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Abstract
Purpose—To develop a new velocity-selective (VS) excitation pulse sequence which is robust to
field inhomogeneity and demonstrate its application to non-contrast-enhanced (NCE) peripheral
MR angiography (MRA).

Methods—The off-resonance-robust VS saturation pulse is designed by incorporating 180°
refocusing pulses into the k-space-based reference design and tailoring sequence parameters in a
velocity region of interest. The VS saturation pulse is used as magnetization preparation for NCE
peripheral MRA to suppress background tissues but not arterial blood based on their velocities.
NCE peripheral MRA using the proposed VS preparation was tested in healthy volunteers and a
patient with arterial stenosis.

Results—Calf angiograms obtained using the new VS preparation show more uniform
background suppression than the reference VS preparation, as demonstrated by larger mean values
and smaller standard deviations of artery-to-vein and artery-to-muscle contrast-to-noise ratios
(71.0 ± 11.4 and 75.3 ± 12.1 versus 61.7 ± 22.7 and 58.5 ± 27.8). Two-station peripheral MRA
using the new VS preparation identifies stenosis of the femoral and popliteal arteries in the patient,
as validated by digital subtraction angiography.

Conclusion—NCE MRA using the new VS magnetization preparation can reliably provide high
angiographic contrast in the lower extremities with significantly improved immunity to field
inhomogeneity.
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Introduction
Selective excitation of spin magnetizations based on their velocities can be a useful tool for
generating image contrast in MRI. About two decades ago, a number of methods for
velocity-selective (VS) excitation were demonstrated theoretically or experimentally to
distinguish between flowing blood and stationary tissues for angiographic applications (1–
5). These methods employed a sequence of a 90° tip-down pulse, a bipolar gradient and a
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90° tip-up pulse (hereafter denoted by 90x-G-90−x) or its variants. The 90x-G-90−x module
generates a sinusoidal excitation profile over velocity, yielding signal from moving
materials with a varying strength depending on velocities, but no signal from stationary
materials. However, the smooth transition between pass- and stop-bands in the sinusoidal
velocity response hinders clear separation between arterial blood and background materials.

For direct acquisition of an artery-only image, a VS excitation profile should ideally have a
pass-band and a stop-band in the expected velocity regions of arterial blood and background
materials, respectively, with the narrowest possible transition-band. There were attempts to
improve VS excitation toward an ideal excitation profile by a binomial expansion of the θx-
G-θ−x sequence (6) or numerical optimization of similar expansions (7). These approaches
lacked an explicit relationship between design parameters and a desired excitation profile,
and therefore were not flexible in terms of achievable profile shapes.

The most systematic framework for designing VS excitation pulse sequences was provided
by de Rochefort et al. (8). The excitation k-space initially introduced for spatially selective
excitation by Pauly et al. (9), was extended to include the velocity Fourier variable. A VS
excitation profile could be formulated as the Fourier transform of the B1 field deposited in a
generalized excitation k-space. Very recently, a VS inversion pulse sequence was designed
based on the generalized excitation k-space formalism and the Shinnar-Le Roux (SLR)
transform, and was successfully used as magnetization preparation for non-contrast-
enhanced (NCE) abdominal MR angiography (MRA) (10).

The k-space-based VS excitation has off-resonance sensitivity, which manifests as excitation
profile shifting along velocity in proportion to off-resonance. In the previous study on VS
inversion-prepared abdominal MRA, the effect of off-resonance-induced profile shifting
turned out to be marginal due to relatively high systolic flow in the abdominal aorta and iliac
arteries. However, in vasculatures which involve much lower arterial flow (e.g., the lower
extremities), the excitation profile shifting may cause severe degradation of artery-to-
background contrast.

In this work, we present a new version of a VS excitation pulse sequence that significantly
reduces the off-resonance sensitivity through two modifications. First, 180° refocusing
pulses are incorporated into the k-space-based sequence to zero out the phases created by
off-resonance. Second, residual excitation errors due to imperfect 180° rotations are further
reduced in a finite velocity region of interest (ROI) by numerically tailoring sequence
parameters. The performance of the proposed VS excitation pulse sequence is evaluated by
numerical simulations and in vivo within a peripheral MRA protocol for imaging the lower
extremities.

Materials and Methods
Reference VS excitation

Under the excitation k-space formalism, the transverse component of excited magnetization
Mxy(r, v, f) can be written as the Fourier transform of the RF B1 field deposited on kr-kv-kf
space, where kr, kv, and kf are reciprocal Fourier variables of spatial position r, velocity v,
and off-resonance f, respectively (8–10).
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[1]

where γ, M0 and T are the gyromagnetic ratio, magnetization at equilibrium and pulse
duration, respectively.

For velocity-selective but spatially non-selective excitation, hard RF sub-pulses are played
out between a series of bipolar gradients each of which changes kv by

 and Kf by Δkf = Tbp (where Tbp is the time duration of a
bipolar gradient Gbp(t)), but does not change kr. The envelope of RF sub-pulses determines
the shape of an excitation profile in the v-f plane, and can be designed by the SLR transform

(11). Aliased excitation occurs at increments of  (termed the velocity FOV) away from
the desired excitation along the velocity axis since the B1 field is deposited in the k-space in
a discrete fashion. An excitation profile can be shifted along the velocity axis by applying an
RF phase that is proportional to the first moment of a gradient waveform and the amount of
velocity shifting v0.

[2]

Figure 1 shows a VS saturation pulse sequence designed based on the k-space formalism,
hereafter termed the reference VS sequence (a), and a Bloch simulation of the resultant
longitudinal magnetization Mz over the v-f plane (b). In the plot of Mz, a positive velocity
indicates flow moving inferiorly (i.e., the direction of arterial flow in the legs). The design
parameters were velocity FOV = 64 cm/s, full-width-half-maximum excitation bandwidth =
17 cm/s, velocity shifting v0 = −2 cm/s, and minimum phase filter for the SLR transform.
On resonance, the VS pulse has a velocity pass-band of [+5, +55] cm/s (defined as the
velocity region for Mz > 0.5M0) and a velocity saturation-band of [−4, 0] cm/s (for Mz <
0.1M0). These velocity pass- and saturation-bands would enable fairly good separation
between arterial blood and background tissues (venous blood, muscle, synovial fluid) at a
peak systolic phase in the calf. In the presence of off-resonance, however, the Mz profile is
shifted along the velocity axis, which potentially degrades artery-to-background contrast.
The profile shifting occurs at a rate of 0.15 cm/s/Hz, as determined by the ratio between kf
and kv increments by a bipolar gradient (i.e., Δkf/Δkv = Tbp/Δkv) (10).

Incorporating refocusing pulses
To remove the off-resonance effect, we incorporate 180° refocusing pulses into the reference
VS pulse sequence and utilize phase refocusing as in spin-echo sequences. The bipolar
gradient is split into two unipolar gradients between which a 180° refocusing pulse is
applied. The phase accrued by off-resonance during the period of the first unipolar will be
cancelled out by the phase accrued in the opposite direction during the period of the second
unipolar.

The incorporation of refocusing pulses necessitates some modifications of RF and gradient
waveforms to achieve the desired velocity selectivity. First, a bipolar gradient should be
designed with consideration of a time gap (of the duration of the 180° pulse) between the
halves of the bipolar. The same Δkv will be obtained by a pair of smaller unipolar gradients
compared to the one that would have been needed without a time gap since kv keeps
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increasing during the time gap. Therefore, the increase in the overall pulse duration due to
the inclusion of 180° pulses will not be significantly large.

Second, re-sized unipolar gradients and an RF sub-pulse that are preceded by an odd-
numbered 180° pulse should be modified in a way that yields a 180° rotated version of
magnetization that would have been acquired without refocusing pulses. Then the
subsequent even-numbered 180° pulse will return the magnetization back to the same
position as in the reference sequence. The required modifications are summarized as follow
(see Appendix for derivations).

[3]

Where Guni(t) and RFsub(α,ψ) represent a unipolar gradient and an RF sub-pulse with a flip
angle α and phase ψ which would have been used without refocusing pulses. That is, the
unipolar gradient should be inverted, and the RF sub-pulse should have the same flip angle
α but a modified phase of π−ψ. It should be noted that these changes are made only between
an odd-numbered 180° pulse and a subsequent even-numbered 180° pulse.

Figure 2 shows a VS saturation pulse sequence designed by incorporating refocusing pulses,
and a Bloch simulation of the resultant longitudinal magnetization. The same velocity FOV
(64 cm/s) and full-width-half-maximum excitation bandwidth (17 cm/s) were used as in the
reference design. A 1.2-ms-long composite pulse train of 90x-180y-90x was used for B1-
robust 180°rotation (12). The unipolar gradients and RF sub-pulses between the 1st and the
2nd refocusing pulses and between the 3rd and the 4th refocusing pulses, are changed based
on the modification rule (Eq. 3) as denoted by grey circles. The simulation results show that
the effect of off-resonance on the Mz profile is significantly reduced compared to the
reference VS sequence. Distortion of the Mz profile is noticeable in the presence of large
off-resonance (|f| > 60 Hz) which degrades the accuracy of the 180° composite pulse.

Tailoring VS sequence
Unlike the reference VS sequence, an excitation profile yielded by the VS sequence with
refocusing is not periodic over velocity whenever off-resonance is not zero. The aperiodicity
is due to the fact that the spin’s phase generated by a unipolar gradient and accordingly, the
error caused by a subsequent inaccurate 180° rotation, are different among spins whose
velocities differ by multiples of the velocity FOV. We can leverage the aperiodicity for
improving off-resonance robustness in a limited velocity ROI by perturbing sequence
parameters that alter excitation errors in a velocity-dependent fashion.

Two design parameters are chosen to be numerically perturbed for tailoring the sequence.
First, a time delay Td is added between a unipolar gradient and a 180° pulse (represented by
grey regions in Fig. 3a). The size of a unipolar gradient will decrease as Td increases,
altering the sensitivity of excitation errors to velocity. Second, the excitation profile is
shifted along the velocity axis by multiples of the velocity FOV using the RF phase
modulation (Eq. 2). That is, the fidelity of the excitation profile is examined near the
mainlobe as well as sidelobes. The iterative search for a local optimal solution can be
represented as
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[4]

Where Mz is a longitudinal magnetization profile determined by the time delay Td and the
amount of velocity shifting Δv, and Mz

ref is the reference profile obtained with the
assumption of on-resonance (f = 0 Hz). The sequence parameters Td and Δv were discretized
to [0, 8, 16, …, 296, 304]×4 μs and [0, ±FOVv, ±2FOVv, ±3FOVv] cm/s, respectively. The
spin parameters v and f were discretized to [−3, −2, …, 49, 50] cm/s and [−80, −70, …, 70,
80] Hz, respectively. Note that v and f varied within limited ranges that are expected in the
lower extremities.

Figure 3 contains a VS saturation pulse sequence tailored using the parameters Td = 416 μs
and Δv = −FOVv that were found through the iterative search. This VS sequence is our final
design used for all in vivo MRA experiments performed in this study. The simulated Mz
profiles demonstrate that off-resonance immunity is further improved in the velocity ROI
([−3, +50] cm/s) compared to the design without tailoring particularly in the presence of
large off-resonance (Figs. 2b–d vs Figs. 3b–d). Figure 4 shows simulated Mz profiles across
varying B1 scale factors with three off-resonance values (f = −60, 0, 60 Hz). As the B1 scale
increases, the longitudinal magnetization in the velocity stop-band of interest decreases ([−3,
0] cm/s) due to increasing actual B1 values of the RF sub-pulses. The same behavior is
expected in Mz profiles from the reference VS sequence. As the B1 scale deviates from one,
undesired excitation occurs in the velocity pass-band of interest ([+5, +50] cm/s) due to
inaccurate 180° refocusing rotations, but only marginally in a B1 scale range of 0.85 to 1.15.

In vivo experiments
In vivo experiments were performed in seven healthy subjects and a patient for the purpose
of comparing off-resonance sensitivity of the reference and proposed VS saturations (with
refocusing and tailoring) and demonstrating the feasibility of using the proposed VS
saturation preparation for NCE peripheral MRA. All subjects provided written consent
forms approved by our institutional review board. A 1.5 T whole-body MR system was used
(Signa HDx; GE Healthcare, Waukesha, WI). The MRA pulse sequence was cardiac
triggered by peripheral or ECG gating, and consisted of a VS saturation pulse, a spectrally
selective fat saturation pulse, and a 3DFT balanced SSFP (bSSFP) readout (Fig. 5). The VS
saturation pulse was played at the time of peak systolic flow by adjusting a cardiac trigger
delay (TD) based on prior phase-contrast (PC) flow measurements. The 3DFT acquisition
used centric and linear view orders along phase- and partition-encoding directions,
respectively.

Per subject, 2D PC flow MRI was performed with an axial scan plane. Through-plane flow
was measured in the anterior tibial artery, femoral artery, or iliac artery depending on the S/I
level of the imaging volume, and displayed over cardiac phases to find a trigger delay for the
maximum systolic flow. Imaging parameters were VENC = 80 cm/s, spatial resolution =
1.1×1.1 mm2, FOV = 14×14 cm2, slice thickness = 6 mm, view per segment = 2, and
temporal resolution = 20.6 ms.

To evaluate off-resonance sensitivity under the control of various B0 offsets, the right leg
was imaged with a small imaging FOV in a subject. A lower extremity coil designed for a
single leg was used for signal reception. The reference and proposed VS saturation pulses
with the same pass-band of [+5, +55] cm/s and saturation-band of [−4, 0] cm/s were used for
comparison (Figs. 1 and 3, respectively). Imaging parameters were imaging orientation =
axial, flip angle α = 70°, FOV = 15×15×3.9 cm3 (in the order of L/R, A/P, and S/I
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directions), spatial resolution = 1.1×1.1×1.3 mm3, number of axial slices = 30, TR = 4.6 ms,
readout bandwidth = 125 kHz, raised cosine-windowed ramp for 8 catalyzation excitations,
number of phase encodes per acquisition block = 68, acquisition time per acquisition block
= 313 ms, and scan time = 60 heart beats (51 sec based on 70 beats/min). The first scan was
performed under a well-shimmed condition determined by the standard GE automatic
shimming protocol. Four additional scans were performed after the center frequency was
manually changed by −80, −40, 40, and 80 Hz.

The reference and proposed VS preparations were also compared within a MRA protocol for
imaging the calves with a large FOV in four healthy subjects. An eight-channel cardiac coil
array was used for signal reception. Imaging parameters were imaging orientation = coronal,
flip angle α = 70°, spatial resolution = 1.1×1.1×1.3 mm3, FOV = 30×32×9.1 cm3 (in the
order of S/I, L/R, and A/P directions), number of coronal slices = 70, TR = 4.5 ms, readout
bandwidth = 125 kHz, number of phase encodes per acquisition block = 73, acquisition time
per acquisition block = 329 ms, and scan time = 256 heart beats (3.7 min based on 70 beats/
min). A field map was acquired using two GRE acquisitions with an echo delay of 1.5 ms
and a two-fold lower spatial resolution (2.2×2.2×2.6 mm3). Artery-to-vein contrast-to-noise-
ratio (CNR) and artery-to-muscle CNR were measured in raw 3D MRA images. Per leg,
arterial signal intensities were obtained from 7 ROIs manually drawn on the popliteal artery
(1 ROI), anterior tibial artery (2 ROIs), posterior tibial artery (2 ROIs), and peroneal artery
(2 ROIs). Venous signal was estimated in a similar way from 7 ROIs drawn on the deep vein
near the arterial ROIs. Image noise was estimated by the standard deviation of the air signal
in 2 ROIs placed outside the legs.

To demonstrate large angiographic coverage of the proposed MRA method, the pelvis,
thighs and calves were scanned using three stations in two healthy subjects. The imaging
parameters for the three stations were spatial resolution = 1.3×1.3×2.0 mm3/1.3×1.3×1.8
mm3/1.1×1.1×1.3 mm3 (pelvis/thighs/calves), FOV = 30×34×16 cm3/30×34×13.7
cm3/30×32×8.3 cm3, number of phase encodes per acquisition block = 65/65/73, and scan
time = 320 heart beats/304 heart beats/256 heart beats (4.5 min/4.3 min/3.7 min based on 70
beats/min). The upper bound of the velocity pass-band initially designed for the calves (55
cm/s) was increased by 15 % and 30 % for the thighs and pelvis, respectively, to
accommodate higher arterial flow in the two superior stations. This adjustment was done
simply by scaling the initial VS gradient waveform (Fig. 6). The proposed MRA was also
performed in a patient who was referred for a digital subtraction angiography (DSA)
examination. The patient’s thighs and calves were scanned using two stations each of which
had the same imaging parameters described above.

Results
Figure 7 shows results of testing the off-resonance sensitivity of the reference (a) and
proposed (b) VS saturation sequences. A reference image acquired without VS preparation
(c) and a field map obtained under the well-shimmed condition (d) are also shown. Both
reference and proposed VS saturations yield excellent artery-to-vein and artery-to-muscle
contrast under the well-shimmed condition (the 3rd columns in a and b). With increasing
absolute value of the center frequency offset (ΔCF), however, background signal in the
images from the reference VS saturation increases due to the excitation profile shifting. In
the images from ΔCF = ±80 Hz, image artifacts are also observed (denoted by open arrows)
since the transient oscillations in bSSFP imaging are large near the null-band (±108.7 Hz
with TR=4.6 ms) when the initial magnetization is substantially different from the steady-
state magnetization (Mz= 0.02M0 with f = ±80 Hz, T1 = 870 ms, T2 = 50 ms, and TR = 4.6
ms). Background signal in the images from the proposed VS saturation remains nearly the
same for all tested ΔCFs due to the off-resonance immunity. The transient bSSFP artifact is
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negligible in the presence of large off-resonance as the initial magnetization of background
tissues is small and similar to the steady-state magnetization.

Figure 8 contains representative angiograms of the calves using the reference and proposed
VS preparations and the field maps of the center coronal slices in two healthy subjects.
Reformatted coronal maximum-intensity-projection (MIP) and raw axial images from the
reference VS preparation have high background intensities in the regions of large off-
resonance due to the VS excitation profile shifting (a,c,d,f,h). The MIP and raw images from
the proposed VS preparation show much more uniform background suppression across the
entire FOV (b,e,g). This was achieved over a wide range of off-resonance as seen by the
field maps, which demonstrates the off-resonance robustness of the proposed VS saturation.
A slight increase in the background signal is observed in the regions with large superior/
inferior offsets, which is most likely due to B1+ variation (open arrows).

The field map and CNR measurements are summarized in Table 1. Off-resonance was
measured as −3.2 ± 38.2 Hz across four subjects, which resulted in a 95% confidence
interval of [−78.1, +71.7] Hz. Artery-to-vein CNR was 61.7 ± 22.7 (mean ± standard
deviation) and 71.0 ± 11.4 with the reference and proposed VS preparations, respectively,
across the four subjects. Artery-to-muscle CNR was 58.5 ± 27.8 and 75.3 ± 12.1 with the
reference and proposed VS preparation, respectively. The angiograms obtained using the
proposed preparation yielded a larger mean value and a smaller standard deviation in each of
the two CNRs due to lower and more uniform signal intensities of the vein and muscle over
the FOV.

Figure 9 shows peripheral angiograms using three stations for the pelvis, thighs and calves
in two healthy subjects. Iliac, femoral, popliteal, and tibial arteries are clearly delineated
across a total of 90 cm-S/I FOV using the scaled VS gradients for each of the three stations
(Fig. 6). The angiograms also show excellent suppression of the vein, muscle, and synovial
fluid in all three stations. The residual fat signal in the calf station of the first subject is due
to large field inhomogeneity which shifts the fat frequency beyond the spectral coverage of
the fat saturation pulse.

Figure 10 shows the result of an initial patient study with a comparison to DSA. The mild
narrowing of the right femoral artery and occlusion of the right popliteal artery are well
identified on both the MR and DSA images (arrows). While all major arteries are identified
on the MR images, most small vessel branches appear to be less clear than the DSA images
(black arrowheads) presumably due to lower spatial resolution and slow velocity of arterial
blood. Note that the right anterior tibial artery is better visualized by NCE MRA as the
concentration of X-ray contrast for DSA is expected to be limited in arteries distal to the
occlusion (white arrowhead) (13).

Discussion
Velocity-selective excitation is a promising magnetization preparation for NCE MRA. By
saturating all magnetizations except arterial blood moving in a particular direction and
speed, high artery-to-background contrast can be achieved using a single acquisition without
subtraction. Because VS magnetization preparation is spatially non-selective, 3D encoding
can be used with a large FOV and high spatial resolution in all three dimensions.
Dependence only on systolic flow is also advantageous over existing flow-sensitive MRA
methods that require data acquisition at both systole and diastole (14–17) since the systolic
interval is less affected by R-R variability or arrhythmia (18,19).

A VS excitation pulse sequence for given velocity pass- and stop-bands can be designed
using the generalized excitation k-space formalism in a straightforward manner. However,
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the resultant excitation profile is shifted along velocity in proportion to off-resonance.
Therefore, we proposed a new VS excitation sequence which significantly reduces the off-
resonance-induced excitation error in a velocity ROI by incorporating refocusing pulses and
tailoring sequence parameters. According to the numerical simulations, the proposed design
achieves off-resonance immunity of approximately ±80 Hz. Accordingly, in vivo peripheral
MRA using the proposed VS saturation preparation yielded high artery-to-background
contrast over a wide range of field inhomogeneity.

The proposed VS saturation-prepared NCE MRA involves some sequence parameters that
remain to be further optimized. The velocity pass-band might need to be widened to better
include very slow or turbulent flow potentially in patients with artery disease. The lower
bound of the pass-band can be reduced by simply scaling up the VS gradient waveforms but
at the expense of a decrease in the upper bound. An increase in the VS pulse duration is
inevitable to reduce the lower bound while maintaining the same upper bound or increasing
it. Addition of a time delay between the VS preparation and data acquisition may be helpful
for visualizing slow flow due to the time-of-flight effect. In this case, the VS excitation flip
angle should be increased appropriately beyond 90° to compensate for T1 recovery of
background tissues. The number of 180° pulses (or RF sub-pulses) should be chosen as a
trade-off between the sharpness of the velocity transition-band and excitation accuracy
which is affected by inaccurate 180° rotations and high-order motion of blood. A composite
180° pulse itself has potential variants. While a train of 90x-180y-90x appeared to be
sufficiently robust against B0 and B1 variations in our peripheral MRA studies, other
combinations can be chosen to flexibly trade off B0 sensitivity, B1 sensitivity and the pulse
duration (20,21).

The PC flow imaging and subsequent time curve analysis for finding the optimal trigger
delay (TD) for VS preparation took approximately 1.5 min. To reduce the scan time, one can
use rapid spiral-based flow imaging which is expected to be less than 5 heart-beats long
based on previous studies (22,23). To reduce the analysis time and avoid manual
intervention, a small ROI can be swept through the 3D x-y-t space to automatically find its
spatial and temporal indices that yield the maximum velocity value.

Ideally, it would be desirable to play the VS preparation at the peak systolic phase to ensure
large arterial flow. However, the timing of peak systolic flow varies along the length of the
artery and also between two legs particularly in cases of arterial pathology. This issue is
associated with a range of (sub-optimal) TDs at which arterial flow velocity is still larger
than the lower bound of the velocity pass-band (5 cm/s in the calf station). TDs outside such
a tolerable range would cause signal loss in arteries. In this study, we determined the VS
preparation timing based on flow measurement at iso-center (i.e., in the middle of the
imaging volume) to balance potential deviations from the optimal timings across the FOV.
While the trigger delay determined at iso-center yielded fairly uniform visualization of
arteries in all tested subjects including a patient with unilateral disease (Fig. 10), further
investigation is needed to estimate the tolerance and effect of sub-optimal TDs in a large
cohort of subjects.

Alternative NCE MRA methods have recently been developed that utilize MR sensitivity to
arterial flow. Quiescent-interval single shot (QISS) imaging is an inflow-based 2D multi-
slice approach, which employs slice-selective pre-saturation for background suppression and
time-of-flight effect during the subsequent delay (quiescent interval) for artery visualization
(24). QISS is robust to a wide range of arterial flow patterns due to short S/I paths required
for fresh arterial blood to traverse during the saturation delay, and robust to motion due to
the use of 2D multi-slice imaging. As a trade-off, it would be challenging to use large-FOV
3D encoding which is beneficial for high SNR and high spatial resolution along the S/I
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direction. Another flow-sensitive NCE MRA method used a pulse sequence of 90x-G-180y-
G-90−x (i.e., a refocused version of the 90x-G-90−x module) as magnetization preparation
(16,17). The magnetization response over velocity is sinusoidal for each isochromat, but
with the assumption of laminar flow and consideration of intravoxel dephasing, the response
becomes approximately a sinc function of the slope of velocity variation and the first
moment of gradient (16,25). The resultant black-artery image can be subtracted from a
reference image to generate a bright-artery angiogram. The subtractive nature of the method
enables perfect background suppression and therefore superior artery-to-background
contrast (22), but involves issues of increased scan time and motion effects.

Conclusions
We designed and tested a new off-resonance-robust VS magnetization preparation pulse for
non-subtractive NCE peripheral MRA. The excitation error due to off-resonance can be
reduced by incorporating 180° refocusing pulses into a reference k-space-based design, and
further suppressed in a velocity ROI by tailoring sequence parameters. Consistent with the
numerical simulations, NCE MRA using the proposed VS preparation was able to create
high angiographic contrast more reliably than the reference VS preparation in the presence
of field inhomogeneity ranging from −78 to 72 Hz in the calves. While clinical feasibility
was shown by successful identification of arterial stenosis in a patient, the performance of
the proposed technique in cases of arterial pathology needs to be further investigated.
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Appendix

Modification of gradient and RF pulses in refocused VS excitation
We derive the modification of unipolar gradients and RF sub-pulses required by the
inclusion of refocusing pulses in a VS excitation sequence. The specific requirement is that
the magnetization in the refocused design should be a 180° rotated version of the
magnetization that would have been obtained in the original design without refocusing
pulses during a period between an odd-numbered 180° RF pulse and a next coming even-
numbered 180° RF pulse. Below, Rx(·), Ry(·) and Rz(·) denote rotation matrices around the
x, y, and z axis, respectively.
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An arbitrary magnetization immediately before a unipolar gradient in the original design is
denoted as M1. A magnetization immediately before a corresponding unknown unipolar
gradient in the refocused design is assumed to be a 180° rotated version of M1, i.e.,
Ry(π)M1. The magnetization immediately after the unknown unipolar gradient in the
refocused design should still be a 180° rotated version of the magnetization after the
unipolar in the original design.

[A1]

where θ and β represent the phases generated by the unipolar gradient in the original design,
and by the unknown unipolar in the refocused design, respectively.

Simplifying Eq. A1 gives

[A2]

That is, the unipolar gradient in the refocused design should be an inverted version of the
original unipolar gradient.

Similar to the derivation for unipolar gradients, magnetizations immediately before RF sub-
pulses in the original and refocused designs are denoted as M2 and Ry(π)M2, respectively.
Excitation by an RF sub-pulse with a flip angle α and phase ψ in the original design can be
represented by Rz(−ψ)Rx(α)Rz(ψ). Since the magnetization immediately after the unknown
RF sub-pulse in the refocused design should be a 180° rotated version of the magnetization
after the RF sub-pulse in the original design,

[A3]

where B denotes the unknown rotation by the RF sub-pulse in the refocused design, and is
written as

[A4]

Using Rz(ψ)Ry(−π) = Rx(π)Rz(π−ψ) and Ry(π)Rz(−ψ) = Rz(−π+ψ)Rx(−π), Eq. A4 becomes

[A5]

That is, the RF sub-pulse in the refocused design should have the same flip angle α and a
modified phase of π−ψ.
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Figure 1.
Reference VS saturation pulse sequence designed based on the excitation k-space formalism
(a) and simulated longitudinal magnetization Mz over the v-f plane (b). In the figure of
simulated Mz, a positive velocity indicates flow moving inferiorly (i.e., the direction of
arterial flow in the legs). On resonance, the VS sequence saturates magnetization moving at
0 to 4 cm/s in the superior direction, which includes stationary tissues and venous blood, but
barely affects magnetization moving at 10 to 50 cm/s in the inferior direction, which
includes arterial blood at a peak systolic phase. However, the Mz profile is shifted along
velocity in proportion to off-resonance (0.15 cm/s/Hz), which potentially degrades artery-to-
background contrast.
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Figure 2.
VS saturation pulse sequence with refocusing (a), simulated longitudinal magnetization Mz
over the v-f plane (b) and for off-resonance f = 0, ±40, ±80 Hz (c, d). Each bipolar gradient
is split into two unipolar gradients, and a 90x-180y-90x composite pulse is inserted between
them. The phases of RF sub-pulses and unipolar gradients are modified according to Eq. 3 in
the periods between the 1st and 2nd refocusing pulses and between the 3rd and 4th refocusing
pulses (denoted by grey circles). The off-resonance sensitivity is significantly reduced
compared to the reference design due to the phase refocusing by the 180° pulses. The
composite pulse itself is sensitive to off-resonance, which causes noticeable degradation of
the Mz profile in the presence of large off-resonance (|f|>60 Hz).
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Figure 3.
VS saturation pulse sequence with refocusing and tailoring (a), simulated longitudinal
magnetization Mz over the v-f plane (b) and for off-resonance f = 0, ±40, ±80 Hz (c, d). A
time delay Td (denoted by grey bars) and profile shifting along the velocity axis Δv were
iteratively found that maximize the fidelity of an Mz profile in a velocity region ([−3, +50]
cm/s) and an off-resonance range ([−80, +80] Hz) expected in the lower extremities. The
resulting Mz profiles show that off-resonance immunity is further improved in the prescribed
velocity region of interest compared to the VS sequence without tailoring particularly when
off-resonance is large.
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Figure 4.
Sensitivity of the proposed VS saturation sequence to B1+ variation. Longitudinal
magnetization in the velocity stop-band of interest ([−3, 0] cm/s) decreases with increasing
B1 scale due to increasing actual B1 values of RF sub-pulses. Magnetization in the velocity
pass-band of interest ([+5, +50] cm/s) is undesirably excited due to inaccurate 180° rotations
by B1 scaled composite pulses, but only marginally in a B1 scale region of 0.85 to 1.15.
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Figure 5.
Timing diagram of the VS saturation-prepared peripheral MRA sequence (top). The
sequence was cardiac triggered by peripheral gating, and consisted of a VS saturation pulse,
a spectrally selective fat saturation pulse, and a segmented balanced SSFP 3DFT readout
with centric and linear orders along phase- and partition-encoding directions, respectively.
The VS saturation pulse was played at the time of peak systolic flow by adjusting a trigger
delay (TD) based on prior phase-contrast flow MRI. A representative velocity measurement
in the anterior tibial artery is shown at the bottom.
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Figure 6.
Simulated Mz profiles of VS saturation pulses (top) and corresponding VS gradient
waveforms (bottom) for imaging the calves, thighs and pelvis. The baseline gradient
waveform designed for the calves (lightest grey) was scaled down to increase the upper
bound of the velocity pass-band for the thighs and pelvis which involve higher arterial flow.
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Figure 7.
Off-resonance sensitivity of VS saturation preparation for peripheral MRA in a subject. (a):
Reference VS saturation yields excellent artery visualization and background suppression
under a well-shimmed condition confirmed by the corresponding field map (d). However,
background signal increases with increasing center frequency offset (ΔCF) due to the
excitation profile shifting. The artery-to-background contrast achieved with ΔCF = ±80 Hz
appears to be similar to that of the reference image obtained without VS saturation
preparation (c). (b): Proposed VS saturation (with refocusing and tailoring) maintains nearly
the same artery-to-background contrast throughout all tested ΔCFs. ROI analysis of arteries,
veins, and muscle (denoted by arrows, arrow heads, and rectangles, respectively, in c) across
the center 24 slices demonstrate significantly improved off-resonance immunity of the
proposed VS saturation compared to the reference VS saturation (e).
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Figure 8.
Reformatted coronal maximum-intensity-projection (MIP) images of NCE MRA using the
reference and proposed VS saturation preparations in the calves of two healthy subjects
(a,b,f,g), and field maps of the center coronal planes (c,h). Representative axial slices at
three S/I levels (denoted by dotted lines in a) are also shown for the first subject. MIP and
axial images from the reference VS preparation suffer from poor background suppression in
the region of large off-resonance. The off-resonance effect appears to be the largest near the
top of the FOV in the 2nd subject, consistent with the corresponding field map (solid arrow
in f). The proposed VS preparation yields excellent visualization of arteries and suppression
of background tissues across the entire FOV due to its immunity to off-resonance. A slight
increase in the background signal is observed in the regions with large superior/inferior
offsets presumably due to B1+ variation (open arrow in b).
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Figure 9.
Three-station NCE peripheral MRA using the proposed VS preparation in two healthy
subjects. All major arteries are well visualized across a total of 90 cm-S/I FOV (30 cm per
station). Bright background signal in the calf station of the first subject is due to inadequate
spectral coverage of the fat saturation pulse in the presence of large field inhomogeneity
(arrow).
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Figure 10.
Two-station NCE peripheral MRA in a 77-year-old female patient, compared with digital
subtraction angiography (DSA). The MR angiograms agree well with the DSA images in
identifying mild stenosis of the right femoral artery and occlusion of the right popliteal
artery (arrows). Most segments of small vessels appear to be less clear in the MR images
presumably due to lower spatial resolution and slow arterial flow (black arrowheads). The
right anterior tibial artery is better visualized by NCE MRAas the concentration of X-ray
contrast for DSA is expected to be limited in arteries distal to the occlusion (white
arrowhead).
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