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To evaluate diagnostic performance of three nonen-
hanced methods: variable-refocusing—flip angle (FA) fast
spin-echo (SE)-based magnetic resonance (MR) angiog-
raphy (variable FA MR) and constant-refocusing-FA fast
SE-based MR angiography (constant-FA MR) and flow-
sensitive dephasing (FSD)-prepared steady-state free pre-
cession MR angiography (FSD MR) for calf arteries, with
dual-injection three-station contrast material-enhanced
MR angiography (gadolinium-enhanced MR) as reference.

This prospective study was institutional review board ap-
proved and HIPAA compliant, with informed consent.
Twenty-one patients (13 men, eight women; mean age, 62.6
years) underwent calf-station variable-FA MR, constant-FA
MR, and FSD MR at 1.5 T, with gadolinium-enhanced MR
as reference. Image quality and stenosis severity were as-
sessed in 13 segments per leg by two radiologists blinded to
clinical data. Combined constant-FA MR and FSD MR read-
ing was also performed. Methods were compared (logistic
regression for correlated data) for diagnostic accuracy.

Of 546 arterial segments, 148 (27.1%) had a hemodynam-
ically significant (= 50%) stenosis. Image quality was satis-
factory for all nonenhanced MR sequences. FSD MR was
significantly superior to both other sequences (P < .0001),
with 5-cm smaller field of view; 9.6% variable-FA MR, 9.6%
constant-FA MR, and 0% FSD MR segmental evaluations
had nondiagnostic image quality scores, mainly from high di-
astolic flow (variable-FA MR) and motion artifact (constant-
FA MR). Stenosis sensitivity and specificity were highest for
FSD MR (80.3% and 81.7%, respectively), compared with
those for constant-FA MR (72.3%, P = .086; and 81.8%, P
= .96) and variable-FA MR (75.9%, P = .54; and 75.6%, P =
.22). Combined constant-FA MR and FSD MR had superior
sensitivity (81.8%) and specificity (88.3%) compared with
constant-FA MR (P = .0076), variable-FA MR (P = .0044),
and FSD MR (P = .0013). All sequences had an excellent
negative predictive value (NPV): 93.2%, constant-FA MR;
94.7%, variable-FA MR; 91.7%, FSD MR; and 92.9%, com-
bined constant-FA MR and FSD MR.

At 1.5 T, all evaluated nonenhanced MR angiographic
methods demonstrated satisfactory image quality and ex-
cellent NPV for hemodynamically significant stenosis.

©RSNA, 2013

Supplemental material: http://radiology.rsna.org/lookup
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eripheral arterial disease (PAD)

affects approximately 8 million

patients in the United States,
with prevalence projected to increase
as the population ages (1). Evaluation
of the entire peripheral arterial tree
is essential for revascularization plan-
ning, with gadolinium-enhanced mag-
netic resonance (MR) angiography or
computed tomographic (CT) angiogra-
phy as widely used noninvasive tests
(2-5). CT angiography provides rapid,

Advances in Knowledge

B Variable-refocusing—flip angle
(FA) fast spin-echo (SE)-based
MR angiography (variable-FA
MR), constant-refocusing FA fast
SE-based MR angiography (con-
stant-FA MR), and flow-sensitive
dephasing (FSD)-prepared
steady-state free precession MR
angiography (FSD MR) have ex-
cellent negative predictive values
(NPVs) of 94.7% (593 of 626),
93.2% (643 of 690), and 91.7%
(630 of 687), respectively, for
hemodynamically significant
(=50%) stenosis.

B A combination of FSD MR and
constant-FA fast SE-based MR
has the highest sensitivity
(81.8%, 238 of 291) and speci-
ficity (88.3%, 695 of 787) for
hemodynamically significant
stenosis.

® Constant-FA MR angiography and
FSD MR angiography are com-
plementary; FSD MR angiog-
raphy is preferable in patients
with high flow states, such as
ulcers or inflammation, or
decreased flow, such as above-
knee disease; constant-FA MR
angiography allows a larger field
of view for screening purposes
where significant proximal
disease is excluded, as it relies
on good arterial inflow.

B Variable-FA fast SE-based MR
angiography is less accurate in
patients with elevated diastolic
arterial velocities, including
patients with foot ulceration.

high-spatial-resolution assessment,
attractive where MR imaging is con-
traindicated by claustrophobia or im-
plants (6). However, CT becomes less
reliable where heavy arterial calcifica-
tion is present (7) and places patients
with renal impairment at risk for con-
trast material-induced nephrotoxicity
(8), with renal impairment common in
PAD (9). Contrast material-enhanced
MR angiography is of concern in se-
vere renal insufficiency, because of the
risk of nephrogenic systemic fibrosis
(10,11). A relatively rapid, reliable MR
angiographic technique independent of
gadolinium-based contrast material is
desirable.

Two electrocardiographically trig-
gered three-dimensional nonenhanced
MR angiographic techniques have
been described for peripheral arteries
(12,13). With both techniques, arterial
systolic data sets are subtracted from
diastolic data sets, with arterial signal
maintained during diastole but de-
phased during systole (Fig 1). The fast
SE approach is commercially available
and relies on systolic spin dephasing
from fast arterial flow (13-16). Systolic
arterial flow dephasing is paramount for
accurate depiction of distal peripheral
vessels and can be adjusted by altering
the flip angle (FA) used to refocus trans-
verse spins, with smaller FAs imparting
greater sensitivity to slow flow (17). In-
corporation of variable-refocusing FAs
(18) (hereafter, variable FAs) increases

Implications for Patient Care

B The relatively short acquisition
time and high NPV of all
assessed nonenhanced tech-
niques supports their use as a
safe screening and diagnostic
tool, particularly in patients with
renal impairment who are at risk
for nephrogenic systemic fibrosis.

® FSD MR angiography or a combi-
nation of FSD MR angiography
and constant-FA MR angiography
can be used to provide robust
assessment of infragenual arte-
rial disease over a range of
disease states and arterial veloc-
ities at 1.5 T.

flow sensitivity over constant-refocusing
FAs (hereafter, constant FAs), such that
signal dephasing can be observed with
velocities of 5 cm/sec (19).
Alternatively, a balanced SSFP-
based technique employing FSD mag-
netization preparation to dephase in-
travoxel moving spins during systolic
acquisitions only, which is not yet com-
mercially available, has been proposed
(12). With this approach, the higher
the first-order moment of the applied
FSD gradient pulses (m,), the greater
the systolic flow sensitivity (12).
Although both techniques have
undergone preliminary human eval-
uation, their image quality and diag-
nostic accuracy have not been directly
compared. Clear calf artery depiction
is particularly important in diabetes
or critical limb ischemia (2,20) and is
dependent on time-resolved imaging
or careful timing to avoid venous con-
tamination with gadolinium-enhanced
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ABI = ankle-brachial index

FA = flip angle
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FSD = flow-sensitive dephasing
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PAD = peripheral arterial disease
PDV = peak diastolic velocity

PSV = peak systolic velocity

SE = spin echo

SSFP = steady-state free precession
TD = trigger delay
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Readout

Diastolic Acquisition

Trigger delay = Oms

Figure 1:

~~
TD Readout
Systolic Acquisition

Trigger delay (TD)
based on TD scout

Subtraction
(bright blood MRA)

Basic sequence diagram depicting the principle underlying both electrocardiographically gated fast spin-

echo (SE)-based MR angiography and flow-sensitive dephasing (FSD)-prepared steady state free precession (SSFP) MR
angiography. Three-dimensional volumetric acquisitions in arterial diastole and arterial systole are obtained consecu-
tively, with arterial signal intensity dephasing occurring during systole but not diastole. Subtraction of the systolic data
set from the diastolic data set cancels out venous signal and static tissue, leaving only high arterial signal intensity.
Scout phase-contrast imaging allows selection of the optimal systolic trigger delay (TD). A = artery, /= vein.

MR angiography (21). The purpose of
our study was to evaluate clinical per-
formance of variable-refocusing-FA
fast SE-based MR angiography (here-
after, variable-FA MR angiography) and
constant-refocusing-FA fast SE-based
MR angiography (hereafter, constant-
FA MR angiography) and FSD-prepared
SSFP MR angiography (hereafter, FSD
MR angiography) for calf arteries, with
gadolinium-enhanced MR angiography
as the reference standard.

Materials and Methods

One author (J.X.) is an employee of
Siemens Medical Solutions (New York,
NY), the manufacturer of the MR
system used in this study. The remain-
ing authors who are not employees of
Siemens Medical Solutions (New York,
NY) had control of inclusion of any data
and information that might present a
conflict of interest for this author. Two
authors (J.X. and V.S.L..) have a patent
pending on the variable-FA MR angio-
graphic sequence.

Patients

This prospective study was institu-
tional review board (NYU Langone

Medical Center, New York, NY) ap-
proved and Health Insurance Portabil-
ity and Accountability Act compliant.
After informed consent was obtained,
lower-extremity MR angiography was
performed in 21 consecutive patients
(mean age, 62.6 years; range, 34-83
years), including 13 men (mean age,
61.5 years; range, 35-82 years) and
eight women (mean age, 64.5 years;
range, 34-83 years). Clinical indica-
tions were as follows: claudication
(n = 8), rest pain (n = 1), foot ulcer-
ation (n = 8), suspected vascular mal-
formation (n = 3), and neurofibroma-
tosis (n = 1). Renal impairment and
cardiovascular risk factors (known
diabetes, hypertension, hyperlipidemia,
current smoking, non-PAD cardiovascular
disease, or family history of cardiovas-
cular disease) were recorded (Table 1).
Of 17 patients who had known PAD or
who were suspected of having PAD, an-
kle-brachial index (ABI) was available
in 16 patients, with a normal ABI (0.9-
1.3) of the index leg in seven patients,
and ABI of less than 0.9 in nine pa-
tients (mean, 0.57; range, 0.27-0.83).
Abnormal ABI patient indications were
rest pain (n = 1), nonhealing ulcer (n =
1), severe claudication at less than 200 m

Renal Impairment and Known
Cardiovascular Risk Factors in
21 Patients

Risk Factor No. of Patients*
Renal impairmentt 6 (29)
Diabetes 8(38)
Hypertension 13(62)
Hyperlipidemia 12 (57)
Current tobacco use 8(38)

Family history of 2(10)
cardiovascular disease
Other cardiovascular disease* 6 (29)

* Numbers in parentheses are percentages. Percentages
were rounded

* Renal impairment was considered when the creatinine
level was greater than 1.3 mg/dL (to convert to Systéme
International units in micromoles per liter, multiply by
88.4).

* Including coronary artery disease and ischemic
cerebrovascular disease.

(n=35), and mild and/or moderate clau-
dication (n = 2).

Imaging Protocol

Imaging was performed at 1.5 T (Avan-
to; Siemens Healthcare, Erlangen, Ger-
many) with a 16-element peripheral
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phased-array coil and additional coil
elements from the six-element body
matrix coil (anteriorly) and 24-element
spine matrix coil (posteriorly) automat-
ically selected by the MR system. Cen-
tral electrocardiographic triggering was
used, and heart rate and rhythm were
recorded. Variable-FA MR angiography,
constant-FA MR angiography, and FSD
MR angiography were performed in ran-
dom order before gadolinium-enhanced
MR angiography in 17 of 21 patients
(81%). Because of time constraints at
the time of examination in the remaining
subjects, nonenhanced MR angiographic
sequences were performed separately
after gadolinium-enhanced MR angiog-
raphy, without intervention or clinical
change between examinations (mean in-
terval, 38 days; range, 2-117 days).

Systolic TD for all nonenhanced MR
angiographic sequences was selected
with an axial midcalf two-dimensional
gradient-echo  phase-contrast scout
sequence (encoding velocity, 80 cm/
sec), with time to peak systolic veloc-
ity (PSV) chosen for systolic TD (Mean
Curve, Leonardo; Siemens Healthcare,
Erlangen, Germany). If systolic TDs
differed between legs, nonenhanced
MR angiographic sequences were re-
peated with these TDs at the expense
of time. A O-msec TD was used for
all nonenhanced MR angiographic di-
astolic acquisitions (Fig 1). For FSD
MR angiography, a midcalf scout two-
dimensional electrocardiographically
gated SSFP sequence, with acquisition
of images with increasing m, of 5-50
mT - msec?/m over 10 consecutive
measures, was performed (22). The
lowest m, at which complete arterial
signal dephasing occurred was se-
lected to minimize venous contamina-
tion, with repeat imaging if optimal m,
differed between legs.

For variable-FA MR angiography,
constant-FA MR angiography, and gad-
olinium-enhanced MR angiography, we
used a 450-mm field of view (FOV) from
tibial plateau to midfoot, with identical
craniocaudal coverage. For FSD MR
angiography, we used a 400-mm FOV
to minimize off-resonance banding
artifact, on the basis of prior experi-
ence (12). For all sequences, we used

parallel imaging with generalized auto-
calibrating partially parallel acquisition
and an acceleration factor of three (23).
True voxel size (1.4 X 1.4 X 1.9 mm?®)
and total acquisition time (mean, 171
seconds for both systolic and diastolic
acquisitions; range, 124-240 seconds)
were matched for all nonenhanced se-
quences. Calf gadolinium-enhanced
MR angiography was performed twice
with identical positioning. First, time-
resolved MR angiography with use of
time-resolved imaging with stochastic
trajectories (TWIST; Siemens Health-
care, Erlangen, Germany) was per-
formed; this method is a view-sharing
technique that employs a stochastic
spiral trajectory to undersample k-
space (21). Second, this technique was
followed by imaging at the third station
of a bolus-chase acquisition, with use
of 0.15 mmol per kilogram body weight
gadopentetate dimeglumine (Magnev-
ist; Berlex Laboratories, Wayne, NJ)
in total. Aortoiliac and femoral arteries
were imaged as the first and second
stations of the bolus-chase acquisition.
Sequence parameters are summarized
in Table 2. Figure E1 (online) shows de-
tails of the refocusing FA evolutions for
fast SE-based MR angiography.

Image Analysis

Nonenhanced MR angiographic images
were reviewed by two of four radiolo-
gists (A.A., S.K., PAH., D.CK., with
1, 4, 6, and 9 years of MR angiography
experience, respectively). Patients were
randomly partitioned into four groups,
and groups were randomly assigned to
one of four distinct reader pairs, each
consisting of one more experienced
(6-9 years) and one less experienced
(1-4 years) reader. Individual stenosis
and image quality assessment of each
anonymized nonenhanced MR angio-
graphic data set (variable-FA MR an-
giography, constant-FA MR angiogra-
phy, FSD MR angiography, combined
constant-FA and FSD MR angiography)
was performed by readers for their as-
signed patient groups in random order.
Each patient was therefore evaluated by
two independent readers with different
levels of experience, and each reader
evaluated approximately one-half of

the patients, permitting assessment of
interreader agreement while maintain-
ing reader effort at a reasonable level
to avoid compromising data quality.
Subtraction data sets were reviewed
in random order with an independent
workstation (Multimodality Workplace;
Siemens Healthcare, Erlangen, Germa-
ny). During a later session, individual
readers were presented with both con-
stant-FA MR angiographic images and
FSD MR angiographic images together,
to obtain a combined assessment (con-
stant-FA MR angiography and FSD MR
angiography) for each assigned patient.
Thirteen segments were evaluated
per leg: popliteal artery; tibioperoneal
trunk; proximal, middle, and distal an-
terior tibial arteries, posterior tibial
artery, and peroneal arteries; dorsalis
pedis; and lateral plantar artery. Ante-
rior tibial, posterior tibial, and peroneal
arteries were divided into thirds, and
arterial PSV and peak diastolic velocity
(PDV) were measured in the TD scout
sequence by a nonreader radiologist
(R.P.L., with 5 years of vascular MR
experience) with the same workstation
mentioned above. Segmental image
quality was assessed (score 0, unevalu-
able; score 1, poor; score 2, satisfactory;
score 3, good), as were motion artifact,
qualitative noise, and venous signal
(score 1, none; score 2, mild; score 3,
moderate; score 4, severe). Segmental
stenosis was graded as follows: grade O,
no stenosis; grade 1, less than 50% ste-
nosis; grade 2, one area of 50%-99%
stenosis; grade 3, more than one area of
50%-99% stenosis; grade 4, occluded.
Reference standard was a consensus
reading (all readers) of maximum inten-
sity projection and source subtraction
gadolinium-enhanced MR angiographic
data sets for all patients, including all
time-resolved MR angiographic phase
data sets, with individual readings sepa-
rated by at least 4 weeks. Conventional
angiographic images were obtained in
seven patients who subsequently under-
went percutaneous intervention with a
portable image intensifier (OEC 9900;
GE Healthcare, Waukesha, Wis), with-
out reported therapy or clinical change
between MR angiography and conven-
tional angiography (mean interval, 24
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Table 2

Parameters for Variable-FA MR Angiography, Constant-FA MR Angiography, FSD MR Angiography, and Gadolinium-enhanced

MR Angiography
Gadolinium-enhanced MR
Parameter Variable-FA MR Constant-FA MR FSD MR Time Resolved* Bolus Chase'

Repetition time (msec) 1R-Rinterval 1 R-Rinterval 1 R-R interval 3.1 3.1
Echo time (msec) 22 20 1.4 1.0 1.0
FA (degrees) Variable 120 70 25 25
Echo spacing (msec) 2.4 2.8 31 NA NA
Shots per section 2 2 2 NA NA
Echo train length (echoes) 51 51 . NA NA
No. of segments . . 50 NA NA
Data acquisition window (msec) 87 93 155 NA NA
Bandwidth (Hz/pixel) 1042 1042 965 450 450
True voxel size (mm®) 14%X14X%x19 14x14X%x19 14 x14X%X19 1.3xX1.0x 15 1.3xX1.0x 13
Acquisition time (sec)

Mean total imaging time 17 171 171 e ..

Time per measure* . . .. 17, full matrix; 5, partial matrix$ 18
No. of measures 2 2 2 10 2
Partial Fourier

Section 6/8 6/8 6/8 6/8 6/8

Phase 55% 55% e 6/8 6/8
Restore magnetization pulse On On On NA NA
Fat suppression No No Yes No No
Contrast agent (mmol/kg)" NA NA NA 0.04 0.11

Note.— Further information in regard to variable FA evolution is detailed in Figure E1 (online) and reference 17. NA = not applicable.

* Time-resolved imaging was performed with time-resolved imaging with stochastic trajectories.

T Time-resolved imaging was followed by bolus-chase MR angiography, and parameters are provided for the third (calf) station.
*Values are for the first measure of gadolinium-enhanced MR angiographic sequences performed before contrast material was administered.

S The time-resolved imaging with stochastic trajectories sampling factors were as follows: A = 10%, B = 25%, where A is center and Bis periphery.

' The contrast agent was gadopentetate dimeglumine.

days; range, 3-89 days). Conventional
angiographic images were retrospec-
tively interpreted by a vascular surgeon
(M.A.A.), with 19 years of percutane-
ous interventional experience, who was
blinded to the MR angiographic results.
Conventional angiographic findings were
not used as the reference standard in
this subset but were correlated with the
nonenhanced MR angiographic and the
reference standard readings. Source data
from patients with nondiagnostic im-
age quality for nonenhanced MR angio-
graphic images were reviewed by a non-
reader radiologist (R.P.L.) after reader
interpretations for causative factors.

Statistical Analysis

Only segments judged within the FOV
by readers were included for analysis.

Mixed-model analysis of variance was
used to compare pulse sequences for
image quality and artifact scores. An
“intent to diagnose” principle, whereby
segments scored as nonevaluable were
declared incorrect diagnoses, was used
to evaluate sensitivity, specificity, and ac-
curacy of nonenhanced MR angiographic
sequences for hemodynamically signifi-
cant (= 50%) stenosis in comparison
with reference results. Analysis was per-
formed for all patients and was followed
by a subanalysis excluding patients with
overall image quality scores of zero for
most segments in one or both legs.
Generalized estimating equations
that were based on a binary logistic re-
gression model were used to compare
sequences for diagnostic accuracy rel-
ative to the reference standard, while

adjusting for any systematic reader dif-
ferences (reader identity was included
in the model as a blocking factor) and
potential effects of subject-level factors
(covariates) that might influence accu-
racy. Covariates were as follows: age,
heart rate, rhythm (sinus or nonsinus),
presence of cardiovascular risk factors,
ejection fraction (available, n =11), pres-
ence of hemodynamically significant (=
50%) ipsilateral proximal above-knee
stenosis, foot ulceration, and midcalf
arterial PSV and PDV. Results were as-
sumed to be correlated within patients
and to be independent between pa-
tients. Interreader agreement was as-
sessed with multireader k coefficients.
All reported P values are two sided, and
significance was defined as a difference
with a P value of less than .05. Software
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(SAS 9.0; SAS Institute, Cary, NC) was
used for all computations.

With the reference standard, 148 of
546 (27.1%) segments had hemody-
namically significant (= 50%) steno-
sis. Segments were each evaluated by
two readers, for 1092 total evaluations.
Segments reported outside the FOV by
readers were not evaluated further: 10
of 1092 (0.9%) evaluations for constant-
FA MR angiography, 13 of 1092 (1.2%)
for variable-FA MR angiography, and 32
of 1092 (2.9%) for FSD MR angiography
(400-mm FOV).

Average heart rate was 66 beats
per minute (range, 46-89 beats per
minute), with sinus rhythm (n = 17),
atrial fibrillation (n = 3), and frequent
premature atrial contractions (n = 1).
Diabetes (eight of 21 patients, 38.1%)
and renal impairment (six of 21 pa-
tients, 28.6%) were relatively common.

Image Quality and Artifacts

Mean image quality scores were satis-
factory for all nonenhanced sequences
and were as follows: variable-FA MR
angiography, 2.1 * 1.0 (standard de-
viation); constant-FA MR angiography,
2.2 £ 0.9; FSD MR angiography, 2.4 *
0.7 (scale of 0-3) (Figs 2, 3). Constant-
FA MR angiographic image quality was
significantly superior to variable-FA MR
angiographic image quality, and FSD
MR angiographic image quality was sig-
nificantly superior to image quality for
both variable- and constant-FA MR se-
quences (P < .001). Presence of above-
knee significant stenosis negatively af-
fected constant-FA MR angiographic
image quality (2.1 vs 2.3, P < .001) and
positively affected variable-FA MR angi-
ography image quality (2.3 vs 2.0, P <
.001), without having an effect on FSD
MR angiographic image quality (2.4 for
absent and present proximal disease).
Nondiagnostic image quality scores
(score 0) were recorded for 104 of 1079
(9.6%) variable-FA MR angiographic
evaluations. One hundred one of 104
segments were attributable to six of 42
legs in four of 21 patients (19%), with
perceived motion artifacts observed

Figure 2

Figure 2:

Claudication of left leg in 80-year-old man, with ABI of 0.6 in left leg and of 0.8 in right leg. A,

Variable-FA (V/FA) fast SE MR angiographic image. B, Constant-FA (CFA) fast SE MR angiographic image. C,
FSD MR angiographic image. D, Time-resolved gadolinium (Ga)-enhanced MR angiographic image. Subtrac-
tion maximum intensity projection imaging depicts an occluded left popliteal artery with a medial collateral

vessel (arrow) supplying the left calf arteries.

bilaterally and perceived image noise
observed unilaterally in two patients
each. Review of source variable-FA MR
angiographic images scored as nondi-
agnostic demonstrated gross patency
and diastolic signal dephasing because
of high flow in four legs, attributed to
motion and/or image noise. Nondiag-
nostic image quality scores noted for
104 of 1082 (9.6%) constant-FA MR

angiographic evaluations were caused
by motion in two of 21 (10%) patients
(four of 21 legs). No FSD MR angio-
graphic evaluations were considered
nondiagnostic (0%, 0 of 1060).

Median motion artifact scores (scale
and range, scores 1-4) including non-
diagnostic segments were as follows:
variable-FA MR angiography, score 1;
constant-FA MR angiography, score 2;
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Figure 3

i\
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Figure 3:  Rest pain of left leg in 71-year-old man with severe stenosis of left common iliac artery (not
shown), with ABI of 0.5 in left leg and of 0.9 in right leg. A, Variable-FA (VFA) MR angiographic image. B,
Constant-FA (CFA) MR angiographic image. C, FSD MR angiographic image. D, Gadolinium (GD)-enhanced
MR angiographic image. A-D, Subtraction maximum intensity projection images depict disease involving the
anterior tibial arteries bilaterally (thin arrows, D). The dorsalis pedis arteries bilaterally were well depicted with
nonenhanced pulse sequences (arrowheads, A). A small-caliber midsegment of the distally occluded left pos-
terior tibial artery (thick arrow, D) is not well shown in any of the sequences (PSV in the middle posterior tibial
artery was 3.6 cm/sec). Minimal venous “contamination” is noted with FSD MR angiography, with the left
long saphenous vein visible (arrow, C). Pseudostenosis of the left anterior tibial artery proximally (arrowhead,
0 is also evident at FSD MR angiography, because of relative insensitivity to flow-dephasing gradient in the
left-right direction (gradient was applied craniocaudally).

and FSD MR angiography, score 1. Sub- and were as follows: variable-FA MR an-
jective mean noise scores were similar  giography, 1.8 * 0.9; constant-FA MR

angiography, 1.9 * 0.8; and FSD MR
angiography, 1.6 = 0.7. Minimal mean
venous signal was as follows: variable-FA
MR angiography, 1.1 £ 0.4; constant-FA
MR angiography, 1.1 = 0.4; and FSD
MR angiography, 1.2 = 0.5. FSD MR an-
giography had significantly better scores
for motion (P = .19) and noise (P = .13)
and slightly worse venous contamination
(P = .88) than the other sequences (P
< .0001, all comparisons). There was no
significant difference between variable-
FA MR angiography and constant-FA MR
angiography in regard to artifact scores.

Stenosis

Sensitivity and specificity for hemody-
namically significant stenosis were not
significantly different across the three
approaches (Table 3). FSD MR angi-
ography values were highest (sensi-
tivity, 80.3% [232 of 289]; specificity,
81.7% [630 of 771]), compared with
constant-FA MR angiography (sensitiv-
ity, 72.3% [214 of 296]; and specificity,
81.8% [643 of 786]) and variable-FA
MR angiography (sensitivity, 75.9%
[224 of 295]; and specificity, 75.6%
[593 of 784]). Sensitivity (81.8%, 238
of 291) and specificity (88.3%, 695 of
787) were highest for combined con-
stant-FA and FSD MR angiography, with
specificity significantly higher than that
of variable-FA MR angiography (P =
.004), constant-FA MR angiography (P
= .008), and FSD MR angiography (P =
.001). Variable-FA MR angiography had
the highest NPV (94.7%, 593 of 626),
which was higher than the NPV of FSD
MR angiography (91.7%, 630 of 687; P
= .03) and approached significance with
constant-FA MR angiography (93.2%,
643 of 690; P = .052). Positive predictive
value was low for all nonenhanced MR
angiographic sequences and was highest
for combined constant-FA and FSD MR
angiography (72.1%, 238 of 330).
When diagnostic-quality images
(image quality, score of >0) were an-
alyzed in 19 of 21 patients, constant-
FA MR angiographic sensitivity (84.1%,
190 of 226), specificity (84.4%, 635 of
752), NPV (94.6%, 635 of 671), and ac-
curacy (84.4%, 825 of 978) improved.
Variable-FA MR angiographic results
were similar; exclusion of four of 21
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Table 3

Sequence Statistics for Depiction of Hemodynamically Significant Stenosis

Combined Reading of Constant-FA

Variable-FA MR Constant-FA MR FSD MR and FSD MR Data Sets
Statistic Value (%) 95% Cl Value (%) 95% Cl Value (%) 95% Cl Value (%) 95% Cl
Sensitivity 75.9 (224/295) 63.5,82.5 72.3 (214/296) 54.0, 85.3 80.3 (232/289) 69.4, 88.0 81.8(238/291) 71.6,88.9
Specificity 75.6 (593/784) 65.9, 83.3 81.8 (643/786) 73.0,88.2 81.7 (630/771) 73.2,88.0 88.3 (695/787)* 81.4,92.9
PPV 58.0 (224/386) 44.9,70.1 62.9 (214/340) 52.6,72.2 62.2 (232/373) 489,739 72.1 (238/330)t 61.5,80.7
NPV 94.7 (593/626)* 91.0,97.0 93.2 (643/690) 87.6,96.4 91.7 (630/687) 84.5,95.7 92.9 (695/748) 87.9,96.0
Accuracy 75.7 (817/1079) 67.3,82.5 79.2 (857/1082) 70.1,86.1 81.3 (862/1060) 75.5, 86.0 86.5 (933/1078) 81.5,90.4

Note.— Numbers in parentheses are the number of evaluations performed and were used to calculate the percentages. Cl = confidence interval, NPV = negative predictive value, PPV = positive

predictive value.

* Significantly superior to variable-FA MR angiography (P = .004), constant-FA MR angiography (P = .008), and FSD MR angiography (P = .001).
1 Significantly superior to variable-FA MR angiography (P = .02), constant-FA MR angiography (P < .01), and FSD MR angiography (P < .001).

* Significantly superior to FSD MR angiography (P = .03).

patients with nondiagnostic image qual-
ity scores yielded sensitivity of 82.6%
(157 of 190), specificity of 81.6% (560
of 686), NPV of 94.6% (560 of 592),
and accuracy of 81.8% (717 of 876).
No significant difference in accuracy of
individual sequences was found in the
subanalysis.

The multireader k coefficient for
interreader agreement was substan-
tial for constant-FA MR angiography
(0.63), FSD MR angiography (0.74),
and combined constant-FA MR angiog-
raphy and FSD MR angiography (0.68),
with moderate interreader agreement
for variable-FA MR angiography (0.50).

Effect of Covariates on Stenosis
Assessment

Covariates are summarized in Table 4,
with those significantly affecting steno-
sis evaluation discussed here. The pres-
ence versus absence of cardiovascular
risk factors (Table 1) negatively affected
variable-FA MR angiography (72.9%, 600
of 823, vs 84.8%, 217 of 256; P = .03)
and constant-FA MR angiography accu-
racy (75.8%, 626 of 826, vs 90.2%, 231
of 256; P = .003). The presence versus
absence of above-knee hemodynamically
significant stenosis negatively affected
constant-FA MR angiography accuracy
(73.3%, 228 of 311, vs 87.5%, 629 of
719; P = .01). Slightly decreased variable-
FA MR angiography (P = .37) and FSD
MR angiography (P = .59) accuracy were
not significant.

There was lower accuracy for heart
rates of 63 beats per minute or less for
constant-FA MR angiography (75.6%,
428 of 5606, vs 83.1%, 429 of 516; P =
.03) and FSD MR angiography (76.6%,
422 of 551, vs 86.4%, 440 of 509; P =
.03). Of five patients with slower than
normal sinus rhythm (< 60 beats per
minute), two had atrial fibrillation and
one had frequent premature atrial con-
tractions. Midcalf PDV greater than 1.3
cm/sec (median value) was associated
with significantly lower variable-FA MR
angiographic accuracy, with 69.4% (68
of 98), versus 89.3% (100 of 112) for
PDV of 1.3 em/sec or less (P = .02) (Fig
4). In six of six legs where PDV was 5
cm/sec or greater, variable-FA MR an-
giography was unsuccessful, with poor
or nondiagnostic image quality. Lower
constant-FA MR angiography (P = .076)
and minimally lower FSD MR angiogra-
phy (P = .62) accuracy with higher PDV
was not significant.

Conventional Angiography Correlation

Single-leg intraoperative conventional
angiography was available in 77 seg-
ments in seven legs (Fig 4). Two seg-
ments (distal peroneal and plantar)
were excluded because of angiography
mistiming. In 33 of 75 segments (44%),
hemodynamically significant stenosis
was found at conventional angiography.
In 60 of 75 segments (80%), the ste-
nosis was concordant with findings at
gadolinium-enhanced MR angiography,

with disease overestimation in 11 of 75
segments (15%) and underestimation
in four of 75 segments (5.3%).

One hundred fifty segmental evalu-
ations were performed (75 segments,
two readers) per nonenhanced MR an-
giographic sequence. For variable-FA
MR angiography, 149 of 150 segmental
evaluations (99.3%) were considered
within the imaging FOV, with 59 of
149 (39.6%) considered unevaluable,
largely from perceived motion in three
legs. In 38 of 90 evaluations (64.4%),
findings were concordant with those of
conventional angiography for hemody-
namically significant stenosis, with un-
derestimation in six of 90 (6.7%) and
overestimation in 26 of 90 (28.9%) eval-
uations. For constant-FA MR angiogra-
phy, 148 of 150 segmental evaluations
(98.7%) were within the imaging FOV,
with 13 of 148 (8.8%) scored unevalu-
able. In 78 of 135 evaluations (57.8%),
findings were concordant with those at
conventional angiography, with under-
estimation in six of 135 (4.4%) and
overestimation in 51 of 135 (37.8%)
evaluations.

For FSD MR angiography, 144 of
150 evaluations (96.0%) were within
the imaging FOV, with no unevaluable
image quality scores. FSD MR angio-
graphic and conventional angiographic
findings were concordant in 103 of 144
evaluations (71.5%), with underestima-
tion in 10 of 144 (6.9%) and overestima-
tion in 31 of 144 (21.5%) evaluations.
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Table 4

Covariate Analysis: Accuracy Observed for Each Sequence When Results Are Stratified

according to Specific Attributes

Factor, Stratifier, and P Value

Variable-FA MR Accuracy

Constant-FA MR Accuracy FSD MR Accuracy

Age (y)

=67 77.4 (439/567)
>67 73.8 (378/512)
Pvalue 7

Heart rate (beats/min)
=63 72.9 (412/565)
>63 78.8 (405/514)
P value 42

Sinus rhythm
No 68.6 (140/204)
Yes 77.4 (677/875)
Pvalue .34

Cardiovascular risk factors
Absent 84.8 (217/256)*
Present 72.9 (600/823)*
Pvalue .03*

Ejection fraction (%)*
=60 78.0 (241/309)
>60 72.6 (223/307)
P value 31

Above-knee = 50% stenosis¥
Absent 82.0 (578/705)
Present 77.9 (239/307)
Pvalue .37

Ulcer
Absent 83.2 (555/667)*
Present 63.6 (262/412)*
Pvalue .005*

PDV (cm/sec)
=13 89.3 (100/112)*
>1.3 69.4 (68/98)*
Pvalue .02*

PSV (cm/sec)
=18 80.6 (87/108)
>18 79.4 (81/102)
Pvalue .27

79.4 (451/568) 83.0 (458/552)
79.0 (406/514) 79.5 (404/508)
31 12

75.6 (428/566)* 76.6 (422/551)*
83.1 (429/516)* 86.4 (440/509)*
.03 .03*

74.8 (151/202) 77.0 (154/200)
80.2 (706/880) 82.3 (708/860)
35 21

90.2 (231/256)* 85.8 (217/253)
75.8 (626/826)* 79.9 (645/807)
.003* 25

74.7 (230/308) 81.0 (248/306)
72.3 (224/310) 81.8 (247/302)
87 56

87.5 (629/719)* 82.0 (617/752)
73.3 (228/311)* 79.5 (245/308)
01 59

84.3 (565/670) 82.6 (545/660)
70.9 (292/412) 79.3 (317/400)
N 53

85.7 (96/112) 84.8 (95/112)
76.5 (75/98) 81.6 (80/98)
.08 62

73.1 (79/108) 79.6 (86/108)
90.2 (92/102) 87.3 (89/102)
35 23

Note.—For age, the mean was 62.6 years (range, 34—83 years); for heart rate, the mean was 66 beats per minute (range, 46-89
beats per minute); for ejection fraction, the mean was 59.6% (range, 50%—68%0; for PDV, the mean was 1.9 cm/sec (range,
0-14 cm/sec); and for PSV, the mean was 22.4 cm/sec (range, 1.7-146 cm/sec). For all other factors, these values wwere not
applicable. For numeric attributes, results were stratified according to whether or not the attribute was less than or equal to the
overall median value observed for that attribute. Accuracy data are percentages. Numbers in parentheses are numbers of
evaluations performed and were used to calculate the percentages.

*Values indicate a significant difference.
tn=11.

* Hemodynamically significant ipsilateral proximal (above-knee) stenosis.

Although several nonenhanced tech-
niques have previously been described
(12,14,15,24), they have not been

directly compared in patients. We eval-
uated two such techniques in a group
that included patients with known PAD,
diabetes, and foot ulceration. Both fast
SE-based (variable-FA MR angiography

and constant-FA MR angiography) and
FSD SSFP MR angiographic techniques
were each completed in less than 4 mi-
nutes for calf MR angiography. No sig-
nificant difference in diagnostic accuracy
for hemodynamically significant stenosis
was demonstrated between techniques.
However, since sample size was not pre-
mised on statistical power, this lack of
a significant difference may reflect inad-
equate statistical power. Therefore, in-
terpretation of relative accuracy of the
techniques should be guided by confi-
dence intervals provided in Table 3. All
techniques had excellent NPV, suggest-
ing potential for completely noninvasive
screening. They could be helpful in type
2 diabetes, where evaluation is chal-
lenging (25), and 71% sensitivity of ABI
sensitivity for PAD has been reported
(26), although addition of pulse volume
recordings and toe pressure measure-
ments can improve accuracy (25,27).

We identified several factors affect-
ing individual sequence performance.
Bulk motion was the most commonly
perceived problem for both fast SE
methods. High diastolic flow typically
associated with ulceration (28) was
most challenging for variable-FA MR
angiography because of diastolic arte-
rial signal dephasing leading to arterial
nonvisualization (17,19,29).

For constant-FA MR angiography,
although lower accuracy (73.1%, 79 of
108, vs 90.2%, 92 of 102) in patients
with PSV of 18 cm/sec or less was not
significant (P = .33), significantly lower
accuracy was observed with proximal
disease. This could be a result of in-
complete systolic signal dephasing and
cancellation of arterial signal on sub-
traction (29). Also, lower accuracy with
high diastolic flow approached signifi-
cance (P = .08). Our findings highlight
the delicacy of appropriate constant-FA
MR angiography refocusing-FA selec-
tion (17,19), which might benefit from
a scout sequence similar to the m, scout
sequence used for FSD MR angiography.
For both variable-FA MR angiography
and constant-FA MR angiography, accu-
racy was lower in patients with cardio-
vascular risk factors, perhaps from high-
er likelihood of arterial flow extremes.
Subanalysis excluding patients with
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Figure 4

Figure 4:

— LeftLeg
Right Leg

Time after R wave (ms)

Foot ulcer of left leg in 73-year-old man with diabetes mellitus, with ABI of 1.0 in left leg and of 1.3 in right leg. A, Variable-FA (VFA) MR angiographic

image. B, Constant-FA (CFA) MR angiographic image. C, FSD MR angiographic image. D, Time-resolved gadolinium (Gd)-enhanced MR angiographic image. A-D,
Subtraction maximum intensity projection images. £, Conventional angiographic (CA) image depicts correlation of findings at proximal and middle areas of calf. For
gadolinium-enhanced MR angiography, a fused image is provided; image of right leg was obtained at 64 seconds from commencement of time-resolved acquisition
and image of left leg was obtained at 35 seconds from commencement of time-resolved acquisition, because of the differential rate of contrast enhancement be-
tween legs. A hemodynamically significant stenosis in the proximal left posterior tibial artery demonstrated at gadolinium-enhanced MR angiography and conventional
angiography appears mildly overestimated at constant-FA MR angiography and underestimated at FSD MR angiography (arrow, B, 0). Arteries of left calf are poorly
visualized with variable-FA MR angiography (arrowheads, A) because of high diastolic arterial flow in left leg, as demonstrated in F. F, Phase-contrast velocity-time
graph of posterior tibial arteries at midcalf level, where diastolic arterial velocity of left leg is approximately 8 cm/sec.

nondiagnostic image quality improved
sensitivity and specificity of constant-FA
MR angiography and variable-FA MR
angiography.

FSD MR angiography, an SSFP-
based technique, demonstrated good
accuracy, was more robust to motion

because of background fat suppres-
sion, and was relatively unaffected by
extremes of arterial flow. Diastolic FSD
MR angiographic acquisitions depict
bright blood regardless of velocity, as
flow-sensitive dephasing preparation is
not applied during diastolic acquisition,

and SSFP readout is inherently flow
compensated (30). Systolic flow sensi-
tivity was estimated a priori with the m,
scout sequence and could be individu-
ally tailored and repeated for each leg at
the expense of time. However, maximal
craniocaudal coverage (400 mm) was
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50 mm less than that of FSE MR angi-
ography and gadolinium-enhanced MR
angiography because of B heterogeneity
concerns, with implications for coverage
in taller patients. FSD MR angiography
sensitivity to B heterogeneity could af-
fect its utility with vascular stents (31)
and with systems of greater than 1.5 T
and/or short, wide-bore systems (32).

Combining constant-FA MR angi-
ography and FSD MR angiography al-
lowed achievement of greatest accuracy.
With its robustness to arterial flow ex-
tremes, FSD MR angiography could be
performed as the first-line nonenhanced
calf MR angiographic technique at 1.5
T. Constant-FA MR angiography, with
larger FOV and excellent NPV, could
be supplementary for larger cover-
age or when B inhomogeneity causes
problems.

Limitations to our work include a rel-
atively small patient group. The reader
is advised to interpret results that are
not significant with caution, as type Il
error may account for such results. Few
patients had renal impairment; there-
fore, technique accuracy in patients with
moderate to severe renal impairment
who might receive greatest benefit was
not specifically studied. A consensus
interpretation of gadolinium-enhanced
MR angiography was the reference stan-
dard, with intraoperative catheter an-
giography only available in a subset. At
our institution, only patients in whom
intervention is planned undergo con-
ventional angiography. Further, use of a
portable image intensifier and common
femoral artery injections could decrease
its accuracy.

While reader review of source dia-
stolic images could have aided with un-
evaluable segments for fast SE-based MR
angiography (33), high background signal
limited arterial conspicuity on source
diastolic images. Time restrictions from
multiple sequence comparisons meant
full nonenhanced evaluation of the low-
er-extremity arteries from diaphragm
to feet was not performed. We chose to
target a particularly challenging region.
Finally, statistical testing was performed
without multiple comparison correction
for optimal statistical power. Therefore,
type | errors could potentially account

for reported significant results; results
should be verified with a repeat study.

Future work includes accelerating
nonenhanced MR angiography with
compressed sensing to exploit MR angio-
graphic sparsity and other refinements,
to address patient motion, and to tailor
imaging to each leg (34,33). For imple-
mentation as a true nonenhanced MR
angiographic protocol, complete three-
station evaluation is planned. Compar-
ison with another large-coverage non-
enhanced method, quiescent interval
single-shot (or QISS) nonenhanced MR
angiography, is warranted (24,36,37).

At 1.5 T, variable-FA and constant-
FA fast SE-based MR angiography and
FSD-prepared SSFP MR angiographic
techniques demonstrate satisfactory
image quality and excellent NPV for
below-knee hemodynamically significant
stenosis in a clinical population. They
are a valuable alternative to gadolinium-
enhanced MR angiography in patients
with renal impairment or where intra-
venous access is a problem. FSD MR
angiography is robust to arterial flow
variations and can be performed first
line at 1.5 T where exogenous contrast
agents are undesirable or contraindicat-
ed. Constant-FA MR angiography could
be complementary or could be a larger-
coverage alternative if significant proxi-
mal disease is excluded.
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