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 Purpose: To assess the diagnostic performance of quiescent-interval 
single-shot (QISS) magnetic resonance (MR) angiography, 
a nonenhanced two-dimensional electrocardiographically 
gated single-shot balanced steady-state free precession 
examination for the evaluation of symptomatic chronic 
lower limb ischemia.

 Materials and 

Methods: 

For this prospective institutional review board–approved, 
HIPAA-compliant study, the institutional review board 
waived the requirement for informed patient consent. The 
QISS nonenhanced MR angiography technique was evalu-
ated in a two-center trial involving 53 patients referred for 
lower extremity MR angiography for suspected or known 
chronic peripheral arterial disease (PAD), with contrast 
material–enhanced MR angiography serving as the non-
invasive reference standard. The accuracy of stenosis as-
sessments performed with the nonenhanced MR angiog-
raphy sequence was evaluated relative to the reference 
standard. Per-segment, per-region, and per-limb sensi-
tivities and specifi cities were calculated, and assessments 
were considered correct only if they were in exact agree-
ment with the reference standard–derived assessments. 
Generalized estimating equation (GEE) modeling with use 
of an unstructured binomial logit analysis was used to ac-
count for clustering of multiple measurements per case. 
The sensitivity and specifi city of QISS MR angiography for 
the determination of nonsignifi cant ( , 50%) versus signifi -
cant (50%–100%) stenosis were compared with the sensi-
tivity and specifi city of the reference standard.

 Results: The diagnostic performance of nonenhanced MR angiog-
raphy was found to be nearly equivalent to the diagnostic 
performances of contrast-enhanced MR angiography and 
digital subtraction angiography. Non-GEE segment-based 
analysis revealed that for the two reviewers, nonenhanced 
MR angiography had sensitivities of 89.7% (436 of 486 
segments) and 87.0% (423 of 486 segments) and specifi ci-
ties of 96.5% (994 of 1030 segments) and 94.6% (973 of 
1028 segments).

 Conclusion: QISS nonenhanced MR angiography offers an alterna-
tive to currently used imaging tests for symptomatic 
chronic lower limb ischemia, for which the administra-
tion of iodinated or gadolinium-based contrast agents is 
contraindicated.
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free precession acquisition sequence for 
the evaluation of symptomatic chronic 
lower limb ischemia. 

 Materials and Methods 

 In this prospective institutional review 
board–approved, Health Insurance Por-
tability and Accountability Act–compliant 
study, a waiver of the requirement for 
patient consent was approved by the 
institutional review board. The QISS non-
enhanced MR angiography technique 
( Fig 1  ) was evaluated in a two-center trial 
involving 53 patients who were referred 
for lower extremity MR angiography for 
suspected or known chronic PAD, with 
contrast-enhanced MR angiography as 
the noninvasive standard of reference. 
The accuracy of stenosis assessments 
performed by using the nonenhanced 
MR angiography sequence was evalu-
ated relative to the reference standard, 
contrast-enhanced MR angiography. As-
sessments were considered to be correct 
only when they were in exact agreement 
with the assessments made by using the 
reference standard. 

is the risk of nephrogenic systemic fi bro-
sis associated with the use of gadolinium-
based contrast agents in patients with 
impaired renal function. Concerns about 
nephrogenic systemic fi brosis in popula-
tions at increased risk for renal disease 
have dampened enthusiasm regarding 
contrast-enhanced MR angiography ( 8 ). 

 With nonenhanced MR angiography 
techniques, exposure to ionizing radia-
tion is avoided and the potential risks 
from contrast agent–induced nephropa-
thy and nephrogenic systemic fi brosis 
are eliminated. Although early time-of-
fl ight techniques for nonenhanced pe-
ripheral MR angiography are reason-
ably accurate ( 9 ), they have fallen into 
disuse because of long imaging times 
and poor image quality ( 10 ). The com-
bination of recent technical advances 
and concerns about the risks of nephro-
genic systemic fi brosis has prompted a 
resurgence of interest in nonenhanced 
MR angiography alternatives. Although 
newer techniques have emerged, they 
have been incompletely evaluated, with 
limited clinical assessment in symptom-
atic populations ( 11 ). Nonenhanced MR 
angiography performed by using an 
electrocardiographically gated fast spin-
echo sequence has been shown to en-
able accurate imaging of the calf and 
pedal arteries, but it requires opti-
mal selection of systolic trigger delays 
to avoid image artifacts and erroneous 
stenosis estimations ( 12 ). Quiescent-
interval single-shot (QISS) nonenhanced 
MR angiography does not require modi-
fi cation of the sequence based on the 
absence, presence, or severity of PAD. 
The purpose of our study was to assess 
the utility of QISS, a nonenhanced two-
dimensional electrocardiographically 
gated single-shot balanced steady-state 

              P
eripheral arterial disease (PAD) is 
a potentially debilitating manifes-
tation of systemic atherosclerosis 

and is associated with increased risks of 
myocardial infarction, stroke, and cardio-
vascular disease–related death ( 1,2 ). The 
accurate diagnosis of PAD is important 
for managing the disease and because 
it contributes to prognostic information 
regarding increased mortality risk. 

 Ankle brachial index measurement 
is a sensitive test for hemodynamically 
signifi cant PAD ( 3 ) and can be supple-
mented by Doppler ultrasonography (US). 
Additional imaging may be performed 
if revascularization is being considered, 
when the ankle brachial index results are 
indeterminate, or if the patient is unable 
to exercise after a rest study yields nega-
tive results. Imaging options include du-
plex US, computed tomographic (CT) 
angiography, contrast material–enhanced 
magnetic resonance (MR) angiography, 
and digital subtraction angiography (DSA). 

 The reported sensitivity of CT angiog-
raphy for the detection of greater than 
50% stenosis is on the order of 89%–
100%, with specifi city ranging from 92% 
to 100% ( 3,4 ). However, peripheral CT 
angiography exposes patients to partic-
ularly high doses of ionizing radiation, 
and given the prevalence of renal dys-
function in patients with PAD, there is 
also concern about the risk of contrast 
agent–induced nephropathy ( 5 ). 

 Contrast-enhanced MR angiography 
enables one to accurately evaluate PAD 
while largely avoiding the risks of ionizing 
radiation and contrast agent–induced 
nephropathy ( 6,7 ). A concern, however, 

 Implication for Patient Care 

 QISS MR angiography represents  n

an accurate alternative to contrast-
enhanced MR angiography for 
patients in whom abnormal renal 
function or hypersensitivity is a 
contraindication to the adminis-
tration of gadolinium-based con-
trast agents. 

 Advances in Knowledge 

 Nonenhanced MR angiography  n

performed by using the quiescent-
interval single-shot (QISS) 
sequence enables accurate evalu-
ation of the extent and severity 
of symptomatic chronic lower 
limb ischemia, with a typical 
imaging time of 6.4 minutes. 

 QISS MR angiography is insensi- n

tive to patient motion and pro-
vides consistent image quality in 
the pelvis. 

  Published online before print  
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 Abbreviations: 

 CI = confi dence interval 

 DSA = digital subtraction angiography 

 GEE = generalized estimating equation 

 GFR = glomerular fi ltration rate 

 PAD = peripheral arterial disease 

 QISS = quiescent-interval single shot 
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Multiple-element peripheral vascular coils 
and spine-array coils were used to re-
ceive the MR signal. Means of 6.11 
unique coil elements  6  2.85 (standard 
deviation) and 7.0 unique coil elements  6  
4.5 were positioned anterior and pos-
terior to the body, respectively, across 
the nine QISS stations. The coil element 
sizes varied between 196 and 576 cm 2 . 
A 16-channel peripheral vascular coil, a 
six-channel body-array coil, and a four-
channel fl ex coil were placed anterior 
to the subject. In addition, a 24-channel 
spine-array coil was placed posterior to 
the subject. 

 The contrast-enhanced MR angiog-
raphy protocol involved a dual-injection 
technique consisting of time-resolved 
contrast-enhanced MR angiography 
through the calf followed by stepping-
table MR angiography encompassing 
the remainder of the peripheral arte-
rial system ( 14 ). A time-resolved coro-
nal acquisition (time-resolved imaging 
with stochastic trajectories, or TWIST) 
was performed through the calf and 
proximal region of the foot by using mul-
tiphase time-resolved angiography with 
an interleaved stochastic trajectories 

saturation pulse to suppress background 
tissues and a quiescent infl ow period. 
The quiescent infl ow period overlaps 
with the period of rapid systolic fl ow, 
ensuring maximal infl ow of unsaturated 
spins into the section, even in the set-
ting of very slow fl ow. Imaging param-
eters are fi xed, regardless of the heart 
rate and other factors, without variation 
from patient to patient. The imaging pa-
rameters for nonenhanced MR angiog-
raphy, stepping-table bolus-chase MR 
angiography, and time-resolved MR an-
giography of the calf are cited in  Table 1  . 

 For the QISS nonenhanced MR an-
giography sequence, eight or nine groups 
of 48 sections were acquired to encom-
pass the peripheral arteries, from the 
level of the infrarenal aorta to the pedal 
arteries. Assuming a typical heart rate 
of 72 beats per minute (R-R interval, 
833 msec), the typical imaging time for 
nine stations at 48 sections per station 
was 6.4 minutes. The Avanto Magne-
tom MR imaging system was equipped 
with 32 radiofrequency receiver chan-
nels and a gradient system capable of a 
maximum gradient strength of 45 mT/m 
and a 200- m sec  rise time of 0–45 mT/m. 

 Patient inclusion criteria were re-
ferral with symptoms attributable to 
chronic lower limb ischemia and evalu-
ation with contrast-enhanced MR angiog-
raphy. Study exclusion criteria were 
renal impairment, as indicated by a glom-
erular fi ltration rate (GFR) lower than 
30 mL/min/1.73 m 2 , that precluded 
contrast-enhanced MR angiography, con-
traindications to MR imaging or other 
reasons for the inability to complete 
both the nonenhanced and the contrast-
enhanced MR angiography portions of 
the study, and previous arterial revas-
cularization including stent placement. 
Between March 2009 and March 2010, 
53 patients (37 men, 16 women; mean 
age, 66.1 years; age range, 24–87 years) 
who were referred for evaluation of 
chronic lower limb ischemia underwent 
nonenhanced and contrast-enhanced MR 
angiography examinations. The men had 
a mean age of 64.6 years (age range, 
24–87 years), and the women had a 
mean age of 69.8 years (age range, 47–
85 years). At presentation, 17 of these 
patients were found to have GFRs lower 
than 60 mL/min/1.73 m 2 . 

 A total of six patients met the ex-
clusion criteria: four patients who had 
chronic renal impairment, as indicated 
by a GFR lower than 30 mL/min/1.73 m 2 , 
that precluded contrast-enhanced MR 
angiography and two patients who were 
unable to complete nonenhanced and 
contrast-enhanced MR angiography be-
cause of pain at the time of imaging. 
No patients had an implanted stent or 
contraindications to MR imaging. Selec-
tive DSA was performed in 15 patients 
(290 arterial segments) during a thera-
peutic interventional procedure or when 
MR angiograms revealed pathologic con-
ditions that warranted further investiga-
tion before these procedures. 

 Imaging Protocols 

 Imaging was performed by using a 1.5-T 
MR unit (Magnetom Avanto; Siemens 
Healthcare, Erlangen, Germany). The 
nonenhanced MR angiography technique 
performed was QISS (13). In brief, this is 
a two-dimensional electrocardiographi-
cally gated single-shot balanced steady-
state free precession acquisition that 
involves the use of an initial in-plane 

 Figure 1 

  
  Figure 1:  Diagram of QISS pulse sequence. A two-dimensional single-shot 

balanced steady-state free precession  (bSSFP)  pulse sequence is used to 

image arterial spins within the section during diastole, when fl ow is slow or 

absent.  k 
y
   = phase-encoding line,  QI  = quiescent interval,   a /2  = one half the 

radiofrequency excitation fl ip angle.   
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reading MR angiograms, independently 
evaluated the nonenhanced and contrast-
enhanced MR angiograms while blinded 
to the patients’ medical histories and 
clinical fi ndings. The order of the im-
ages was randomized for the readings. 
The American College of Radiology 
grading system used in a previously re-
ported multiinstitutional trial of periph-
eral MR angiography ( 7 ) was used to 
evaluate the degree of vessel stenosis: 
Individual readers reviewed the sub-
tracted image data sets on maximal in-
tensity projection images, multiplanar 
reformatted reconstructions, and axial 
source images that were available for 
subjective assessment of stenosis de-
gree at an off-line workstation (Leon-
ardo; Siemens Healthcare). A score of 
0 indicated normal patency; a score of 
1, minimal—less than 50%—stenosis; 
a score of 2, one lesion with 50% or 
greater stenosis; a score of 3, more 
than one lesion with 50% or greater 
stenosis; and a score of 4, occlusion. In 
each patient, 31 anatomic segments of 
the lower extremity arteries were evalu-
ated and scored ( 16 ). 

 Failure to visualize at nonenhanced 
MR angiography a segment that was 
depicted at contrast-enhanced MR an-
giography (the reference standard) was 
considered an incorrect assessment with 
the sequence. Segments that were not 
included in the imaging fi eld of view at 
any sequence were excluded from analysis. 

 For all subjects, the diagnostic qual-
ity of images obtained at each of three 
imaging stations was graded by using a 
Likert scale (with grades of 0–4): Two 
radiologists (P.A.H., T.G.S.) indepen-
dently assigned the nonenhanced and 
contrast-enhanced MR angiograms a 
score of 0 for nondiagnostic image; 
1 for poor quality, with the observer not 
confi dent; 2 for fair quality, with the ob-
server marginally confi dent; 3 for good 
quality, with the observer confi dent; or 
4 for excellent quality, with the observer 
highly confi dent. An interventionalist 
(J.D.C.) who was blinded to the non-
enhanced and contrast-enhanced MR 
angiogram fi ndings and clinical histories 
read the MR angiograms fi rst and then 
correlated these with the DSA images, 
when they existed. The limited number 

lowed by a saline chaser. The total contrast 
agent dose typically was 0.2 mmol/kg. 

 In 15 patients (290 arterial segments), 
one leg was examined with selective 
DSA. With use of a standard angio-
graphic unit, selective DSA images were 
obtained from the thigh to the feet via 
a 5-F catheter positioned in the vessel 
of interest. Anteroposterior and lateral 
views were chosen, at the discretion of 
the interventionalist, to best depict the 
arteries and were obtained by using a 
fi eld of view of 28–38 cm. 

 Image Analysis 

 Two radiologists (P.A.H. and T.G.S.), 
each with at least 7 years experience 

acquisition ( 15 ) and an injection of 
5–8 mL of gadopentetate dimeglumine 
(Magnevist; Bayer, Berlin, Germany) or 
gadobenate dimeglumine (MultiHance; 
Bracco Imaging, Milan, Italy) at a rate 
of 2 mL/sec. For the stepping-table ac-
quisition, a 1–2-mL test bolus was used 
to determine the timing. Three stations 
were imaged before and after the con-
trast material was administered with 
use of a dual-phase infusion protocol 
that involved the infusion of 0.14 mmol 
of the contrast material per kilogram of 
body weight, initially at 1.5 mL/sec and 
then at 0.6 mL/sec. The gadopentetate 
dimeglumine or gadobenate dimeglumine 
was administered intravenously and fol-

 Table 1 

 Parameters for Electrocardiographically Triggered Nonenhanced QISS 

and Contrast-enhanced MR Angiography Sequences 

Parameter Nonenhanced QISS Contrast-enhanced Bolus Chase

Contrast-

enhanced 

Time resolved

Acquisition time 432 Cardiac cycles 15.5 sec in pelvic station, 17.9 

 and19.6 sec in thigh station

111 sec

Acquisition mode 2D 3D 3D

TR (msec) 3.0 2.9 3.1

TE (msec) 1.4 1.0 1.1

Excitation angle 

 (degrees)

90 25 25

Field of view (mm 3 ) * 400  3  260  3  3 328  3  500  3  146 in pelvic station, 

  328  3  500  3  168 in thigh station, 

344  3  500  3  125 in calf station

366  3  450  3  104

Matrix  †  400 (800)  3  260 (520) 227  3  384  3  64 (104) in pelvic 

  station, 227  3  384  3  74 (120) 

in thigh station, 282  3  512  3  

64 (104) in calf station

312  3  512  3  

 80 (86)

Spatial 

 resolution (mm 3 )  †  

1.0 (0.5)  3  1.0 (0.5) 

  3  3.0

1.4  3  1.3  3  2.3 (1.4) in pelvic 

  and thigh stations, 1.2  3  

1.0  3  1.9 (1.2) in calf station

1.2  3  0.9  3  

 1.4 (1.3)

Section partial Fourier 

 factor

… 6/8 6/8

Phase partial Fourier 

 factor

5/8 6/8 6/8

GRAPPA imaging 

 factor  ‡  

Two Two Three

Bandwidth (Hz/pixel) 658 444 444

Fat suppression Yes No No

Note.—Nine stations, at 48 sections per station, were imaged by using the QISS nonenhanced sequence. With the time-resolved 

sequence, imaging was performed in 14 temporal phases, with an acquired temporal resolution of 23.2 seconds, and with a 

reconstructed temporal resolution of 5.8 seconds. GRAPPA = generalized autocalibrating partially parallel acquisition, TE = echo 

time, TR = repetition time, 3D = three-dimensional, 2D = two-dimensional.

* Fields of view in the right-left  3  anterior-posterior  3  feet-head direction are cited.

 †  Values reconstructed after interpolation are in parentheses.
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ments were evaluated for stenosis degree 
and diagnostic image quality in each seg-
ment. For reader 1, 480 segments had 
50% or greater stenosis and 1084 seg-
ments had less than 50% stenosis at 
nonenhanced MR angiography, while 
501 segments had 50% or greater steno-
sis and 1033 had less than 50% steno-
sis at contrast-enhanced MR angiogra-
phy (reference standard). One hundred 
thirty-two segments depicted at nonen-
hanced MR angiography and 162 seg-
ments depicted at contrast-enhanced MR 
angiography were diagnostically nonread-
able for reader 1. For reader 2, 484 seg-
ments had 50% or greater stenosis and 
1073 had less than 50% stenosis at non-
enhanced MR angiography, while 502 
segments had 50% or greater stenosis 
and 1030 segments had less than 50% 
stenosis at contrast-enhanced MR an-
giography. One hundred thirty-nine seg-
ments depicted at nonenhanced MR 
angiography and 164 segments depicted 
at contrast-enhanced MR angiography 
segments were diagnostically nonread-
able for reader 2. The matched non-
enhanced and contrast-enhanced MR 
angiography–depicted segments on non-
readable images were excluded owing 
to stent artifacts. Values of the diagnos-
tic performance of nonenhanced MR 
angiography in the detection of lower 
extremity vascular stenosis are summa-
rized in  Table 2  . Clinical examples are 
shown in  Figures   2–6  . 

 Diagnostic Performance of Nonenhanced 

versus Contrast-enhanced MR 

Angiography 

 Segment-based analysis.—  In the pairwise 
comparison, nonenhanced and contrast-
enhanced MR angiography techniques 
yielded signifi cantly similar stenosis 
grades in all but four of 16 segments 
(external iliac, distal superfi cial femo-
ral, popliteal, and proximal peroneal 
arteries for reviewer 1; distal superfi -
cial femoral, proximal anterior tibial, 
proximal peroneal, and distal peroneal 
arteries for reader 2). Mean values of 
the diagnostic performance of nonen-
hanced MR angiography for the two 
reviewers without GEE modeling were 
89.7% (436 of 486 segments) and 87.0% 
(423 of 486 segments) sensitivity and 

at each level. This did not preclude the 
fact that if a stenosis was found at a 
particular level, the likelihood of another 
stenosis would be higher with the GEE 
model. The GEE was used for the seg-
ment- and region-based analyses only; 
the limb-based analysis was considered 
to be independent. On the basis of the 
stenosis scores for one of the review-
ers, QISS nonenhanced MR angiography 
and contrast-enhanced MR angiogra-
phy were compared on a segment basis 
in those patients with GFRs of 60 mL/
min/1.73 m 2  or lower ( n  = 17). In 15 
patients, the same comparison was 
performed between conventional DSA, 
which served as the reference standard, 
and both nonenhanced and contrast-
enhanced MR angiography. Performance 
indexes of sensitivity and specifi city 
were then compared between the pa-
tients with normal GFRs and those 
with low GFRs by using the  x  2  test. 
Corresponding 95% CIs were provided 
for each estimate. 

 Likert scores of diagnostic image qual-
ity were compared by using the paired 
 t  test and were reported as means  6  
standard deviations. For assessment of 
interobserver variability, the agreement 
between the readers regarding the steno-
sis severity determined with each MR 
angiography technique was evaluated 
by using Cohen  k  values. A  k  value of 
0.20 or lower implied poor agreement; 
values of 0.21–0.40, fair agreement; val-
ues of 0.41–0.60, moderate agreement; 
values of 0.61–0.80, substantial agree-
ment; and values of 0.81–1.00, almost 
perfect agreement ( 18 ).  P   ,  .05 was 
considered to indicate statistical signifi -
cance. All statistical analyses were per-
formed by using commercially available 
software (SPSS, version 18.0; SPSS, 
Chicago, Ill). 

 Results 

 Between March 2009 and March 2010, 
53 patients (37 men, 16 women; mean 
age, 66.1 years; age range, 24–87 years) 
met the inclusion criteria for study partici-
pation, having undergone nonenhanced 
and contrast-enhanced MR angiography 
during the same examination. A total 
of 106 limbs, 348 regions, and 1696 seg-

of patients who underwent DSA refl ected 
the patients who underwent revascu-
larization after contrast-enhanced MR 
angiography evaluation. 

 Statistical Analyses 

 The Wilcoxon signed rank test was used 
to assess the diagnostic performance of 
nonenhanced MR angiography, as com-
pared with contrast-enhanced MR an-
giography, for the detection of signifi -
cant ( � 50%) stenosis on a per-segment 
basis, per-region basis, and per-limb 
basis. For the per-region and per-limb 
analyses, the segment grades were av-
eraged for each region (aorta, pelvis, 
thigh, and calf) and each limb. For the 
contrast-enhanced MR angiography pro-
tocol in the calves for which both bolus-
chase and time-resolved MR angiography 
fi ndings were available, the higher grade—
indicating the more severe stenosis—
was considered the diagnostic grade and 
was used in the analysis. 

 The sensitivity and specifi city of 
QISS nonenhanced MR angiography, as 
compared with contrast-enhanced MR 
angiography (reference standard), for 
determination of nonsignifi cant ( , 50%) 
versus signifi cant (50%–100%) stenosis 
by each reviewer were calculated per 
segment, per region, and per limb on 
the basis of simple proportions. For the 
per-region and per-limb calculations, 
the highest grade—indicating the most 
severe stenosis—was identifi ed for the 
regions and limbs. The measures of 
sensitivity and specifi city that we used 
reflected the performance of nonen-
hanced MR angiography versus contrast-
enhanced MR angiography separately, 
while the resulting mean summary mea-
sure, standard deviation, and confi dence 
intervals (CIs) fully accounted for the 
correlations between adjacent stenoses 
per leg through generalized estimating 
equations (GEEs) with use of an unstruc-
tured binomial logit model ( 17 ). The 
sensitivity of nonenhanced or contrast-
enhanced MR angiography was defi ned 
as the probability of detecting a steno-
sis given that the patient has a stenosis 
at each arterial level, with the assump-
tion that nonenhanced MR angiogra-
phy and contrast-enhanced MR angiog-
raphy theoretically will perform equally 
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87.0%, 96.9%) and 87.4% (95% CI: 
80.8%, 94.0%). 

 Limb-based analysis.—  No signifi -
cant differences in diagnostic per-
formance were detected between the 
two techniques at limb-based analysis. 
Mean values of the diagnostic perfor-
mance of nonenhanced MR angiog-
raphy were 100% (84 of 84 limbs) 
sensitivity and 91% (20 of 22 limbs) 
specifi city. 

 Region-based analysis.—  Nonen-
hanced MR angiography and contrast-
enhanced MR angiography yielded 
similar stenosis grades in all but one 
region (calf for reviewer 1, no region 
for reviewer 2). The sensitivities of 
nonenhanced MR angiography for the 
two readers with GEE modeling were 
94.0% (95% CI: 89.4%, 98.6%) and 
89.4% (95% CI: 85.8%, 93.0%), and 
the specifi cities were 92.0% (95% CI: 

96.5% (994 of 1030 segments) and 
94.6% (973 of 1028 segments) specifi city. 
With GEE modeling, the patient-averaged 
population sensitivities of nonenhanced 
MR angiography for readers 1 and 2 
were 88.5% (95% CI: 84.8%, 92.1%) 
and 85.0% (95% CI: 80.7%, 89.4%), 
respectively, and the patient-averaged 
population specifi cities were 96.8% (95% 
CI: 95.5%, 98.1%) and 94.9% (95% CI: 
93.6%, 96.3%), respectively. 

 Table 2 

 Diagnostic Performance of QISS Nonenhanced vs Contrast-enhanced MR Angiography 

Parameter

Per Segment * Per Region * Per Limb  †  

Reviewer 1 Reviewer 2 Reviewer 1 Reviewer 2 Reviewer 1 Reviewer 2

Sensitivity (%) 88.5 (84.8, 92.1) 85.0 (80.7, 89.4) 94.0 (89.4, 98.6) 89.4 (85.8, 93.0) 100 (84/84) [95.7, 100] 100 (84/84) [95.7, 100]

Specifi city (%) 96.8 (95.5, 98.1) 94.9 (93.6, 96.3) 92.0 (87.0, 96.9) 87.4 (80.8, 94.0) 91 (20/22) [70.8, 98.8] 91 (20/22) [70.8, 98.8]

Note.—Data are values of the diagnostic performance of nonenhanced MR angiography, as compared with contrast-enhanced MR angiography, in the detection of signifi cant ( � 50%) stenosis.

* Per-segment and per-region analyses were performed with GEE modeling. Per-segment analysis was based on data from a total of 1516 segments. Per-region analysis was based on data from a 

total of 348 regions. Numbers in parentheses are 95% CIs.

 †  Per-limb analysis was based on data from a total of 106 limbs. Absolute numbers of limbs used to calculate the percentages are in parentheses, and 95% CIs are in brackets.

 Figure 2 

  
  Figure 2:  QISS nonenhanced (left), contrast-enhanced bolus-chase (middle), and time-resolved calf (right) MR angiograms 

show severe bilateral occlusive PAD below the knee. Although some horizontal artifacts are present on the QISS MR angiogram 

owing to atrial fi brillation and occasional electrocardiographic misgating, the image remains diagnostic.   
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vs 3.19  6  0.84) for reader 1 and in both 
the pelvis (3.44  6  0.69 vs 2.81  6  0.68) 
and the thigh (3.49  6  0.72 vs 3.27  6  
0.69) for reader 2. No signifi cant differ-
ences were identifi ed in other regions 
( Table 4  ). 

 Nonenhanced MR Angiography versus 

Conventional DSA 

 Selective catheter DSA was compared 
with QISS nonenhanced MR angiogra-
phy in 15 patients (279 segments). Pair-
wise comparison of the stenosis grades 
revealed signifi cant differences between 
the techniques in two of 16 segments—
in the profunda femoris and posterior 

patients with normal renal function and 
those with compromised renal function 
(86.0% vs 93.2%,  P  = .009) was observed 
for reader 1; however, comparison of 
the specifi cities revealed no signifi cant 
difference (95.0% vs 97.1%,  P  = .086). 
No signifi cant differences in sensitivity 
or specifi city were observed on a per-
region or per-limb basis ( P   .  .05 for all 
comparisons) ( Table 3 ). 

 Comparison of Likert Scores for 

Diagnostic Image Quality 

 The mean Likert score for contrast-
enhanced MR angiography was signifi -
cantly higher in the pelvis (3.58  6  0.69 

 Diagnostic Performance of Nonenhanced 

MR Angiography in Patients with 

Compromised Renal Function 

 On a per-segment basis, the values of the 
diagnostic performance of nonenhanced 
MR angiography in the 17 patients with 
GFRs of 60 mL/min/1.73 m 2  or lower 
for the two readers were sensitivities 
of 83.5% and 86.0% and specifi cities of 
92.3% and 95.0%, which were compa-
rable to the values in the patients with 
GFRs higher than 60 mL/min/1.73 m 2 : 
sensitivities of 89.3% and 93.2% and spec-
ifi cities of 95.6% and 97.1% ( Table 3  ). 
On a per-segment basis, a signifi cant 
difference in sensitivity between the 

 Figure 3 

  
  Figure 3:  QISS nonenhanced (left), contrast-enhanced bolus-chase (middle), and time-resolved (right) MR angiograms 

show occlusion of left posterior tibial artery in patient with a nonhealing leg ulcer. Moderate- to high-grade multifocal 

stenosis of the middle portion of the right posterior tibial artery also is shown.   
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96.6% specifi city. There was excellent 
interobserver agreement, with results 
that compared favorably with those of 
other nonenhanced MR angiography 
techniques ( 12 ). 

 The ankle brachial index usually is 
the test initially performed for hemo-
dynamically signifi cant PAD. However, 

ity compared with performance values 
for the combination of time-resolved 
and stepping-table bolus-chase contrast-
enhanced MR angiography. Nonenhanced 
MR angiography even had excellent di-
agnostic performance in a subgroup of 
patients when DSA was the reference 
standard, with 91.0% sensitivity and 

tibial arteries. Mean values of the di-
agnostic performance of nonenhanced 
MR angiography were 91.0% (91 of 100 
segments) sensitivity and 96.6% (173 
of 179 segments) specifi city ( Table 5  ). 

 DSA was compared with contrast-
enhanced MR angiography in the same 
15 patients (262 segments). Signifi cant 
differences were detected in three of 16 
segments—in the common iliac, profunda 
femoris, and proximal posterior tibial 
arteries. Mean values of the diagnostic 
performance of contrast-enhanced MR 
angiography were 89% (86 of 97 seg-
ments) sensitivity and 95.8% (158 of 
165 segments) specifi city ( Table 5 ). 

 Interreader Agreement 

 Almost perfect agreement between the 
two readers regarding stenosis scores 
was achieved, with Cohen  k  values of 
greater than 0.80 for all MR angiogra-
phy techniques ( k  = 0.92 for contrast-
enhanced bolus-chase MR angiography, 
 k  = 0.90 for nonenhanced MR angiog-
raphy,  k  = 0.94 for time-resolved an-
giography). 

 Discussion 

 Nonenhanced MR angiography per-
formed with QISS is a rapid nonenhanced 
MR angiography examination, which in-
volved a typical total imaging time of 6.4 
minutes in our study. This imaging time 
compares favorably with that in older 
time-of-fl ight approaches, which could 
require 1 hour or longer. The short ex-
amination time helps to ensure patient 
compliance, especially since patients 
with PAD often have associated medical 
symptoms, such as back pain and leg 
discomfort, that make it diffi cult to re-
main immobile in a supine position for 
an extended period. Moreover, unlike 
with some other nonenhanced MR an-
giography techniques, with QISS, there 
is no need to calibrate the sequence pa-
rameters according to the fl ow pattern 
or severity of disease, making this tech-
nique easier to use. 

 In our study, nonenhanced MR an-
giography demonstrated excellent di-
agnostic performance in the detection 
of substantial PAD, with 85.0%–89.7% 
sensitivity and 94.6%–96.8% specifi c-

 Figure 4 

  
  Figure 4:  QISS nonenhanced (left) and contrast-enhanced bolus-chase (right) MR angio-

grams in patient who presented with thigh- and buttock-related claudication show bilateral 

aortoiliac occlusive disease. QISS nonenhanced and contrast-enhanced bolus-chase 

MR angiography findings show excellent correlation. Signal dropout extending 

horizontally across the proximal left trifurcation vessels may have been 

caused by electrocardiographic misgating.   



290 radiology.rsna.org n Radiology: Volume 260: Number 1—July 2011

 VASCULAR AND INTERVENTIONAL RADIOLOGY:  Quiescent-Interval Single-Shot MR Angiography of Peripheral Artery Disease Hodnett et al

( 20,21 ). Despite these advantages and 
the better spatial resolution afforded 
by using CT angiography, others have 
found the diagnostic confi dence with CT 
angiography to be lower than that with 
DSA ( 22 ). The accuracy of DSA is di-
minished in diabetic patients because of 
the prevalence of calcifi ed plaque, which 
is particularly troublesome in the evalu-
ation of distal disease ( 23 ). Compared 
with CT angiography, contrast-enhanced 
MR angiography yields images with su-
perior vessel contrast and no disturbing 
overlay from bone or calcifi ed plaques. 
The rates of nondiagnostic and repeat 
CT angiography examinations increase 
with more advanced stages of disease 
( 24 ). However, one does not have the 
opportunity to repeat either CT angiog-
raphy or contrast-enhanced MR angiog-
raphy when technical diffi culties inter-
fere with the diagnostic quality. To the 
contrary, nonenhanced MR angiogra-
phy has the advantage that it can be 
repeated as needed. This was not done 
in the current study but would be ex-
pected to further improve the accuracy of 
the technique. Given that it only takes 
about 1 second to perform QISS MR 
angiography for any given section, re-
peating the nonenhanced MR angiogra-
phy acquisition for sections with poor 
image quality would not be burdensome 
to the patient and would be expected to 
improve accuracy. If the patient’s renal 
function permits, one can also supple-
ment the nonenhanced MR angiography 
examination with low-dose contrast-
enhanced MR angiography should it 
prove necessary for better evaluation of 
a particular vessel segment. 

 Given the high prevalence of renal 
dysfunction and arterial calcifi cation, QISS 
nonenhanced MR angiography might 
prove benefi cial for diabetic patients with 
PAD ( 25 ). Poorly compressible calcifi ed 
vessels may produce spurious results in 
diabetic and elderly patients, and inves-
tigators in ongoing studies are investi-
gating the role of QISS nonenhanced MR 
angiography in diabetic patients with 
symptomatic PAD ( 26 ). 

 Our study had several limitations. It 
was not possible to completely blind the 
readers as to whether the MR angiogra-
phy examination was contrast enhanced 

as well as the associated costs, has re-
sulted in a shift toward the use of contrast-
enhanced MR angiography and CT an-
giography. In the United States, DSA is 
largely reserved for use as an adjunc-
tive diagnostic procedure performed 
immediately before or during revascu-
larization ( 19 ). 

 Both CT angiography and contrast-
enhanced MR angiography enable ac-
curate assessment of PAD in most pa-
tients and help guide treatment planning 

because it does not enable accurate de-
lineation of the location or severity of 
individual lesions, Doppler US may be 
used for further lesion characterization. 
Additional imaging typically is required 
before the revascularization. While DSA 
traditionally has been favored owing 
to high spatial resolution and reliable 
depiction of arterial disease, the rate 
of complications associated with DSA 
(4%–9%), including hematoma, ana-
phylaxis, arterial injury, and renal failure, 

 Figure 5 

  
  Figure 5:  QISS nonenhanced (left) and contrast-enhanced bolus-chase (right) MR angio-

grams show occluded right and left superfi cial femoral arteries with collateral vessels.   
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addition, the section thickness has been 
decreased from 3.0 to 1.2 mm for the 
calf region, substantially improving the 
delineation of the trifurcation origins 

pelvic stations with a reduced number 
of sections per station. This allows the 
routine use of breath holding to elim-
inate respiratory motion artifacts. In 

or nonenhanced because distinguishing 
features such as contrast agent in the 
bladder could not be hidden. The effect 
of the imaging test on the patient’s clin-
ical management was not assessed. The 
number of subjects was relatively small, 
and only two centers participated in 
the trial. In clinical practice, DSA has 
been supplanted by contrast-enhanced 
MR angiography and CT angiography 
for the preoperative evaluation of PAD. 
Consequently, in our study, DSA was 
only available as a reference standard 
in a subgroup of subjects, primarily those 
who were scheduled to undergo interven-
tion. However, the combination of high-
spatial-resolution contrast-enhanced MR 
angiography and time-resolved imaging 
of the distal circulation, which was a ref-
erence standard in our study, has been 
shown to have accuracy comparable to 
that of DSA ( 27 ) and in some cases to 
enable more complete assessment. It is 
not known whether the severity of PAD 
in our study population was representa-
tive of the severity of disease in the gen-
eral population of patients with PAD; the 
accuracy of the described nonenhanced 
MR angiography technique might vary 
depending on whether one is examin-
ing a population with milder disease or 
a population with more severe disease. 
Although direct head-to-head compari-
sons with other nonenhanced MR an-
giography techniques were outside the 
scope of our study design, it forms the 
basis for ongoing and prospective stud-
ies. The QISS sequence is not intrinsi-
cally directional. The directionality is 
derived from the application of the infe-
rior tracking presaturation pulse. Thus, 
retrograde fl ow with retrograde fi lling 
of the proximal patent portion of an ar-
tery may not be routinely identifi ed. 

 Future research directions include 
additional QISS MR angiography ex-
aminations with no tracking satura-
tion pulse through the area of interest, 
which, in principle, may depict areas 
of retrograde fl ow. It should be noted 
that straight forward modifi cations of 
the QISS imaging protocol would be ex-
pected to improve the accuracy of the 
technique. For instance, since complet-
ing this study, we have altered the pro-
tocol to image the abdominal and upper 

 Table 3 

 Diagnostic Performance of Nonenhanced MR Angiography for Detection of Signifi cant 

Stenosis in Patients with Compromised vs Normal Renal Function 

Parameter

GFR  �  60 mL/min/1.73 m 2 GFR  .  60 mL/min/1.73 m 2 

Reviewer 1 Reviewer 2 Reviewer 1 Reviewer 2

Per segment

 Sensitivity 86.0 (203/236)

 [80.9, 90.1]

83.5 (197/236)

 [78.1, 87.9]

93.2 (233/250)

 [89.3, 95.9]

89.3 (226/253)

 [84.8, 92.8]

 Specifi city 95.0 (283/298)

 [91.8, 97.1]

92.3 (275/298)

 [88.6, 95.0]

97.1 (711/732)

 [95.6, 98.2]

95.6 (698/730)

 [93.8, 96.9]

Per region

 Sensitivity 94 (68/72)

 [86.3, 98.4]

89 (65/73)

 [79.5, 95.1]

97.2 (103/106)

 [91.9, 99.4]

92.4 (97/105)

 [85.5, 96.6]

 Specifi city 96 (45/47)

 [85.4, 99.4]

91 (42/46)

 [79.2, 97.5]

93.6 (117/125)

 [87.7, 97.2]

89.7 (113/126)

 [83.0, 94.3]

Per limb

 Sensitivity 100 (32/32)

 [91.0, 100]

100 (32/32)

 [91.0, 100]

100 (52/52)

 [94.4, 100]

100 (52/52)

 [94.4, 100]

 Specifi city 100 (2/2)

 [22.3, 100]

100 (2/2)

 [22.3, 100]

90.0 (18/20)

 [68.3, 98.7]

90.0 (18/20)

 [68.3, 98.7]

Note.—All data are percentages, with numbers used to calculate the percentages in parentheses and 95% CIs in brackets. 

Values were derived from a comparison of the diagnostic performance of nonenhanced MR angiography in the detection of 

signifi cant ( � 50%) stenosis between patients with compromised renal function (GFR  �  60 mL/min/1.73 m 2 ) and patients with 

normal renal function (GFR  .  60 mL/min/1.73 m 2 ).

 Table 4 

 Comparison of Likert Scores for Diagnostic Image Quality 

MR Angiography 

Sequence

Pelvis Thigh Calf

Reviewer 1 Reviewer 2 Reviewer 1 Reviewer 2 Reviewer 1 Reviewer 2

Nonenhanced 3.19  6  0.84 2.81  6  0.68 3.46  6  0.69 3.27  6  0.69 3.33  6  0.70 3.20  6  0.70

Contrast enhanced 3.58  6  0.69 3.44  6  0.69 3.47  6  0.72 3.49  6  0.72 3.34  6  1.04 3.33  6  0.76

 P  value .005  , .001 .99 .029 .566 .087

Note.—Data are mean Likert scores  6  standard deviations, compared between contrast-enhanced MR angiography and 

nonenhanced MR angiography in the pelvis, thigh, and calf regions.  P  values were derived by using the paired  t  test.

 Table 5 

 Comparison of DSA and MR Angiography Techniques 

Parameter DSA vs QISS MR Angiography DSA vs Contrast-enhanced MR Angiography

Sensitivity 91.0 (91/100) [83.6, 95.8] 89 (86/97) [80.6, 94.2]

Specifi city 96.6 (173/179) [92.8, 98.7] 95.8 (158/165) [91.4, 98.2]

Note.—All data are percentages, with numbers used to calculate the percentages in parentheses and 95% CIs in brackets. 

Values were derived from comparisons of the diagnostic performance of DSA and various MR angiography techniques for the 

detection of signifi cant ( � 50%) stenosis.
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 Figure 6 

  
  Figure 6:  QISS nonenhanced (left) and contrast-enhanced bolus-chase (right) MR angio-

grams in patient who presented with left calf pain and had abnormal ankle brachial index 

show moderate multifocal stenoses of the left peroneal artery, with excellent correlation 

between QISS nonenhanced and contrast-enhanced bolus-chase MR angiography 

fi ndings. Occluded right posterior tibial artery is also demonstrated.   

and branch vessels. In conclusion, QISS 
nonenhanced MR angiography offers an 
alternative to currently used imaging 
tests for symptomatic chronic lower limb 
ischemia, in which the administration 
of iodinated or gadolinium-based con-
trast agents is contraindicated. 
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