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We performed technical optimization followed by a pilot clini-
cal study of quiescent-interval single-shot MR angiography
for peripheral vascular disease. Quiescent-interval single-shot
MR angiography acquires data using a modified electrocar-
diographic (ECG)-triggered, fat suppressed, two-dimensional,
balanced steady-state, free precession pulse sequence incor-
porating slice-selective saturation and a quiescent interval for
maximal enhancement of inflowing blood. Following optimiza-
tion at 1.5 T, a pilot study was performed in patients with pe-
ripheral vascular disease, using contrast-enhanced MR
angiography as the reference standard. The optimized
sequence used a quiescent interval of 228 ms, a/2 catalyza-
tion of the steady-state magnetization, and center-to-out par-
tial Fourier acquisition with parallel acceleration factor of 2.
Spatial resolution was 2-3mm along the slice direction and
0.7-1mm in-plane before interpolation. Excluding stented arte-
rial segments, the sensitivity, specificity, and positive and
negative predictive values of quiescent-interval single-shot
MR angiography for arterial narrowing greater than 50% or
occlusion were 92.2%, 94.9%, 83.9%, and 97.7%, respectively.
Quiescent-interval single-shot MR angiography provided ro-
bust depiction of normal peripheral arterial anatomy and pe-
ripheral vascular disease in less than 10 min, without the
need to tailor the technique for individual patients. Moreover,
the technique provides consistent image quality in the pelvic
region despite the presence of respiratory and bowel
motion. Magn Reson Med 63:951–958, 2010. VC 2010 Wiley-
Liss, Inc.
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Peripheral vascular disease (PVD) has an age-adjusted
prevalence of 12% in the United States, causes signifi-
cant morbidity, and is associated with excess cardiovas-
cular mortality (1,2). Contrast-enhanced (CE) magnetic
resonance angiography (MRA) often substitutes for the
more invasive ‘‘gold standard’’ procedure of digital sub-
traction angiography (3). Given the frequency of renal
functional impairment in patients with PVD and con-

cerns about nephrogenic systemic fibrosis, there is grow-
ing interest in unenhanced MRA (4,5).

Two-dimensional time of flight (2DTOF) has been

extensively evaluated for unenhanced MRA of the lower

extremities (6–8). However, the method is too slow for

many patients to tolerate, is sensitive to patient motion,

and suffers from flow artifacts within horizontally ori-

ented vessel segments. Over the last few years, several

‘‘next-generation’’ unenhanced MRA techniques have

been introduced. Of these, fresh blood imaging (FBI) has

undergone the most clinical validation. FBI is a subtrac-

tive technique that uses a three-dimensional half-Fourier

turbo spin-echo pulse sequence in conjunction with

selective application of flow-dephasing gradients in

order to ensure that signal from rapidly flowing arterial

spins is fully suppressed (9). Initial clinical studies dem-

onstrate considerable clinical promise, with excellent

image quality in healthy subjects. In one study using 16-

slice CT angiography as the reference standard, accuracy

was 94% (10). However, a fundamental challenge is the

need to calibrate the trigger delay and flow-dephasing

gradients for individual patients and vessel segments.

The systolic image data must be acquired exactly during

the brief period of peak arterial flow. However, the onset

of peak flow is delayed in distal arterial segments com-

pared with proximal ones, and the timing is altered by

the presence of stenotic lesions. A recent clinical trial of

FBI for the peripheral arteries reported serious artifacts in

approximately 47% of the patients, resulting from

motion, inaccurate trigger delays, and vessel blurring

(11). Moreover, one cannot always be certain whether a

loss of vessel signal or narrow vessel caliber is due to dis-

ease or is merely an artifact of using the wrong amplitude

for the flow-spoiling gradients or an incorrect trigger

delay.
Motion sensitivity is another concern. Our experience

with 2DTOF and FBI has been that neither is reliable for
imaging of the pelvic arteries due to respiratory and
bowel motion. FBI requires the subtraction of two three-
dimensional data sets that are acquired sequentially over
several minutes. The motion sensitivity is problematic,
given that the iliac arteries are a common location for
stenotic disease in patients with claudication.

An ideal methodology for unenhanced MRA should be
fast, easy to use, and insensitive to patient motion, heart
rate, and flow patterns. For this purpose, we have imple-
mented quiescent-interval single-shot (QISS) MRA,
which acquires data using a modified single shot two-
dimensional balanced steady-state free precession pulse
sequence (12). Unlike subtractive unenhanced three-
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dimensional MRA methods, the imaging parameters for
QISS MRA require minimal if any tailoring for individ-
ual patients. The technique was optimized in healthy
subjects and then evaluated with a pilot study of
patients with PVD using CE-MRA as the reference
standard.

MATERIALS AND METHODS

The study was approved by the institutional review
board, and written informed consent was obtained from
all subjects. A series of healthy subjects without known
PVD (ages 20-66) and eight patients (eight male, ages 56-
90) with documented PVD were studied. Patients with
estimated glomerular filtration rate (eGFR) <30 mL/min/
1.73 m2 were excluded from participation to avoid risk
of nephrogenic systemic fibrosis. Imaging was performed
on a 1.5-T MR scanner (MAGNETOM Avanto; Siemens
Healthcare, Erlangen, Germany). The system is equipped
with 32 radiofrequency (RF) receiver channels and a gra-
dient system capable of 45 mT/m maximum strength and
200-ls rise time from 0 mT/m to 45 mT/m. Multielement
peripheral vascular coils and spine array coils were used
to receive the MR signal. A ninth patient (male, 67 years
old) referred after a CE-MRA study at another institution
was included for demonstration purposes but was
excluded from the pilot data analysis since different
imaging parameters were used for the CE-MRA.

QISS MRA is illustrated in Fig. 1 and can be summar-
ized as follows:

1. Following a user-selected time delay after the R-
wave, a slice-selective saturation RF pulse is
applied to the imaging slice to set the longitudinal
magnetization of tissues within the slice to zero.

2. A tracking saturation RF pulse is applied caudally.
3. Next there is a quiescent interval (QI), roughly coin-

ciding with the period of rapid systolic arterial
flow, during which no RF pulses are applied.

4. A chemical shift-selective fat saturation RF pulse is
followed by an RF catalyzation sequence to force
the magnetization of in-plane spins toward the
steady-state value.

5. A single-shot two-dimensional balanced steady-state
free precession pulse sequence is used to image ar-
terial spins within the slice during diastole, when
flow is slow or absent.

6. The entire process is repeated for the next slice,
with the acquisition order being sequential from
bottom to top.

Technical Optimization

Technical comparisons made during the optimization
process included the following: (a) ECG gating versus
pulse gating; (b) linear versus a/2 RF catalyzation; (c) 5/8
partial Fourier using center-to-out trajectory versus out-
to-center trajectory; (d) full Fourier; and (e) flip angle of
0�, 90�, and 180� for the preparatory slice-selective RF
pulse. In one subject, QISS MRA using 90� and 180� pre-
paratory slice-selective RF pulses respectively were reac-
quired using a pulse repetition time (TR) of 1 sec (versus

the usual TR of 714 ms), which was approximately equal
to the R-R interval in this subject. Given normal respira-
tory variation in the R-R interval, this choice of TR delib-
erately caused some slices to be acquired every heartbeat
and others to be acquired every other heartbeat in an
unpredictable manner.

The optimized QISS pulse sequence for rapid scanning
of the lower extremities used the following imaging pa-
rameters: TR/echo time/QI/flip angle ¼ 3.0 ms/1.4 ms/
228 ms/90�, time delay ¼ 100 ms, 2.4mm effective slice
thickness (3.0mm with 0.6mm overlap), parallel accelera-
tion factor of 2, bandwidth 676-694 Hz/pixel, flip angle
of 135� for the fat suppression pulse. The acquisition
matrix ranged from 352-400, depending on field of view
(34-40 cm), maintaining in-plane spatial resolution at
1mm (interpolated to 0.5mm). Eight groups of 60 slices
were acquired to span the peripheral arteries from the
level of the distal aorta to the pedal arteries. For a heart
rate of 60 beats/min, scan time was 1 min per slice
group, so that total scan time was approximately 8 min.
In some subjects, additional high-resolution imaging was
performed using a slice thickness of 2mm and in-plane
resolution of 0.7mm (interpolated to 0.35mm).

Limited comparisons were made with standard ECG-
gated 2DTOF MRA (slice thickness ¼ 3mm, in-plane
resolution ¼ 1mm, 128 axial slices with 20% overlap,
tracking presaturation, field of view 170mm � 340mm,
gated to each R-R interval, echo time ¼ 5.5 ms with flow
compensation in slice and read directions, 6/8 partial
Fourier, minimum TR ¼ 493 ms, approximately 5 sec
per slice). QISS and 2DTOF MRA were compared in
healthy subjects and a programmable pulsatile flow
phantom (CompuFlow 1000 MR; Shelley Medical Imag-
ing Technologies, London, Ontario, Canada) using a
blood-mimicking fluid (T1 ¼ 850 ms, T2 ¼ 170 ms).

Data Acquisition: CE-MRA

The hybrid protocol consisted of a time-resolved CE-
MRA through the calf and stepping table MRA for the re-
mainder of the peripheral vascular system. The contrast
agent was either gadopentetate dimeglumine (Bayer, Ber-
lin, Germany) or gadobenate dimeglumine (Bracco Imag-
ing, Milan, Italy) administered intravenously followed by
a saline chaser. A time-resolved coronal acquisition was
obtained through the calf and proximal foot using a mul-
tiphase time-resolved angiography with interleaved sto-
chastic trajectories acquisition (13), injection rate of 2
mL/sec for 5-8 mL of contrast agent, parallel acceleration
factor of 2, TR/echo time ¼ 3 ms/1 ms, spatial resolution
of 1.9mm (slice thickness) � 1.1mm � 1.3mm, 9.6 sec/
phase. For the stepping table acquisition, a 1- to 2-mL
test bolus was used to determine timing. Three stations
were acquired pre- and postcontrast using TR/echo time/
flip angle ¼ 3 ms/1 ms/20�, 50-cm field of view, slice
thickness of 1.5mm, in-plane spatial resolution of 1mm
� 1mm, parallel acceleration factor of 2, 22 sec per sta-
tion. A dual-phase infusion protocol administered 0.14
mmol/kg of the contrast agent, initially at 1.5 mL/sec,
followed by 0.6 mL/sec. The subtracted images were
processed using a maximum intensity projection for
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interpretation. Breath holding was used for the pelvic
station only.

Image Analysis

Images were viewed and processed on a Leonardo
workstation (Siemens Healthcare, Erlangen, Germany)
using standard three-dimensional reconstruction soft-
ware. The arterial tree was classified into the following

31 segments: segment 1, infrarenal aorta; segments 2
and 3, right and left common iliac arteries, respectively;
segments 4 and 5, right and left external iliac arteries,
respectively; segments 6 and 7, right and left common
femoral arteries, respectively; segments 8 and 9, proxi-
mal half of right and left superficial femoral arteries,
respectively; segments 10 and 11, distal half of right
and left superficial femoral arteries, respectively; seg-
ments 12 and 13, right and left popliteal arteries,
respectively; segments 14 and 15, right and left tibio-
peroneal trunk, respectively; segments 16 and 17, proxi-
mal half of right and left anterior tibial arteries, respec-
tively; segments 18 and 19, distal half of right and left
anterior tibial arteries, respectively; segments 20 and
21, proximal half of right and left peroneal arteries,
respectively; segments 22 and 23, distal half of right
and left peroneal arteries, respectively; segments 24 and
25, proximal half of right and left posterior tibial
arteries, respectively; segments 26 and 27, distal half of
right and left posterior tibial arteries, respectively; seg-
ments 28 and 29, right and left dorsal pedal arteries,
respectively; and segments 30 and 31, right and left
medial plantar arteries, respectively.

FIG. 1. Pulse sequence diagram for QISS MRA.

FIG. 2. Full-thickness anteroposterior maximum intensity projec-
tion from QISS MRA acquired in approximately 8 min using eight
stations, each with 60 slices. Note the comprehensive visualiza-

tion of the arterial system, with excellent suppression of veins and
background tissues.

FIG. 3. Two views of a high-resolution (2mm � 0.7mm) QISS MRA

focused to the left calf. There is excellent depiction of the muscu-
lar branches about the knee and the distal vessels.
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The arterial segments of the eight patients were
assessed for the presence of vascular disease. The degree
of stenosis for each vascular segment was defined by
using a four-point scale (grade 0, normal; grade 1, lumi-
nal narrowing less than or equal to 50%; grade 2, lumi-
nal narrowing >50% but no occlusion; or grade 3, occlu-
sion). When two or more stenoses were present in one
segment, the most severe lesion was used for subsequent
assignment of a grade and analysis.

Statistical Analysis

Statistical software (SPSS, version 17.0; SPSS Inc., Chi-
cago, IL) was used to perform the statistical analyses.
Concordance of degree of stenosis scores between CE-
MRA and QISS MRA was assessed using Cohen j analy-
sis. A P value less than 0.05 was assumed to indicate sta-
tistical significance. Sensitivity, specificity, and positive
predictive and negative predictive values for QISS MRA
were computed using CE-MRA as the standard of refer-
ence examination.

RESULTS

An example of a whole-leg QISS MRA is given in Fig. 2
and high-resolution QISS MRA of the calf, in Fig. 3.
Main and branch arterial conspicuity was excellent, and
there was uniform background signal, as well as near-
total venous suppression.

Technical Optimization

ECG gating was superior to pulse gating. With pulse gat-
ing, the QI substantially overlapped the period of slow
or reversed diastolic flow, causing a loss of intravascular
signal (Fig. 4). An a/2 RF catalyzation (Fig. 5a) showed
only minimally better fat suppression than a linear cata-

lyzation (Fig. 5b). The image quality difference for the
two partial Fourier trajectories was more dramatic; a cen-
ter-to-out partial Fourier trajectory showed much better
fat suppression than an out-to-center trajectory (Fig. 5c)
due to the reduced number of RF pulses between the
application of fat saturation and the center of k-space. A
full Fourier acquisition (Fig. 5d) gave inferior fat sup-
pression to a partial Fourier acquisition. With no prepar-
atory slice-selective RF pulse, background suppression
was nonuniform and veins were more prominent (Fig.
5e). Suppression of muscle signal was greater with a
180� flip angle for the preparatory slice-selective
RF pulse (Fig. 5f) than a 90� flip angle. However, use of
a 180� flip angle made the technique more sensitive to
variations in heart rate compared with a 90� flip angle
(Fig. 5g).

Compared with 2DTOF at comparable slice thickness
and in-plane spatial resolution, QISS MRA quality was

FIG. 4. Comparison of QISS MRA acquired in the pelvis with ECG

gating and a time delay of 100 ms (left) versus pulse gating and a
time delay of 0 (right). Note the dramatic worsening in image qual-

ity with pulse gating because the QI for inflow mainly overlaps the
period of slow and/or reversed diastolic flow, whereas with ECG
gating the QI mainly overlaps rapid forward systolic flow.

FIG. 5. Technical optimization. a: The optimal parameters con-
sisted of an a/2 RF catalyzation, center-to-out 5/8 partial Fourier

trajectory, 90� flip angle for the preparatory slice-selective RF
pulse; (b) linear catalyzation; (c) out-to-center partial Fourier tra-

jectory; (d) full Fourier acquisition; (e) no preparatory slice-selec-
tive RF pulse; (f) 180� flip angle for the preparatory slice-selective
RF pulse with gating varying between one and two R-waves; (g)
90� flip angle for the preparatory slice-selective RF pulse with gat-
ing varying between one and two R-waves.
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superior, motion artifacts were reduced, and scan time
was much shorter (Fig. 6).

Initial evaluation of QISS MRA in a pulsatile flow
phantom demonstrated excellent flow contrast over a
wide range of velocities (Fig. 7). Compared with 2DTOF,
maximal signal was reached at substantially lower peak
velocities using QISS MRA. For instance, at a 3mm slice
thickness, QISS signal was maximal at about 10 cm/sec,
whereas 2DTOF signal was maximal at about 34 cm/sec.

Pilot Clinical Study

In all subjects, QISS MRA demonstrated the entire length
of the peripheral vascular tree from aorta to pedal ves-
sels. Arterial anatomy was accurately demonstrated both
proximal and distal to stenotic disease, without the need
to modify any of the acquisition parameters (Figs. 8 and
9). Many of the collateral vessels were also well shown
(Fig. 10), although not always as completely as with
CE-MRA.

In one patient with tortuous pelvic vessels, some arti-
factual signal decrease was observed focally in the left
external iliac artery, likely due to the effect of the cau-
dally positioned tracking saturation RF pulse on superi-
orly directed arterial flow within the tortuous segment.
By reacquiring a QISS MRA slice group (1-min scan
time) using a tilted rather than axial orientation, the full
intravascular signal was recovered.

Two patients had atrial arrhythmias. Despite the irreg-
ular variation in the R-R interval, no image degradation
was observed in QISS MRA.

All of the 112 arterial segments deemed assessable by
CE-MRA in the four volunteers were assessable by QISS
MRA, while 225 out of 231 arterial segments considered
to be assessable by CE-MRA in patients with PVD were
assessable by QISS MRA. Four of the six arterial segments
unassessable by QISS MRA occurred in the right and left
common and external iliac arteries of a patient with bilat-
eral iliac stents. A remaining unassessable segment
occurred in the same patient near a surgical clip located
at the origin of a superficial femoral artery bypass graft,
while the final unassessable segment was observed in the
right common iliac artery of a separate volunteer.

FIG. 6. Comparison of right posterior oblique views of 2DTOF
MRA through the pelvis (left) (128 3mm-thick slices acquired in
approximately 7 min) and a two-station QISS MRA (right) (120

3mm-thick slices acquired in approximately 2 min). Vessel uni-
formity and branch detail are markedly better with QISS.

FIG. 7. Relationship of signal to
flow velocity for QISS (slice

thicknesses of 2mm to 6mm)
and 2DTOF (slice thickness

3mm) in a pulsatile flow phan-
tom. The flow phantom had a tri-
phasic waveform mimicking the

pattern of normal peripheral arte-
rial blood flow with a simulated

heart rate of 71 beats/min. Note
that the flow signal is approxi-
mately constant for QISS over

nearly the full range of tested
velocities, whereas the flow sig-

nal for 2DTOF drops precipi-
tously for velocities less than 30
cm/sec. This helps to explain the

observation in Fig. 6 that small
branches and distal vessels,
which have lower flow velocities

than the larger proximal arteries,
are not well shown with 2DTOF.
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Out of the 231 arterial segments viewed with CE-MRA
in patients, 116 were characterized as being normal. Of
the remaining 115 arterial segments 61, 27, and 27 arte-
rial segments were characterized as having arterial nar-
rowing of less than or equal to 50%, arterial narrowing
of greater than 50%, and complete occlusion, respec-
tively. By comparison, 66, 29, and 28 arterial segments
were deemed by QISS MRA as having less than or equal
to 50% luminal narrowing, greater than 50% luminal
narrowing, and complete occlusion, respectively. These
findings are summarized in Table 1.

Considering CE-MRA as the standard of reference ex-
amination, the sensitivity and specificity values of QISS
MRA for detecting arterial occlusion or narrowing greater
than 50% were 87.0% and 94.9%, respectively. For these
lesions, the positive predictive value and negative pre-
dictive value for QISS MRA were 83.9% and 96%,

respectively. Excluding the iliac segments in the patient
with bilateral iliac stents, sensitivity, specificity, positive
predictive value, and negative predictive values of QISS
MRA for arterial narrowing greater than 50% or occlu-
sion were 92.2%, 94.9%, 83.9%, and 97.7%, respec-
tively. There was excellent agreement between the
degree of stenosis scores obtained with QISS MRA and
CE-MRA (j ¼ 0.79).

DISCUSSION

QISS MRA is not a flow-independent technique like
some that have been previously described (14,15). For
instance, it is obviously sensitive to flow direction and
vascular signal is suppressed when there is no flow.
However, QISS is nonetheless robust to a wide range of
flow patterns and velocities, as was initially demon-
strated in a pulsatile flow phantom where maximal sig-
nal intensity was observed with peak velocities as low as
10 cm/sec. The robustness was confirmed in vivo with
the observation that intravascular signal did not appear

FIG. 8. QISS MRA (left) versus CE-MRA (right) in a patient with
vessel ectasia and mild multifocal disease. There is good corre-
spondence between the two imaging tests. On the full-thickness

MIP of the QISS MRA, a small focus of signal decrease was
observed in the proximal left superficial femoral artery but
appeared normal on thin-section MIPs (not shown).

FIG. 9. Patient with moderately severe multifocal disease. There
is overall good correspondence between QISS MRA (left) and CE-
MRA (right). With QISS, there is slight exaggeration of the extent

of a short-segment occlusion involving the proximal left superficial
femoral artery, but the grade of the lesion is not affected.
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to vary substantially between healthy arterial segments
and ones with severe disease (including collateral ves-
sels) where flow was particularly slow. The basis is that
unsaturated arterial spins translate only a short distance
(�3mm) to enter the slice where their signals are
acquired. The inflow of arterial spins occurs during the
QI, when no RF pulses are applied. This feature ensures
that flow saturation is minimal. Moreover, the QI is
timed to coincide with the period of rapid systolic arte-
rial inflow. The relatively long duration of the QI pro-
vides sufficient leeway that there was little if any need
to individually calibrate the sequence timing for each

subject. In contrast, with FBI it is essential to determine
the precise timing of peak arterial flow for each vessel
segment. With FBI, it may also be necessary to incorpo-
rate flow-spoiling gradients to improve sensitivity for
distal or diseased vessel segments where flow velocities
are reduced.

Only two of our patients had significant cardiac
arrhythmias, so it is not possible to make any generaliza-
tions. However, in these patients QISS MRA quality was
excellent and tissue signal was uniform across all slices
despite an irregular heart rhythm. The signal uniformity
derives from the application of a slice-selective satura-
tion RF pulse that resets the longitudinal magnetization
of all tissues within the slice to zero, irrespective of the
R-R interval. The longitudinal recovery of the back-
ground tissues is then determined by the value of QI,
which is constant. On the other hand, 2DTOF, FBI, and
related subtractive unenhanced MRA methods are intol-
erant of cardiac arrhythmias (which are common in the
elderly) since the background signal inevitably varies
with the R-R interval.

Several technical improvements were implemented
over the course of the study. For instance, we initially
tried a linear ramp RF catalyzation for the balanced
steady-state free precession readout and a standard (out-
to-center) partial Fourier acquisition. By replacing the
linear ramp with an a/2 RF catalyzation (16,17) and
using a center-out partial Fourier acquisition, the num-
ber of RF pulses interposed between the fat saturation
pulse and the center of k-space was minimized, thereby
improving the quality of fat suppression. It is notable
that excellent fat suppression was obtained without the
need for image subtraction or multiecho acquisitions,
which would have increased scan time or worsened the
sensitivity to motion or flow artifact. With better fat sup-
pression, branch vessels, collaterals, and distal vessels in
the calf were more clearly depicted. Given the reduced
number of RF pulses applied with parallel imaging and
partial Fourier, SAR was not a limiting factor despite the
use of a large flip angle and balanced SSFP readout.

One of the biggest challenges for unenhanced MRA
techniques is motion artifact in the pelvis. Although re-
spiratory motion in the pelvis is modest compared with
the abdomen, it is present to a variable extent in most
subjects. Both 2DTOF and unenhanced subtractive MRA
methods tend to be unreliable in the presence of respira-
tory or bowel motion. For subtractive methods, two data
sets are acquired sequentially over several minutes, so
that any motion produces misregistration artifacts.
Unfortunately, these three-dimensional methods do not

FIG. 10. Patient with bilateral superficial femoral artery occlusions.
Despite the severity of disease, QISS MRA (left) correlates well

with the CE-MRA (right), shows most of the collateral vessels, and
better shows the calf vessels than the CE study.

Table 1
Degree of Stenosis Scores for Arterial Segments

QISS MRA
CE-MRA

No stenosis �50% stenosis >50% stenosis Occlusion Total

No stenosis 100 2 0 0 102
�50% stenosis 12 50 4 0 66
>50% stenosis 4 5 18 2 29

Occlusion 0 1 2 25 28
Total 116 58 24 27 225
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allow data acquisition within a single breath-holding pe-
riod, nor is breath holding practical with more tradi-
tional 2DTOF MRA methods. QISS is less sensitive to
motion than these other techniques because it uses a
single-shot, nonsubtractive acquisition. Nonetheless, if
motion artifact is excessive, then breath holding is an
option so long as a reduced number of slices (e.g., 20)
are acquired at a time. Alternatively, navigator gating
techniques could be applied. Bowel peristalsis was
found to cause minimal if any artifact with QISS.
Although not a limitation in this study, given the use of
a balanced SSFP readout one can anticipate that off-reso-
nance artifacts might occur in patients who have exces-
sive amounts of air-filled bowel directly adjacent to
blood vessels.

Although we did not perform a rigorous comparison of
QISS MRA with 2DTOF and FBI in our patient cohort,
the consistency with which QISS MRA depicted all ves-
sel segments irrespective of disease severity suggests that
it may offer substantial clinical advantages compared
with these other techniques. Use of 2DTOF for the pe-
ripheral vasculature has fallen out of favor due to long
scan times and poor image quality. In the case of FBI,
motion sensitivity in the pelvis and inconsistency in
demonstrating vessel segments distal to severe stenotic
lesions represent major drawbacks relative to QISS. In
terms of spatial resolution, FBI is better than QISS in the
craniocaudal dimension but inferior in the anteroposte-
rior dimension. However, no definitive conclusions
about relative clinical utility can be inferred until direct
comparisons are conducted in patients with PVD.

There are several limitations of this study. First, digital
subtraction angiography, the nominal gold standard, was
not available for correlation in the pilot study. Second,
the patient data analysis was qualitative and we did not
quantify vessel diameters and stenosis length. Third, one
cannot assume that the imaging parameters found to be
optimal in this initial study will prove best for all sub-
jects. It is anticipated that some patients may have a
delayed onset or prolonged duration of systole, thereby
requiring adjustment of the time delay or QI. Moreover,
the field of view may need to be increased in patients
with a very large girth. Very tortuous arteries with supe-
riorly directed segments may show signal loss due to the
effect of the venous presaturation pulse. Potential solu-
tions include increasing the displacement of the venous
presaturation slab from the slice or tilting the slice.
Finally, it should be recognized that CE-MRA offers cer-
tain advantages compared with current unenhanced
methods, such as shorter scan time, the ability to acquire
time-resolved images that show flow dynamics, concur-
rent depiction of the renal arteries, and less artifact from
surgical clips and metallic implants. On the other hand,
one always has the option with unenhanced MRA tech-
niques to repeat all or part of the data acquisition in case
of technical difficulty or patient motion, an option that
is not afforded by CE-MRA. With QISS, one can repeat a
single slice in one second and an entire slice group in
only 1 min. Moreover, for patients with eGFR >30 mL/
min/1.73 m2, one can follow the unenhanced MRA with

a CE study if image quality for one or more segments is
determined to be unsatisfactory.

In conclusion, QISS MRA is a fast, easy-to-use method
for depicting the peripheral arteries. In a small group of
patients, this unenhanced technique accurately identi-
fied and characterized PVD. Moreover, image quality
was consistent irrespective of the disease severity or
location. Unlike unenhanced subtractive MRA methods,
one does not need to routinely tailor the imaging param-
eters for each patient. Although the initial clinical
results appear promising, a larger cohort will be required
to determine the clinical accuracy of the technique.
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