum flow velocities. The obliqueness
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effect was more pronounced when the slice
thickness was increased from 3 mm to 10 mm.
As the angle of obliqueness increased from 0°
to 80° measurements of maximum flow veloc-
ities decreased from 54.4 cm/sec to 34.9 cm/
sec for 10 mm slices, and from 54.7 cm/sec to
42.1 cm/sec for 3 mm slices.

Errors in flow velocity measurements were
primarily observed along the frequency encod-
ing direction (X axis) (Fig. la, b). MR mea-
surements of the maximum flow velocity along
the slice selection direction (Z axis) correlated
well with the maximum flow velocity compo-
nent along the Z axis calculated by equation
(3). The agreement between the MR measured
maximum flow velocities and true maximum
flow velocities was good up to oblique angles
of 60° for 3 mm slice thickness and 40° for 10
mm  slice thickness. Although virtually zero
flow velocity was detected in the Y direction
since the tube was rotated in the X-Z plane
about the Y axis, actually the MR measured
maximum flow velocity in the Y direction
became around 2 cm/sec because of noise of
a background.

DISCUSSION

Phase contrast flow velocity measurement is
limited, because the spine phase is cyclic and
there is a natural limit of 2 radians to the max-
imum range of phase that can be measured®?.
The range of flow velocities that can be mea-
sured by the phase contrast technique covers
the complete physiological range from approx-
imately 0.1 mm/sec?® to 500 cm/sec?.

The MR phase contrast technique is sensi-
tive to flow both within and perpendicular to
the imaging plane®, but flow-induced phase
shift occurs only is the direction of the applied
balanced gradient pulse*”. Although it is pos-
sible to measure the flow velocity components
in all three orthogonal directions (X, Y and Z
axes), flow velocity in the oblique directions
cannot be measured directly by our MR equip-
ment. So we had to use equation (1) to cal-
culate the velocities of flow oblique to the
imaging plane.

We compared the true maximum flow veloc-
ity and the true maximum flow velocity compo-
nents along X (frequency encoding direction)
and Z (slice selection direction) axes with the
calculated MR measured maximum flow velocity
and the MR measured maximum flow velocity
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components along X and Z axes. As a function
of the angle of the “true” maximum flow veloc-
ity was defined as the MR measured maximum
flow velocity components were calculated by
equations (2) and (3). True and MR measured
maximum flow velocity component along the
7 axis (V, and V) were the same up to 80°
obliqueness, and the true and MR measured
maximum velocities also correlated well,
regardless of the slice thickness, however, true
maximum flow velocity components along the
X axis (Vy) was inconsistent with MR mea-
surement (Vyyg) at larger oblique angles
(exceeding 40°). The error in MR measured
maximum flow velocity component along the
X axis increased when the slice thickness
increased.

The error is thought to be due to two effects.
First, when a 10 mm slice thickness was used,
there was a partial volume effect (i,e., phase
shifts averaging of moving spins and static
spins). When the phase average over a pixel
includes a static phase shift due to spins out-
side the tube, the MR measured flow velocity
will be underestimated. The percentage of
static spins increases as the angle of oblique-
ness increases. In slices thinner than the tube
diameter, however, there is less partial volume
effect (Fig. 2a, b, ¢). The second reason for
underestimation of the flow velocity is that the
flow profile is not constant®®. The flow near
the tube wall is slower than at the center of
the tube. The measured flow velocity is calcu-
lated by an average of various phase shifts due
to different flow values dependent on the flow
profile. While this error in measurement is not
high even at a very high obliqueness angle
(70%), the error was nevertheless present and
may account for the error observed in the 3
mm slices (Fig. 3a, b). We have no explanation
why only Vi, had errors and Vyy corre-
lated with V, on both experiments.

In velocity measurements of oblique flow,
the angle of obliqueness, the diameters of vessels,
and the slice thickness all affect the accuracy
of the flow velocity measurement. It is evident
that slice thickness should be kept as small as
possible to minimize the errors of oblique flow
velocity measurement. This is particularly
important in tortuous and/or winding vessels
where larger obliquity can occur.

It is also possible to reduce the effect of
obliqueness in MR imaging by carefully select-
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Fig. 1 True maximum velocity along the z axis measured through MR correlates well with actual V, measurements up
to an 80 angle of obliqueness, regardless of slice selection. (a) Results of maximum velocity measurement using
10 mm slice thickness. Errors in measuring Vy are apparent where angle of obliqueness reached 50°. (b) results
of maximum velocity measurement using 3 mm slice thickness, error in measuring Vy are apparent when the
angle of obliqueness reached 70°.
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Fig. 2 (a) When a 10 mm slice thickness is used for the oblique flow measurement, there is partial volume effect of
static spins (dots) and X component of moving spins (small arrows). When the phase average over a pixel
includes a static phase shift due to spins outside the tube, the measured maximum flow velocity will be under-
stimated. (b) The percentage of static spins increases as the angle of obliqueness increases. In situation (b),
Every pixel includes the phase of static spins, so measured maximum X component velocity by MR is not com-
patible with the true maximum X component velocities. (¢) Thinner slice thickness has less error. This expla-
nation accounts for the error in measurement of the Z component velocity.
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Fig. 3 (a) The flow near the tube wall is slower than at the center of the tube because the flow profile is not constant.
The measured velocity is calculated by an average of various phase shifts. (b) While this error in measurement

is not high even at a very high obliqueness angle (70°), the error is nevertheless present and may account for

the error observed in the 3 mm slices.

ing the imaging plane to be perpendicular to
the flow direction. Therefore, it is recom-
mended to obtain a suitable scout image
before attempting to measure flow velocity in
the vessel of interest.

The phase contrast technique provides the
best estimate of MR flow velocity, because it
contains only
spins'™ and it is insensitive to most imaging
plane has been shown to affect the estimation
of flow velocity. The phase contrast technique
is sensitive to other artifacts as are most MR
techniques to susceptibility, variations in the

information from moving

body surface, inhomogeneity of boundaries of

different tissues'?, respiratory and other kinds
of patient motion'” and turbulence by irregu-
lar inner face and shapes of vessels™.
Pulsatile flow may affect oblique flow
because pulsatile flow predisposes more to tur-
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bulence than constant flow. For the purpose
of further investigation on the accuracy of MR
flow velocity measurement in the human body,
we have plans to study obliqueness of vessel
orientation in pulsatile flow phantoms and
animals to compare MR measurement results
to those obtained with conventional Doppler
US examinations, and implanted flow meters
in animals. Our study of an in vitro system is
a useful step for the clinical application of the
flow velocity measurement with the 2D phase
contrast technique.

CONCLUSION

The spin phase acquired has been linearly
proportional to the flow velocity. Obliqueness
of vessels to the imaging plane has been shown
to be the most important factor in estimation
of flow values. To reduce error, slice thickness
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should be as thin as possible.
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