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There is a pressing clinical need to develop accurate, efficient non-contrast magnetic resonance
angiography (NC-MRA) techniques. Our efforts in the field have focused on a novel non-
subtractive technique called quiescent-interval slice-selective (QISS) MRA. Compared with
other NC-MRA techniques, QISS has the advantage of being more accurate while enabling a
simpler and more efficient workflow. The original implementation, which uses electrocar-
diogram (ECG) gating and a Cartesian k-space trajectory, is a reliable technique for the eval-
uation of peripheral arterial disease (PAD). Recent advances in QISS technology include the use
of a radial k-space trajectory, which facilitates rapid imaging of the coronary, renal, and pul-
monary arteries as well as other vascular beds, and ungated (“UnQISS”) acquisitions for PAD.

© 2017 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.

Introduction

Peripheral arterial disease (PAD) is a potentially debili-
tating manifestation of systemic atherosclerosis affecting
more than 200 million people worldwide."” Over the last
decade, the incidence of PAD has risen globally by approxi-
mately 13% in high-income countries and 29% in low-income
countries.® Patients with PAD have a 10-year risk of death of
40%, a threefold higher risk of all-cause death, and sixfold
higher risk of cardiovascular-related death than patients
without PAD.* It is associated with an increased risk of
myocardial infarction, stroke, and cardiovascular-related
mortality."” Diabetes and smoking are the strongest risk
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factors for PAD. Accurate diagnosis is essential for managing
the disease and confers useful prognostic information.

The availability of accurate non-invasive imaging tests
has decreased the need for preoperative digital subtraction
angiography (DSA) in the evaluation of PAD. The ankle
brachial index (ABI) is an excellent screening test for hae-
modynamically significant PAD and can be performed in
conjunction with Doppler waveform analysis and
segmental pressure measurement to increase accuracy’;
however, its sensitivity is low in elderly patients and those
with diabetes.® Computed tomography angiography (CTA)
offers high spatial resolution and short scan times without
the risks associated with DSA, and is generally accurate for
PAD.”® CTA is often acquired to provide a vascular roadmap
prior to percutaneous interventional procedures; however,
the clinical utility of CTA is diminished by the presence of
vessel wall calcifications, associated with diabetes, heart
disease, and advanced age, which cause blooming artefacts
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that obscure the vessel lumen.? CTA has the further disad-
vantages of exposing patients to ionising radiation and the
risk of contrast-induced nephropathy (CIN), which is of
particular concern because nearly 40% of patients with PAD
have significant renal dysfunction.'” Contrast-enhanced
magnetic resonance angiography (CEMRA) has also been
shown to be highly accurate for the detection of stenoses
>50% within the lower extremity arterial tree.'' "> Unfor-
tunately, the administration of gadolinium-based contrast
agents in patients with severely impaired renal function is
contraindicated due to the risk of nephrogenic systemic
fibrosis (NSF)."* Moreover, there is growing concern about
the accumulation of gadolinium chelates within the brain,
the long-term consequences of which are unknown.'® This
concern is exacerbated by the use of relatively high gado-
linium doses for peripheral CEMRA, as well as by the po-
tential cumulative impact when these patients have
multiple CEMRA examinations during their lifetime. The
use of contrast agents also increases study cost and neces-
sitates inconvenient point-of-service renal function testing.
Given these safety concerns, along with the potential cost
savings involved in eliminating the need to administer a
contrast agent, there is a pressing need to develop efficient
non-contrast (NC)-MRA techniques that can match the ac-
curacy of CEMRA.

Existing technology for NC-MRA

Techniques for NC-MRA include electrocardiographic
(ECG)-gated subtractive three-dimensional (3D) fast spin-

ECG Signal

echo (FSE) imaging such as fresh blood imaging (FBI)'®
and NATIVE SPACE (NATIVE = Non-contrast Angiography
of the Arteries and Veins; SPACE = Sampling Perfection with
Application Optimised Contrast by using different flip angle
Evolution), as well as variants predicated on 3D steady-state
free precession (bSSFP), such as flow-sensitive dephasing.'”
The use of image subtraction in conjunction with a time-
consuming 3D acquisition makes all these techniques
highly sensitive to misregistration artefact from patient
motion, which is common in elderly patients who often
suffer from back pain or restless legs. The problem of
misregistration is particularly severe in the abdominal and
pelvic regions due to breathing and bowel peristalsis. Along
with the problem of misregistration, these techniques may
exaggerate the severity of disease whenever the flow-
sensitising gradient or the timing of the acquisition with
respect to the arterial pulse wave is suboptimal. In one
report using an FBI-based approach, nearly 50% of studies
were non-diagnostic due to artefacts.’® Although these
techniques remain promising and are under active devel-
opment, none has yet proved reliable for whole-leg studies
in routine clinical usage, and there is a paucity of clinical
validation through multicentre trials.

Quiescent-interval slice-selective (QISS) MRA

Over the last several years, our efforts in the field of NC-
MRA have focused on a novel non-subtractive technique
called QISS MRA (Fig 1).!” Compared with subtractive ap-
proaches such as FBI and NATIVE SPACE, QISS has several
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Figure 1 QISS technique. Pulse sequence diagram for QISS MRA as configured for imaging of the peripheral arteries (left). In-plane saturation
and tracking venous saturation radiofrequency (RF) pulses are applied approximately 100 ms after the R-wave to suppress non-arterial back-
ground signals. Following a preset quiescent interval (QI, ~200—300 ms), a fat-saturation RF pulse is applied to suppress the appearance of fat
within the slice, followed by an ¢/2 preparation and a bSSFP readout (~300 ms) with a flip angle of o (~90°). One slice is acquired per RR
interval. In this example, 432 contiguous 3-mm thick slices were acquired as nine groups of 48 slices, with each group centred at the magnet
isocentre to minimise off-resonance artefacts (middle). The images can be composed into projection angiograms (right).
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Figure 2 An 88-year-old man with claudication, type 2 diabetes, and
cardiac arrhythmia. Left: CTA; right QISS MRA. The CTA was non-
diagnostic due to the presence of extensive vascular calcifications;
however, QISS MRA was completely unaffected by the vascular cal-
cifications and demonstrated the patency of proximal vessels and
occlusions of calf vessels.

advantages.’’ The use of a single-shot acquisition with a
very short (200—300 msec) period of data collection for
each slice helps to minimise the sensitivity to patient mo-
tion compared with lengthier subtractive 3D NC-MRA
techniques, where any motion during the several-minute
scan may cause artefacts. Breath-holding (not practical
with a subtractive 3D acquisition) can be used with QISS in
the upper pelvis and abdomen to avoid respiratory artefact.
Perhaps the greatest advantage is that QISS, by design, is a
“push-button” technique with no need to acquire scout
images, timing scans, or to make patient-specific adjust-
ments to the imaging parameters. As a consequence, it is
easy and efficient for the technologist to set up and run.

QISS has proven to be highly accurate in multiple clinical
trials at both 1.5 and 3 T.>'"?’ Consequently, QISS has
become a useful alternative to CEMRA and CTA, particularly
in patients who have impaired renal function. In diabetic
patients, QISS avoids image artefacts seen with CTA from
small vessel calcifications (Fig 2).?® If desired, peripheral
vascular calcifications that are unapparent with QISS MRA
can be accurately visualised through the acquisition of a
separate proton density-weighted, in-phase stack of stars
pulse sequence.

Ungated QISS (UnQISS)

Compared with CTA and CEMRA, one of the potential
drawbacks of QISS is its dependence on cardiac gating.
Although not a concern in the majority of patients, some
individuals with PAD suffer from arrhythmias that may
cause artefacts on the QISS MRA. Another concern is mag-
netohydrodynamic interference at 3 T, which occasionally
makes it difficult to obtain a reliable ECG tracing. In this
subgroup of patients, none of the existing NC-MRA tech-
niques, including FBI, flow-sensitive dephasing, QISS, or
even ECG-triggered time-of-flight MRA are expected to
provide diagnostic results. We therefore developed a QISS
variant, which we call “UnQISS” (Figs 3 and 4), that elimi-
nates the need for ECG gating.*° Without ECG or pulse
gating, data are acquired at random phases of the cardiac
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Figure 3 Timing diagrams illustrating the differences between ECG-gated QISS MRA and UnQISS MRA. Compared with ECG-gated QISS MRA,
UnQISS MRA is not synchronised to the cardiac cycle, uses frequency offset corrected inversion (FOCI) RF pulses instead of saturation pulses to
suppress in-plane tissue and venous signals, much lengthier QI, and radial FISS readouts instead of Cartesian bSSFP readouts. Because FISS

naturally suppresses fat signal, no fat-saturation pulses are needed.
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Figure 4 Patient with multi-focal PAD. Left: ECG-gated QISS. Right:
UnQISS using a radial k-space trajectory. Occlusions of the right
external iliac and superficial femoral arteries and collaterals are
comparably shown by UnQISS and QISS, as is the occlusion of the left
anterior tibial artery.

cycle. For some slices, data are acquired during periods of
slow diastolic flow whereas for other slices, data are ac-
quired during periods of rapid systolic flow. Unfortunately,
the bSSFP readout is prone to severe artefacts when data are
acquired during rapid flow.>! In order to overcome this
limitation, recent implementations of UnQISS read out the
MR signal using a novel variant on bSSFP called “fast
interrupted steady-state” (FISS).>> FISS is a recently
described technique in which the bSSFP readout is inter-
rupted and spoiled at frequent intervals and data are ac-
quired using a radial instead of a Cartesian readout. Scan
time for UnQISS is about twice that for QISS, due to the need
for a much longer inflow time (>1 second for UnQISS versus
<300 ms for QISS), which prolongs the sequence repetition
time (TR). Because of the long inflow time, a tracking
inversion RF pulse is used instead of a tracking saturation RF
pulse to better suppress signal from venous spins. The
UnQISS technique can also be used to produce high-quality
peripheral venogrames. In this case, the tracking inversion is
placed above the slice to suppress inflowing arterial spins,
instead of below the slice.

Susceptibility artefacts

QISS uses a bSSFP pulse sequence to read out the data
because of its high efficiency, signal-to-noise ratio (SNR),
and intrinsic flow compensation; however, the bSSFP
readout can result in severe magnetic susceptibility-related
artefacts in patients with hip replacements, much worse
than those seen with CEMRA. These artefacts can be greatly
reduced by the use of a fast low angle shot (FLASH) readout
instead of bSSFP, at the expense of lower SNR and greater
flow saturation (Fig 5).

Second-generation QISS techniques

The original QISS technique used a Cartesian k-space
trajectory; however, for clinical applications of QISS outside
of the peripheral vasculature, the use of a radial k-space
trajectory offers major benefits. Radial QISS has the ad-
vantages of greatly reduced motion sensitivity,”> more
flexible control over temporal and spatial resolution, and
support for higher undersampling factors compared with a
standard Cartesian implementation. Using a Cartesian tra-
jectory, scan time is reduced by decreasing the number of
phase-encodes, which results in an undesirable decrease in
spatial resolution. Alternatively, one can image faster by
using parallel imaging techniques>*; however, high parallel
acceleration factors cause an unacceptable increase in im-
age noise due to spatially-dependent “geometry factor”
effects. Unlike a Cartesian acquisition, spatial resolution is
not degraded with a radial acquisition as the number of
views is decreased so long as radial streak artefacts can be
adequately suppressed. With radial QISS, streak artefacts
are minimised by the suppression of background signal
intensity, which is achieved through the combination of fat
saturation and in-plane spatial saturation. Streak artefacts
are further suppressed by sampling k-space using equidis-
tant azimuthal view angles. With these modifications, radial
QISS allows the use of higher scan accelerations than is
practical with a Cartesian acquisition.

Radial QISS can be used to image the coronary arteries,
where it provides a breath-hold alternative to lengthier free-
breathing, navigator-gated 3D techniques.’® For coronary
imaging, radial QISS is typically acquired with two or three
shots to keep temporal resolution to about 150 ms or less;
this is usually sufficient to minimise artefacts from coronary
motion so long as data are collected during mid to end
diastole (Fig 6). Although still in the early stages of devel-
opment, potential clinical applications include localisation
of the vessel origins in patients with suspected coronary
anomalies and the evaluation of coronary artery disease.

In situations where very high temporal resolution is not
required, such as for imaging of the renal, mesenteric or
pulmonary arteries, a single-shot radial QISS acquisition
allows for efficient breath-hold coverage of a vascular ter-
ritory with high SNR and arterial-to-background contrast
(Fig 7).

Pulmonary embolism is a potentially lethal condition
that is usually evaluated by CTA.?” Alternatively, a contrast-
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Figure 5 Healthy volunteer imaged at 3 T using QISS bSSFP (left) and QISS FLASH (right) protocols. The subject had a metal fixation rod in the right
femur relating to a prior fracture. QISS FLASH shows much better image quality in the region of the metal rod. The right superficial femoral artery, which
is completely obscured by magnetic susceptibility-related artefact (arrows) in the QISS bSSFP images, is well depicted in the QISS FLASH image.

Figure 6 Examples of thin maximum intensity projections reconstructed from single breath-hold, two-shot radial QISS MRA of the coronary
arteries in a healthy subject. LM, left main artery; LAD, left anterior descending artery; D1, first diagonal branch; D2, second diagonal branch;
LCx, left circumflex artery; OM, obtuse marginal branch.
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Figure 7 Maximum intensity projections from axial (left) and oblique coronal (right) single breath-hold, single-shot radial QISS MRA of the renal
arteries. Images can be efficiently acquired in multiple imaging planes with near-isotropic spatial resolution.

Figure 8 Breath-hold (a) and free-breathing navigator-gated (b) single-shot radial QISS MRA in a patient with pulmonary sarcoidosis. Aside from
diaphragm position (end-inspiration (a), end-expiration for (b)), the techniques similarly show the pulmonary artery compression caused by

extensive mediastinal lymphadenopathy.

enhanced MRA protocol has shown potential utility for
diagnosis.>® In certain patient groups, however, neither
technique is entirely satisfactory. For instance, in pregnant
patients, there is concern about exposing the fetus to ion-
ising radiation with CTA, while gadolinium-based contrast
agents are contraindicated. In patients with poor renal
function, iodinated and gadolinium-based contrast agents
should be avoided. A recent study using a single-shot, radial
implementation of QISS MRA has shown promise for rapidly
depicting the pulmonary arterial anatomy and can detect
pulmonary embolism.>* Both breath-hold and navigator-
gated acquisitions are feasible (Fig 8). Further work is
needed to determine the accuracy of this technique.
Perhaps the biggest eventual application of QISS will be
for the evaluation of the cerebrovascular system and
extracranial carotid arteries.”>*! The most recent version of
this technique uses an ungated radial QISS acquisition with

a fast-low angle shot (FLASH) readout. It can produce im-
ages that rival the quality of CEMRA and greatly surpass the
quality of time-of-flight MRA techniques that are still in
widespread use (Fig 9).

Conclusions

QISS MRA has already proven to be a valuable alternative
to CTA and CEMRA for the evaluation of the peripheral
vasculature in patients with suspected PAD, particularly in
the setting of impaired renal function. Given the technique’s
high accuracy and the cost savings involved in eliminating
contrast agent administration, QISS provides a viable
alternative to CEMRA even in patients with normal renal
function. With ongoing technical advances, such as the
use of radial k-space trajectories and advanced image
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Figure 9 Patient with severe stenosis and ulceration of the proximal internal carotid artery and bulb. QISS FLASH shows the lesions comparably
to CEMRA, with more extensive head-to-foot coverage and less artefact than either two-dimensional or 3D time-of-flight MRA.

processing advances such as compressed sensing,*” it may
eventually prove to be a useful diagnostic tool for a wide
range of vascular disorders.
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