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Mechanisms of Flow-induced Signal
Loss in MR Angiography’

Steven N. Urchuk, MSc « Donald B. Plewes, PhD

Mechanisms of signal loss in magnetic resonance
angiography were studied with a stenotic flow
phantom. The results indicate that while signal loss
induced by mean fluid motions is localized about
the stenosis, the fluctuating component of fluid mo-
tion induces signal loss over a much larger region,
primarily distal to the stenosis. For both motion
components, use of gradient moment nulling
(GMN) above first order was found to be an ineffec-
tive means of reducing signal loss. In contrast,
shortened gradient durations were found to reduce
signal loss substantially. However, though a zeroth-
order gradient is generally of the shortest duration,
use of a slightly longer, first-order gradient was
found to be the most robust means of reducing sig-
nal loss.
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Abbreviation: GMN = gradient moment nulling.
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MAGNETIC RESONANCE (MR} ANGIOGRAPHY is a
noninvasive vascular imaging techniquc that has
shown considerable promise (1-6). At present, most
approaches arc variants of either time-of-flight {1-5)
or phasc-contrast methods (6). These approaches rely
on acquisition mcthods that produce a strong signal
from lowing blood relalive to stationary tissucs. Un-
fortunately, current techniques have proved sensitive
to signal loss induced by flow disturbances. Because
these disturbances arc oflen associated with stenoscs
and regions of complex vascular anatomy (7.8), the
potential for exaggeration or mimicking ol the appear-
ance of vascular disease by signal loss is an important
clinical problem.

Flow disturbances {characterized by the presence
of a fluctuating motion superimposed on a primary,
or mean, motion) induce signal loss through the
mechanism of spin dephasing (9—11). To reduce
these artifacts, most MR angiography techniques use
some combination of “flow compensation” strategics
(eg, gradient moment nulling {GMN] [2-5,12-14],
shortened gradient durations and reduced TEs [1-51.
and/or small voxels [3-61). Although thesc stralegies
have proved eflective for relatively quiescent flow, re-
duction of signal loss due to disturbed flow has
proved to be more difficult (1-6). In part, this situa-
tion is a consequence of the difficulties inherent in
characterizing signal loss induced by disturbed flow.

Models of flow-induced signal loss have generally
been based on statistical descriptions of the [luctu-
ating component of {luid velocity. Development of
these models has proceeded along a number of alter-
nate lines, with use of, for example, the probability
distribution governing fluid motion (15), the statisti-
cal moments of the fluid velocity distribution (16—-20),
the motion power spectrum (21), or eddy diffusivity
(22,23). However, experimental confirmation of thesc
models has primarily been limited to relatively simple
flow systems, such as flow through straight pipcs
{15—18,20). In these systems, the mean velocity distri-
bution can be approximated as spatially invariant at
sufficiently high flow rates. Although this assumplion
is a useful simplification, it does not extend to flow
through stenoses, where generally the mean and fluc-
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tuating components of {low velocity vary in both space
and time. Basic studies of these more complex geome-
tries have been performed only to a limited extent
(23). It is the purpose of the present study to adglress
this problem by considering signal los§ mechanisms,
both experimentally and theoretically, in a more {cal-
istic stenotic flow phantom. Specifically, the relqtlve
contributions of mean and fluctuating (luid motions
to signal loss will be considered. Finally. the ability of
GMN and shortened gradient durations {o reduce
flow-induced signal loss will be evaluated. '

In the following scction, theoretical aspects of signal
loss will be developed and used Lo derive numerical
estimates of signal loss in our model system, for com-
parison with experimental observations.

¢ THEORY

A descriplion of flow-inducced signal loss can be de-
veloped in terms of the applied magnetic field gradi-
ents and flow velocity. Consider the time evolution of
the transverse magnetization m(r, {) in a Lagrangian
frame ol reference. In this frame, the metion of indi-
vidual fluld particles (ie, spins) is followed over time (.
The positlons (or rajectories) r of the particles arc
determined by their instanlancous velocitics v(rg, £)
and initial poslilions ry:

r(ro, f) = TXg - LI v(r(). {,’)C“.‘. {1}

In disturbed flow, v(ry, t) is composed of mean,
{v(re. 1)), and {luctuating, v'(ry, {). components (24,
p7):

v(rg. ) = (v(rg, 0) + v'(xy (). (2)

In general, while the mean velocity component is a
smooth function of space and Lime, the fluctuating
component varies randomly in space and lime (24,

p 125). Phase changes induced by these motion com-
ponents can be described by considering the Bloch
cquation governing mfr, ():

d

3 m(r, t) = [iyG{) - r(rg {)}m(r. 0), (3)

where vy is the gyromagnelic ratio and G(¢) is the ap-
plicd magnetic field gradient. Combining Equations
(1)~(3) and solving for m(r, ) we have

mi(r, t) = m(r, 0) exp [{{e(r, O)) + ig'(r, t)], (4)

where {o(r, t)) and ¢'(r, t) are the mean and fluclu-
ating components of the magnetizalion phase:

, .
lolr, 1) =y fo G(t") - Irp + fO' {vir,, ))de"1de’,  (5)

l .
er0=y [ G(z')-fo' V(Ko dedi. (6)

As indicaled by this result, the distribution of the
mean and fluctuating phase components will reflect
the distribution of the two velocily components. Con-
scquently, the character of the mean and fluctuating
componcnts of signal loss can differ considerably.
However. since both metion components influence
signal loss through spin dephasing, the relative con-
tribution of each motion component to signal loss
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Figure 1. Pulse sequence diagram. The gradients Gpeago
through Gpeaqs were incorporated to allow GMN up to third
order. An echo asymmetry of 25% is illustrated.

cannol be determined solely by experimental means.
Our approach to determining their relative contribu-
Lions is based on comparisons of experimental obser-
vations of signal loss with numerical simulations of
signal loss induced by only the mean component of
motion. In the following scction, we will outline details
of our experimental protocol for quantifying flow-in-
duced signal loss.

e MATERIALS AND METHODS

Experimental

All experiments were performed with a clinical
1.5-T MR imager (Signa; GE Medical Systems, Mil-
waukee) equipped with a sclf-shielded gradient sys-
tem capable of 10-mT/m peak amplitudes and rise
times of 600 psec. In Figure 1, a timing diagram of the
modified time-of-flight MR angiography pulse se-
quence used in this study is shown. The sequence in-
corporated GMN of a variable order in the readout
direction and first-order GMN in the section-select
direction. GMN was not used in the phase-encoding
direction. To control the duration of the readout-gra-
dient dephasing lobes, an echo of variable asymmetry
was incorporated into the sequence. This allowed the
formation of echoes with up to 40% asymmelry (ie,
echoes shifted by 40% of the data sampling time to-
ward the beginning of data acquisition). For a
200-mm field of view and a 32-kHz sampling band-
width, minimum durations of readout-gradient
dephasing lobes were 2.3, 5.1, 7.1, and 9.9 msec, for
zeroth- through third-order gradients, respectively.

A [ree-jet [low phantom that exhibits many features
of stenotic flow, including convective acceleration and
flow disturbances, was used in this study. An aqueous
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Figure 3. Area of signal loss plotted versus the average ve-
locity through the flow constriction. Image acquisition pa-
rameters were the same as those indicated in the legend to
Figure 2.

solution of 1.0-mmol/L copper sulfate was uscd to
make the T1 and T2 of the fluid within the phantom
on the order of those of blood (25). The phantom was
composed of a flat plate (5 mm thick] containinga
thin rectangular slot (1.6 x 30 mm) from which
steady flow issued into a large cylindric (139 x 600
mm) fluid-Alled reservoir. Because of the symmelric
nature of this design, the mean velocity parailel to the
long axis of the slot was negligible near the slot mid-
point. By acquiring images with the section-select di-
rection parallel to the long axis of the slot and the sec-
tion center positioned at the slot midpoint, we could

Figure 2. Experimental gradient-echo im-
ages of the free-jet phantom, with the read-
out gradient aligned parallel (a) and perpen-
dicular (b) to the main flow direction. The
images were acquired with a symmetric echo
and first-order GMN on the section-select
and readout gradients. Both images were
acquired with a TE of 28 msee, TR of 50
msec, and flip angle of 10°. The in-plane res-
olution was 0.8 mm, and the section thick-
ness was 10 mm.

use the two-dimensional flow field of the phantom to
simplify our experimental protocol. As we will demon-
strate, under these experimental conditions the mo-
tion in the section-select direction produced negligible
signal loss.

Typical images of the flow phantom, oblained with
the readoul gradients oriented parallel and perpen-
dicular to the main {low direction, arc shown in Fig-
urc 2. For both imagcs, the average velocily through
the flow constriction was 120 cm/sec, a value charac-
teristic of velocities that can develop ncar stenotic le-
sions in major blood vessels (7). At this flow rale, a
large region of disturbed flow exists distal to the con-
striction. On the experimental images, this is indi-
cated by a region of signal loss and ghosting. Notably,
the overall size of the signal loss region remains rela-
tively unaffected by the change in readout-gradient
orienlation.

To quantifly the signal loss observed experimentally,
the area of the region attenuated to at least 50% ol the
signal level outside the region affected by the jet was
measured over a range of [low rates. Four images
were acquired for each flow rate, and the average of
the four signal loss areas was then used to character-
ize the signal loss for that flow rate. The standard de-
viation of each sct of four images was uscd to charac-
terize measurement reproducibility. At each flow rate,
two sets of experiments were conducted, with the
readout gradient cither parallel or perpendicular to
the main flow direction. As shown in Figure 3, for
both sets of data, there is a threshold for the onset of
signal loss, followed by a rapid increase in the size of
the signal loss region as a function of flow rate. Nota-
bly, the signal loss arcas mcasured for the two gradi-
ent orientations are similar over the range of flow
rates tested, suggesting that the fluid motions induc-
ing the signal loss have some degrec of isotropy. Since
the mean {low field is primarily unidirectional, this
result is consistent with the conclusion that the pre-
dominant source of signal loss is the fluctuating com-
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ponent of the fluld motion. However, some compo-
nent of the signal loss is attributable to phase shiflts
inducced by the mean llow. To demonstrate the impor-
tance of this latler phenomenon, a numerical simula-
ton of the signal loss induced by the mean flow was
underlalken.

Numerical Simulations

The role of the mean flow in the production of sig-
nal loss was demonstirated through numerical simu-
allon. Simulated Inmages of signal loss induced by the
mean [low were compared with experimentally ob-
talned images, which reflect signal loss due to both
mean and fluctualing motions. This allowed the rela-
Live contribution of ecach type of motion to be deter-
mined. Production of a mean-flow signal loss image
consisted of four sleps: (a) simulation of the mean
{low ficld within the phantom, (b) calculation of the
mcan spin trajeclorics, (¢} cvaluation of the absolute
phase shifts incduced by spin motion, and (d) calcula-
tion of the nel signal altenuation for a two-dimen-
sional grid of simulated image voxels. Because the
mean velocily was zero perpendicular to the image
planc, only in-planc flow effects were considered. Fur-
ther simplification was achieved by assuming that
misregistrallon eflects associaled with phase encod-
Ing were negligible. Thus, only the phase shifls in-
duced by motion during the application of the readout-
gradicnt dephasing lobes required consideraltion.

Mean Velocity Simulation

A compultational Nuid dynamics softwarc package
(Fluent; Creare.x, Hanover, NH) was used to simulate
the mean velocity ficld (U(R)). as a function of posi-
tion R, within the phantom. The program uses a fine
grid ol computational cells to evaluate the momentum
balance within the fluic numecrically. Closurc of the
discrete set of nonlinear differential cquations gener-
ated in this manner was accomplished through the
use of the k-¢ turbulence model {24, pp 128-130). To
ensure an accurate evalualion of these equations, grid
points werc finely spaced (~0.1 mm) near walls and
other sites of large velocity gradients. Where velocity
gradients were small, a larger grid spacing (~ 1.0
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mm) was used [or computational efficiency. After sim-
ulation, lookup tables for (U(R)) were formed with
two-dimensional bicubic-spline interpolation (26, pp
109-110).

To confirm the accuracy of the simulation, the
mean velocity component parallel to the main flow
direction was compared with a measurement of the
velocity obtained by means of a velocity-sensitive MR
pulsc sequence (ie, the pulse sequence shown in Fig
1). Two phase images, with readout gradients nulled
to the zeroth and first order, were subtracted to form
a velocity map. Scaling of this image was based on the
sensitivity ol the zeroth-order readout gradient to
first-order motions (ie, the first moment about TE of
the readout-gradient dephasing lobes). To keep the
time over which velocity encoding occurs short, and
to minimize phase shifts from higher-order motions,
data acquisition was performed with an echo with
40% asymmelry. This procedure produced a mean-
ingful phase image over most of the phantom, since
the magnitude image was relatively free of flow-in-
duced signal loss. In Figure 4, profiles of the simu-
lated and experimental MR velocity data are pre-
sented. The analytic solution for the velocity field of a
two-dimensional {ree jet (27), which is valid for points
distal to the flow constriction and near the axis of the
Jet, is also plotted in Figure 4. An average {low rate of
120 cm/sec was used for this comparison, which is
on the order of the highest flow rates considered.
Only near the flow constriction do the profiles differ,
with MR data underestimating the velocity predicted
by the analytic and simulated data. This underesti-
mate can be explained by phase cancellation, due to
partial-volume effects and large velocity gradients.

Signal Loss Calculation

Signal loss induced by the mean flow can be esti-
mated by evaluating the mean phase distribution
{e(r. TE)) at time TE. Rewriting Equation (6), we have

TE
. TEY =y [ Gt) - frtr, ), (7)

where the applied field gradient G(t) and the mean
spin trajectory (r(ro, t)) are specified by the parame-

-2 —1 0 1 2

s

g

sy



g

==

= 0

distance (cm)
O

17.6 radians =~ 5 5

distance (cm)
(@)
T

0.0 radians

T 1

radians

T

|

Figure 5. (Top) Stream-

—t

distance (cm)
O
T

I i

1 lines of the flow field shown
in Figure 3. (Middle) The
mean phase distribution at
TE indueed by a readoul
gradient nulled to first order
and oriented in the main
flow direction. (Bottom)
Contour plot of the signal
loss induced by the phase
distribution shown in the
middle plot. In the middie
plot, phase contours arc
separated by 2-radlan inter-
vals, while in the boltom
plot, signal loss conlours are

{

3 4

distance (cm)

ters of the imaging sequence and the mean velocity
distribution within the fluid, respectively. The mean
spin trajectories were determined by numerically in-
tegrating the mean spin velocity (v(ro, { )} over time:

14 \
{r(rg, )} = 1o + J; {w(rg, t))dt,
(vir, 1)) = (UR)), when (£(ro, 1)) = R. (8)

A difficulty with the direct application of this
method is that the spatial distribution of spins ob-
tained at time TE will generally be nonuniform if the
integration starts from a uniform grid of initial posi-
tions. Since it is desirable fo have a spatially uniform
grid of spin positions at ime TE, the spin trajectories
were evaluated backward in time, starting from their
positions at TE. Fourth-order Runge-Kulita integra-
tion was used for the evaluation {26, pp 569-573). To

separated by inlervals of
20% of the unattenuated sig-
nal level in the simulated
fmage.

aid in the visualization of the mean trajcctorics, a
streamtline plot of the mean flow field simulated in the
previous section is presented in Figure 5 (top plot).
After evaluation of the mean trajectories, numerical
integration {26, pp 1 12—123) of Equalion {7) was
used to compute the spatial distribution of phase at
TE. To ensure adequate data sampling for the signal
loss calculation, spacing of the phasc samples was
adjusted to provide an 8 x 8 subgrid of data points
within each image voxel. In Figure 3, a contour ptot
{middle plot) of the phase distribution induced by the
flow field described above is shown. A first-order
readout gradient, oriented parallel to the main flow
direction, was assumed for this example. Notably, re-
gions in which there are appreciable spatial gradients
in the phase distribution (ic, phase shifts > radians
over a voxel, or ~ radians/mm) are localized about
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the flow constriction, indicating that signal loss will be
localized about this region.

To quantify signal loss induced by the mean {low, a
simulated signal loss image I(r) was formed by con-
volving {m(r. TE)) with the point spread function
PSF(r) of the imaging sequence simulated:

Ir) = (mir, TE)) = PSF(r). (9)

Here the symbol # is used to denote convolution in the
spalial domain. To a first approximation, the point .
spread function of the imaging scquence may be writ-
ten (28) as

g\

@;' (10)

X

PSF(r) = sinc Ax

sinc

where Ax and Ay are the Nyquist limiled spatial reso-
lutions In the frequency-encoding (x) and phase-cn-
coding (y) directlions;

sin{wz)

sine(z) = (11)

A

The convolution expressed in Equaltion (9) is equiva-
lent Lo a low-pass filtering of {m(r, TE)) by a rectangu-
lar filler of bandwidth 2w/Ax in the [requency-cncod-
Ing direction and 2w/Ay In the phase-cncoding
direction, To conlorm with experimental data pro-
cessing, a [urther filtration of the image spatial fre-
quencies k = (ky, k) was performed with a radially
symmeltric Fermt filter F(k) of the form

1
k| —ko)'

IF(k) = (12)

1+ exp (
81

with kg = w/Ax = w/Ay and « = 27w/NAx, where N is
the number of image pixcls in the [requency- or pulsc-
cncoding direction. Thesc filter parameters produced
a radially symmetric point spread function similar in
cross section Lo the sinc point spread [unction but
with side lobes thal deerease more rapidly in ampli-
tude. Image blurring related (o second- and highcr-
order phase variations during data sampling was ig-
nored (29}, as was blurring associated with T2 signal
modulalions (28). A sample contour plot of mean-flow
signal loss is shown in Figurce 5 (bottom), correspond-
ing to the phasc distribution in Figure 5 (middle). As
expectled, signal loss is localized about the flow con-
striction.

e RESULTS

In the previous sections, a mcethod for differenti-
aling signal loss induced by mean and fluctuating
fluid motions was developed. This method will be
uscd to characterize the ability of GMN and shortened
gradient durations to reduce signal loss induced by
flow within the free-jet phantom.

GMN

GMN is a flow compensation strategy that attempts
to reduce signal loss by nulling the sensitivity of a gra-
dicnt to several, usually low-order motions at TE. To
asscss the utility of this approach, the free-jet phan-
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tom was imaged with readout gradients nulled to the
zeroth, first, second, and third order. Images were
acquired with a symmetric echo and first-order GMN
on the section-select gradient. In Figure 6a—6d, exper-
imental images obtained at an average flow rate of 120
cm/sec are shown. For comparison, the correspond-
ing simulated mean-flow signal loss images are pre-
sented in Figure 6e—6h. The experimental images
were normalized to the signal intensity ol an unatten-
uated region; hence, they represent a map of the sig-
nal fraction attenuated by flow effects. Through this
normalization, the experimental and simulated im-
ages arc directly comparable. Clearly, the area of sig-
nal loss measured experimentally is much larger than
the area predicted by the mean flow alone, as sug-
gested by Figure 2. Only near the flow constriction,
and with the largest gradients in the mean velocity
distribulion, is signal loss induced by the mean [low
substantial.

To illustrate the effect of flow rate on this result, the
experimental and simulated mean-flow signal loss
areas are shown in Figure 7, for flow rales ranging
from O to 120 cm/sec. Over this range of flow rates,
the experimentally observed signal loss arcas are at
least onc order of magnitude larger than the simu-
lated signal loss arcas, for all GMN orders considered.
Hence, the area of signal loss observed experimentally
approximates the arca of signal loss induced by veloc-
ity fluctuations alone.

Further insight into the mechanisms ol [low-in-
duced signal loss can be obtained by considering the
relative performance of the various GMN strategies.
As demonstrated by Figures 6 and 7, usc of second-
or third-order GMN tends lo increase the area of sig-
nal loss observed at a given flow rate. Furthermore,
use of zeroth-order GMN produces a larger area of
signal loss than the first-order GMN, which was found
to produce the smallest area of signal loss. With the
cxception of zeroth-order GMN, these observations
are valid for both the mean and [luctuating eompo-
nents of signal loss. In the case of zeroth-order GMN,
the rate at which the experimentally observed signal
loss increases is greater than that for the mean flow.

Many [eatures of these results are explained by the
motion sensitivity of the gradients. For motions of or-
der n, the sensitivity I'y(n) of a gradient nulled to kth-
order Gg(t) is given (12) by

. Y rTE
Ieln) = F J; G (t') (" = TE)*dt'". (13)

Although [',(n) is a measure of gradient sensitivity, it
is difficult to interpret per se because the absolute
magnitude of the motion orders present in the flow is
generally unknown. For this reason, we will consider
the “relative” gradient sensitivity Tyo(n):

-

— k(n
T Teln)

[oln) for n=>1. (14)

Use of this quantity facilitates interpretation of rela-
tive changes in gradient sensitivity due to GMN, with-
out having to know the motion orders present in the
flow. In Figure 8, the relative sensitivities of the ze-
roth- through third-order gradients are plotted as a




Figure 6. (a—d) Experi-
mental gradient-echo images
acquired with readout gradi-
ents nulled to (&) zeroth,

(b) first. (¢) second, and

(d) third order. {e—h) Simu-
lated mean-flow signal loss
images, corresponding to
the four experimental im-
ages (a—d), thatis. readout
gradients moment nulled to
(e} zeroth, (f) lirst, (g) sec-
ond, and (h) third order.
Alignment of the readout
gradient was parallel to the
main {low direction, and the
flow rate was fixed at an av-
erage value of 120 cm/sec.
All other imaging parame-
ters were the same as those
indicated in the legend to
Figure 2.

—— T T Figure 7. Experimental
(left graph) and simulated
mean-low (right graph) slg-
E nal loss arcas plotled versus

P the average velocity through
Oth / the (low constriction. Each
3rd \ B curve represents data ob-
\ K4 | tained for a given order of
: GMN (indicated with ar-
| rows).
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function ol motion order. Note that the sensitivity
curves are shown only where [koln) is nonzero (ie, for
n > k + 1). Above this threshold, the motion sensitiv-
ity of the first- through third-order gradients in-
creases sharply, with the most rapid increasc in sen-
sitivity occurring for the higher-order gradicn ts. This
is primarily a result of increased gradient durations
associated with higher-order GMN. Thus, the [ailurc
of higher-order GMN is the result of an elevated gradi-
ent sensitivity to motion orders above those nulled.
Since regions of disturbed flow typically contain a
range of higher-order motions, GMN above first order
is likely to be an ineflective means of reducing signal
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loss in these areas. The failure of zeroth-order GMN
to reduce signal loss is a special case. As illustrated in
Figure 8, the sensitivity of the zeroth-order gradient is
less than (or equal to) the sensitivity of the first-order
gradient for all but first-order motions (ic, velocity), to
which the sensilivity of the first-order gradicnl is
nulled. Consequently, the nonzero sensitivity of the
zeroth-order gradient to first-order motions is suffi-
ciently high to offset its low sensitivily to higher or-
ders of motion.

Though useful for assessing the effectiveness of dil-
ferent GMN strategies, the high sensitivily ol the gra-
dients considered above renders them unsuitable for
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use in an MR angiography pulse sequence. An ap-
proach aimed at reducing this sensitivity involves the
use of shortened gradient durations. In the next sec-
tion, the utility of this approach will be considered.

Gradient Duration

Several investigators have suggested that shortened
gradient duration is an effective means of reducing
signal loss (1-5). To evaluate the utility of this ap-
proach, the effects of shortened gradient duration
were studied in the free-jet flow phantom. Images
were obtained at a fixed flow ratc of 120 cm/sec, with
ccho asymmetrics ranging from 0% to 40%. In the left
graph of Figure 9, experimentally observed signal loss
arcas for the zeroth- through third-order gradients
arc plotted as a function of ccho asymmelry. Clearly,
large reductions in signal loss arc achicved with
asymmetric echoes (ic, shortened gradient dura-
tions). As shown in the right graph of Figure 9, similar
reductions are predicted for the mean {low compo-
nent of the signal loss. Consislent with our previous
resulls, the experimental signal loss arcas remained
large relative to corresponding simulated mean-flow
slgnal loss arcas. Nolably, the obscrved signal loss
was substantially reduced by shortening of the read-
out gradient duration, while factors such as TE and
the duration of the section-scleet gradient remained
unchanged. Consistent with the observations of Nish-
imura el al (1), this result indicates that the use of
shorlened gradient durations, not reductions in TE,
accounts lor the majority of the obscrved reduction in
signal loss. Furthermore, under the experimental
conditions used, the readout gradient is responsible
for most of Lthe obscrved signal loss.

Many fealures of these dalaarc cxplainced by the
relative sensilivily Neoln) of the gradients. Because
asymmelric cchos werc formed by lincarly scaling the
pulsc widths of the readoul-gradient dephasing lobes,
"woln) is a weak [unction of echo asymmetry (for negli-
gible gradient risc times, [woln} is independent of echo
asymmctry because the absolule sensilivity of the gra-
dients will scale with gradient duration (30}). There-
fore, to a good approximation, ccho asymmelry
changes aflect only the absolule sensitivity of the gra-
dients, not their relative sensitivity. The relative per-
formance of the first- and higher-order gradients is
consislent with this observalion, since the area of sig-
nal loss observed remained roughly unchanged as the
echo asynumietry was varied from 0% Lo 40%. Only the
zerolh-order gradienl deviated from this trend, with
the sizc of its experimentally obscrved signal loss re-
gion Increasing al a rate greater than those of the
olher gradicnts. This cflect may be atiributed to the
sensitivity of the zeroth-order gradient to first-order
motions, since the other gradicnts exhibit zero sensi-
tivity Lo first-order motions. Higher-order motions are
not involved in this effect, since the zeroth-order gra-
dient has a relatively low sensitivity to these motions.

On the basis of these results, it is clear that gradient
sensitivity to motions of all orders must be minimized
if signal loss induced by disturbed flow is to be re-
duced. For this criterion to be fulfilled, it is advanta-
geous (o use the shortest gradient durations possible
(ie, the zeroth-order gradient). However, there are ad-
vantages to be gained through first-order GMN. As wc
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Figure 8. Relative sensitivity of the zeroth- through third-
order gradients plotted versus motion order.

have shown, the sensitivity of the zeroth-order gradi-
ent to first-order motions causes it to be susceptible
to large increases in signal loss when either echo
asymmetry or flow rate is changed. In contrast, the
first-order gradient is less susceptible to large
changes, owing to the nulling of first-order motions.
Since, generally, the nature of a flow field is unknown,
(his suggests that first-order GMN will be a more ro-
bust means of flow compensation than zeroth-order
GMN.

The increased sensitivity of the higher-order gradi-
ents is a consequence of their relatively long dura-
tions, as determined by gradient-power and image-
encoding constraints. If these constraints were
relaxed, it might be possible to construct higher-order
gradients with reduced overall duration. Since this
would act to minimize their increased sensitivity to
higher-order motions, use of these gradients might
prove to be a more cflective means of flow compensa-
tion. However, with current clinical imaging hard-
ware, this is not practical.

e DISCUSSION

In this report, we have shown that fluctuating fluid
motions induced most of the signal loss in our model
flow system. In contrast, mean {luid motions induce
substantial signal loss over a relatively small region.
These resulis are consistent with the expected distri-
bution of flow velocity within the flow phantom. In
general, large velocity gradients will be localized about
the flow constriction, while the intensity (ie, root-
mean-square magnitude) of the velocity fluctuations
will generally be greatest near and distal to the largest
spatial gradients in the mean velocity. Similar flow
features will exist in circularly symmetric and more
complex stenosis geometries (8). Hence, our results
suggest that in stenotic flow, two distinct regions in
which signal loss occurs might be envisioned: near
the constriction itself, where mean fluid motions in-
duce signal loss, and distal to the constriction, where
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fluctuating motions induce a relatively large region ol
signal loss.

In this study, use of GMN above first order was
found to be an ineffective means of reducing signal
loss. While consistent with the observations of several
investigators (1,2,4,5), this result contradicts claims
made in the literature (3,30.31), which suggest that
higher-order GMN is an eflective means of reducing
signal loss. In one of these reports (30), a comparison
is made between gradients of similar duration. In the
context of MR angiography, such a comparison is un-
realistic because the motion sensitivity of a gradient is
a strong function of gradient duration. As considered
in the present study, a more appropriate comparison
is between gradient waveforms whosc durations have
been kept as short as possible. Similarly, while the
results of Ruggieri et al (3) and Guo ctal {31) suggest
that a short, second-order readout gradient is the op-
timal means of flow compensation, it is unclear from
these reports whether the duration of the first-order
gradient used in these comparisons was minimized.
Nevertheless, it is clear that the use of short gradient
durations is an eflective means of reducing signal
loss. However, our results indicate that there are ad-
vantages to be gained with frst-order GMN because it
provides the most robust alternative for minimizing
signal loss. These data suggest that MR anglography is
best performed with short-duration, first-order read-
out gradients. @
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