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Abstract

Purpose—To develop a new sequence for non-contrast-enhanced peripheral angiography using a 

sliding interleaved cylinder (SLINCYL) acquisition.

Methods—A venous saturation pulse was incorporated into a 3D magnetization-prepared 

balanced steady-state free precession sequence for non-contrast-enhanced peripheral angiography 

to improve artery-vein contrast. The SLINCYL acquisition, which consists of a series of 

overlapped thin slabs for volumetric coverage similar to the original sliding interleaved ky 

(SLINKY) acquisition, was employed to evenly distribute the venous-suppression effects over the 

FOV. In addition, the thin-slab-scan nature of SLINCYL and the centric-ordered sampling 

geometry of its readout trajectory were exploited to implement efficient fluid-suppression and 

parallel imaging approaches. The sequence was tested in healthy subjects and a patient.

Results—Compared to a multiple overlapped thin slab acquisition, both SLINKY and SLINCYL 

suppressed the venetian blind artifacts and provided similar artery-vein contrast. However, 

SLINCYL achieved this with shorter scan times and less noticeable artifacts from k-space 

amplitude modulation than SLINKY. The fluid-suppression and parallel imaging schemes were 

also validated. A patient study using the SLINCYL-based sequence well identified stenoses at the 

super cial femoral arteries, which were also confirmed with digital subtraction angiography.

Conclusion—Non-contrast-enhanced angiography using SLINCYL can provide angiograms 

with improved artery-vein contrast in the lower extremities.
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Introduction

Magnetic resonance angiography (MRA) is an important clinical tool for the diagnosis and 

management of arterial diseases. Contrast-enhanced (CE) MRA uses gadolinium-based 

contrast agents to reduce the T1 of blood, and has been widely accepted for many 

applications due to its rapid acquisition of high contrast angiograms (1–4). New types of 

agents such as blood-pool agents (5) have been also developed to prolong the effect of the 

agents to achieve higher spatial resolution and/or signal-to-noise ratio (SNR) than 

conventional first-pass agents.

However, intravenous administration of contrast agents increases exam costs, which can 

become significant, especially in areas of the world with low reimbursement rates. In 

addition, the potential risk of nephrogenic systemic brosis (NSF) linked with gadolinium-

based contrast agents makes it desirable to have non-contrast alternatives for imaging of 

patients with renal impairment (6–8).

Non-contrast-enhanced (NCE) MRA has regained interest recently due to the 

aforementioned issues with CE MRA (8). Most NCE MRA methods take advantage of 

relatively fast flowing arterial blood to achieve sufficient contrast. These flow-dependent 

methods include phase-contrast (PC) (9), time-of-flight (TOF) (10, 11), velocity-selective 

imaging (12, 13), fresh blood imaging (FBI) (14), and other subtractive imagings based on 

flow-induced intravoxel dephasing effects (15,16).

However, concerns with NCE flow-dependent MRA methods include the sensitivity to 

trigger delay timing and the possibility of reduced arterial flow rates and pulsatility, which 

are typically the case in the lower extremities. A recently proposed flow-dependent method, 

called quiescent-interval single-shot (QISS) imaging, is robust to these issues and achieves 

comparable image quality to CE MRA in the lower extremities with relatively short scan 

time (17). However, because the robustness of this 2D multi-slice approach is based on the 

time-of-flight effect during a relatively short quiescent interval, its application to 3D 

volumetric imaging for higher resolution in the slice direction and/or higher SNR would be 

limited.

On the other hand, NCE flow-independent MRA methods exploit intrinsic tissue parameters 

such as T1, T2 and chemical shift to suppress background signals and generate vessel 

contrast (18–21). Unlike most flow-dependent methods, flow-independent methods can 

generate stable vessel contrast even with slow flow in the lower extremities. Magnetization-

prepared 3D balanced steady-state free precession (bSSFP) sequences have been of interest 

for flow-independent methods (22,23) due to bSSFP's high SNR efficiency and bright blood 

signal (24). However, it can be difficult to generate sufficient artery-vein contrast in the 

lower extremities using these sequences, considering that the T2 of deep venous blood is 

found to be closer to that of deep arterial blood in some patients with peripheral vascular 

diseases (22,25).

In this work, we developed an NCE peripheral MRA sequence using a sliding interleaved 

cylinder (SLINCYL) acquisition (26). The SLINCYL acquisition is a variation of a sliding 

interleaved ky (SLINKY) (27) acquisition in which a 3D concentric cylinders trajectory (28–
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31) is used as the readout instead of a 3D Cartesian (3DFT) sequence. Compared to 

SLINKY, SLINCYL offers faster scan times and more distributed artifacts from k-space 

amplitude modulation.

In the new sequence, a venous saturation pulse is incorporated into a 3D magnetization-

prepared bSSFP sequence to improve artery-vein contrast in the lower extremities. The 

SLINCYL acquisition is employed to evenly distribute the venous-suppression effects over 

the FOV. In addition, the thin-slab-scan nature of SLINCYL and the centric-ordered 

sampling geometry of its readout trajectory are exploited to implement efficient fluid-

suppression and parallel imaging approaches (32, 33). In vivo experiments in healthy 

subjects and a patient with arterial stenosis demonstrate that the SLINCYL-based sequence 

can provide improved artery-vein contrast.

Theory

3D Concentric Cylinders Trajectory

A 3D concentric cylinders trajectory (28–31) is a hybrid that offers a favorable balance 

between Cartesian and non-Cartesian sampling properties. It consists of a set of Ncy 

uniformly spaced cylinders (index of cylinders starts from 1, indicating the innermost 

cylinder), with each cylinder uniformly covered by a set of Nintlv helical interleaves with 

Nrev revolutions (Fig. 1a). Each helical interleaf is generated by a constant Gz gradient and 

oscillating Gx and Gy gradients during the readout. The Gx and Gy gradients are designed for 

the outermost cylinder and then scaled down for the inner cylinders to achieve robustness to 

off-resonance effects and timing delays, which manifest as a benign geometric shift in the z 

direction and a bulk in-plane rotation, respectively (30,31).

The matrix size of the reconstructed image after gridding is 2Ncy × 2Ncy × Nslice, where 

Nslice = Nintlv × Nrev. In this sense, concentric cylinders require a factor of 2Nrev fewer 

excitations and shorter scan times than a comparable 3DFT sequence. The reduction factor 

of scan time is typically not as high as 2Nrev due to the longer readout duration (∞ Nrev) and 

pulse repetition time (TR) compared to 3DFT.

Sliding Interleaved Cylinder (SLINCYL) Acquisition

A SLINCYL acquisition is a variation of a SLINKY (27) acquisition in which the 3D 

concentric cylinders trajectory is used as the readout instead of a 3DFT sequence. Similar to 

SLINKY, SLINCYL consists of a series of overlapped thin slabs for volumetric coverage, 

where the slab location is incremented by a distance equal to the resolution in the slab 

direction (d in Fig. 1b). Each thin slab consisting of Nslice slices (thus Nslice × d thick) has a 

different 3D k-space from which one of Ns interleaved subsets of concentric cylinders 

(instead of ky lines for SLINKY) is collected. More specifically, slab j (j starts from 1, 

indexed sequentially in the slab direction from superior to inferior) collects a partial set of 

cylinders with indices: 1 + ((j − 1) mod Ns) + k × Ns, where integer k = 0, 1, ..., Ncy=Ns − 1 

(Ns chosen as a divisor of Ncy). With this assignment, each interleaved subset of cylinders 

repeats every Ns slabs. Figure 1b illustrates the case with Ncy = 12 and Ns = 4.
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Although each slab is undersampled in cylinders (in kx and ky), its collected cylinders are 

still fully sampled in kz. With Nsamp (# of sampling points per interleaf) chosen as an integer 

multiple of Nslice, each sampling point of a collected cylinder is aligned in the kz direction 

with other Nslice – 1 points (Fig. 1c). By directly applying a 1D inverse Fourier transform in 

kz to each group of aligned sampling points and correcting the linear phase induced by the 

shift in kz (w in Fig. 1c), Nslice undersampled hybrid slices (kx ky z) are generated from each 

slab without aliasing in z.

To reconstruct a slice, its relevant hybrid slices are first selected out of Ns consecutive slabs. 

Figure 2a illustrates the case with Ncy = 72 and Ns = 24. After combining those Ns hybrid 

slices to form a fully sampled slice, 2D gridding is performed, which is followed by a 2D 

inverse Fourier transform in kx and ky to finally reconstruct the slice in the image domain (x 

– y – z). In this sense, the final number of slices reconstructed from Nslab (≥Ns) slabs is Nslab 

– (Ns – 1) (27). With the use of a linear-phase radiofrequency (RF) pulse, k-space phase 

modulation is negligible across the Ns consecutive slabs from which a slice is reconstructed, 

and the artifacts due to the data inconsistency can be minimized (34).

Parallel Imaging With SLINCYL

During the reconstruction steps described in the previous section, the k-space data of each 

slice remain on the original non-Cartesian sampling points in the kx-ky plane before 2D 

gridding is performed. Therefore, a 2D non-Cartesian parallel imaging method can be 

applied to each slice individually, with data consistency enforced to or evaluated with the k-

space data using 2D gridding/inverse gridding pairs.

Undersampling is achieved by collecting cylinders fewer than necessary for full FOV in the 

x-y plane from each Ns consecutive slab. For the collected cylinders, all helical interleaves 

need to be acquired to maintain full sampling in kz. Figure 1d illustrates one way of 

undersampling for the case in Fig. 1b. While the fully sampled acquisition map (top) collects 

a full set of Ncy = 12 cylinders from Ns = 4 consecutive slabs, the undersampled map 

(bottom) aimed for a reduction factor R = 2 does not collect cylinders with indices 6, 8, 10, 

and 12 by skipping every other slab. As the autocalibration signal (ACS) region, the four 

innermost cylinders are fully sampled, which decreases the effective R. The corresponding 

undersampling pattern of the k-space data in each slice is shown in Fig. 1e.

SLINKY vs. SLINCYL

Compared to SLINKY, SLINCYL offers faster scan times (3DFT vs. cylinders). In addition, 

SLINCYL provides more distributed artifacts from k-space amplitude modulation while 

similarly suppressing venetian blind artifacts, which is demonstrated in this section.

The main purpose of the sliding acquisitions of SLINKY and SLINCYL is to suppress 

venetian blind artifacts by transforming in flow enhancement into k-space amplitude 

modulation (27). With sliding acquisitions, each of Ns hybrid slices that are combined to 

form a fully sampled slice has a different distance to the flow-entering boundary of its 

corresponding slab (Fig. 2a). Therefore, each hybrid slice experiences a different degree of 

in flow enhancement, which typically decreases with distance into the slab (Fig. 2b, left). 

Kwon et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



When combined to form a fully sampled slice, the variable enhancement manifests as a 

periodic k-space amplitude modulation with the period equal to Ns, which is along ky for 

SLINKY and along kr (radial direction) for SLINCYL (Fig. 2b, right).

The point spread functions (PSFs) due to the k-space amplitude modulation patterns in Fig. 

2b were calculated with the imaging parameters for thighs listed in Table 1 to compare 

SLINKY and SLINCYL. Because the modulation pattern is circularly shifted for adjacent 

slices and repeats every Ns slices, it is sufficient to consider only a set of Ns consecutive 

slices for the comparison.

The ratio of the maximum amplitude uctuation to the maximum amplitude of the modulation 

patterns used for the calculation was set to 0.5. As noted in Liu et al. (27), the ratio almost 

never exceeds 0.5 in practice, and hence the comparison would show how well SLINKY and 

SLINCYL perform even for the most extreme case.

Compared to SLINKY (Fig. 2c), the PSFs of SLINCYL (Fig. 2d) show more distributed 

artifacts over the x-y plane. In the first slice (left/middle columns), the highest ghost 

amplitude is 10.5% of the main lobe with SLINKY, whereas it is reduced to 2.4% with 

SLINCYL. This reduction is consistently observed across the PSFs of Ns = 24 slices (right 

columns).

The full-width at half-maximum of the main lobe of SLINCYL is 15% broader than 

SLINKY due to its circular (instead of square for SLINKY) coverage of k-space in the kx-ky 

plane (35), and this results in a reduction in resolution. Depending on other reconstruction 

processes such as windowing or zero-filling (36), up to 15% more cylinders may need to be 

collected to match the resolution with SLINKY. Even with the broadening, the peak 

amplitude of the main lobe is still quite uniform across Ns = 24 slices (right in Fig. 2d), 

where the coefficient of variation (CV) is 0.9%.

In addition, the signal levels across Ns = 24 slices simulated with different vessel radii (Fig. 

2e) show that SLINCYL also provides relatively uniform signal levels for vessels with 

radius up to 7 mm, which is the range of radius typically observed in the lower extremities 

(37). The maximum CV is 2.1%, which is still a factor of 10 less than that of the in flow-

enhancement profile used in the simulation (Fig. 2b). Although not as constant as SLINKY, 

the much improved uniformity demonstrates that SLINCYL also effectively suppresses the 

venetian blind artifacts by equalizing the inflow-enhancement effects across the slab 

direction.

NCE Magnetization-Prepared 3D bSSFP Peripheral Angiography With SLINCYL

The SLINCYL acquisition is used for an NCE magnetization-prepared 3D bSSFP peripheral 

angiography (abbreviated to SLINCYL MRA). Figure 3a shows the basic pulse sequence 

block (block P) (31) for each slab of SLINCYL MRA. It starts with a venous saturation 

pulse that saturates a region inferior to the FOV to help suppress venous blood flowing into 

the FOV. Because of slow venous flow, this venous-suppression scheme dictates the 

thickness of each slab. Next, a spectral fat saturation pulse is applied, which is followed by a 

segment of bSSFP SLINCYL readouts surrounded with ramp-in/out catalyzations. Finally, a 
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recovery time Trecovery is given in the end. The SLINCYL readouts are employed to evenly 

distribute the venous-suppression as well as arterial-inflow-enhancement effects across the 

S/I direction. The readouts of each slab are divided into Nseg centric-ordered segments (i.e., 

the innermost cylinder is acquired first), where Nseg is chosen to provide an acquisition 

window (Tacqwnd) sufficiently short to capture the transient contrast generated from 

venous/fat saturation pulses. In this manner, block P repeats Nseg times for each slab before 

moving to the next slab in the S/I direction.

Fluid Suppression For SLINCYL MRA

SLINCYL MRA with the basic pulse sequence block (block P) in the previous section does 

not take into account long-T1 fluids such as synovial fluid or edema in the lower extremities, 

which can hamper the depiction of blood vessels in the bSSFP images due to their higher 

T2/T1 ratios (e.g., 1210/2850 ms for synovial fluid, 254/1273 ms for arterial blood, and 

50/870 ms for muscle at 1.5 T (18, 38, 39)). An additional pulse sequence block (block Q) 

shown in Fig. 3b is employed to address this issue (23,40). It consists of two components: i) 

a selective inversion pulse (41) with a subsequent inversion delay of TI to suppress long-T1 

fluids, and ii) an adiabatic B1-insensitive rotation (BIR-4) pulse (42) for T2-preparation to 

suppress muscle that is almost fully recovered after the inversion delay.

Considering the long T1 of targeted fluids and the typical span of acquisition windows 

during Nseg repetitions of block P (< 3 s), it is sufficient to apply block Q only once per each 

slab as shown in Fig. 3c (31). However, it still requires relatively long TI (~ 2 s) and 

recovery time Trecovery,Q (> 3 s, Fig. 3c), which together at least double the scan time. To 

maintain a reasonable scan time, two modifications are made to the SLINCYL MRA 

scheme.

First, the assignment of an interleaved subset of cylinders to each slab is modified such that 

block Q can be applied less frequently (once per every Ng slabs) while the signal level of 

suppressed fluids is still lower than that of arterial blood. With Ng chosen as a divisor of Ns, 

slab j now collects cylinders with modified indices: 1 + ⌊((j – 1) mod Ns)/Ng⌋ + ((j – 1) mod 

Ng) × Ns/Ng + k × Ns, where integer k = 0, 1, ..., Ncy/Ns – 1. An example is illustrated in Fig. 

3d with Ns = 6, Ng = 3, and Ncy = 18. With this new assignment, block Q is selectively 

applied ahead of the slabs that collect the Ns/Ng innermost cylinders (closest to the center of 

the k-space), which reduces the number of block Q by a factor Ng while capturing the 

contrast more effectively than the original sequential assignment.

Second, the order of the acquisition of slabs are modified such that the explicit recovery 

time Trecovery,Q for block Q is no longer necessary. After a set of Ng slabs is acquired as 

described in the previous paragraph, the next set of Ng slabs is chosen such that there is no 

overlap between those two sets of slabs, including their saturated regions for venous 

suppression. An example is illustrated in Fig. 3e, where Nslab = 180 slabs are acquired by 

interleaving the lower/upper half of the slabs. With this modification, the time for acquiring 

each set of Ng slabs can replace Trecovery,Q of the previous set, which was originally required 

for sufficient recovery of long-T1 fluids inverted by the selective inversion pulse in block Q.
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With these modifications, the additional time for fluid suppression is Nslab/Ng × (TI

+TEprep), which is much shorter than the additional time Nslab × (TI+TEprep+Trecovery,Q) 

associated with the original fluid-suppression scheme (Fig. 3c).

Methods

In Vivo Experiments

In vivo experiments of SLINCYL MRA were performed on four healthy subjects and a 

patient with arterial stenosis. Informed written consent approved by our institutional review 

board was obtained from all subjects prior to scanning. All experiments were conducted on 

1.5 T scanners (Signa Excite; GE Healthcare, Waukesha, WI, USA) with maximum gradient 

amplitude of 40 mT/m and maximum slew rate of 150 mT/m/ms. No cardiac triggering was 

used. Unless otherwise noted, an eight-channel receiver-coil array was used and the 

following sequence parameters were common to all experiments described in this section: 

slab-acquisition direction = superior to inferior, venous saturation pulse applied to a 6.4 cm-

thick slab whose superior boundary is 4 mm inferior to the inferior boundary of the imaging 

FOV (for the transition band of the saturation pulse with time-bandwidth product 24), 1.6 

ms sinc pulse for excitations, Tprep = 50 ms, Tcat = 10 TRs, and Trecovery = 100 ms (Fig. 3a). 

The thickness of the venous saturation band was based on the venous velocity in the lower 

extremities (< 10 cm/s) (43) and the maximum time gap between the saturation pulse and 

the following readout segment (< 0.6 s). SLINCYL sequence parameters that were chosen 

differently for thighs and calves are summarized in Table 1. The parallel imaging and/or 

fluid-suppression schemes were used only when explicitly mentioned.

First, two sets of experiments imaging the thighs and calves of healthy subjects were 

performed to compare SLINCYL with previously proposed methods, i.e., SLINKY and a 

multiple overlapped thin slab acquisition (MOTSA) (44). A quadrature birdcage coil was 

used for calves. For SLINCYL, 168 slabs were acquired to cover 20(thighs)/17(calves) cm 

in the S/I direction. Additional datasets without venous saturation pulse were also acquired. 

For SLINKY, 168 slabs were acquired with the same sequence parameters as SLINCYL 

except for the parameters within brackets in Table 1. Among them, Nseg (= 3) was increased 

to provide a similar Tacqwnd as SLINCYL. Because the readout was in the R/L direction to 

minimize the number of phase encodings, it was not available to use a hard pulse that could 

otherwise shorten the TR of SLINKY with an aid of anti-aliasing filter in the S/I direction. 

The phase encodings were 1D centric-ordered in the A/P direction while FOVA/P was 

halved. For MOTSA, seven slabs with 12 slices overlapped between adjacent slabs were 

acquired to provide the same coverage and scan time as SLINKY. Except for the increased 

Nseg (= 72) to provide the same Tacqwnd as SLINKY, other parameters were equal to 

SLINKY.

Second, a set of experiments imaging the calves of a healthy subject was performed using a 

quadrature birdcage coil to demonstrate the feasibility of the proposed fluid-suppression 

scheme using block Q. The degree of fluid suppression was compared among acquisitions 

with different Ng (3/4/6/12) and an acquisition without fluid suppression. 168 slabs were 

acquired for each scan. For the acquisitions with fluid suppression, additional sequence 

parameters (Fig. 3b) were: TI = 1.9 s and TEprep = 40 ms.
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Third, a set of experiments imaging the calves of a healthy subject was performed to 

demonstrate the feasibility of the proposed parallel imaging scheme. The image quality was 

compared between a fully sampled and a prospectively undersampled (R = 2) SLINCYL 

acquisition. For the fully sampled case, 168 slabs were acquired. For the undersampled case, 

only 84 slabs with a doubled increment between slabs (d = 2.4 mm instead of 1.2 mm in Fig. 

1b) were acquired to achieve the same coverage. The 24 innermost cylinders were fully 

sampled as the ACS region for calibrating a 9 × 9 kernel for iterative self-consistent parallel 

imaging reconstruction (SPIRiT) (45).

Fourth, sets of experiments imaging both the thighs and calves of healthy subjects were 

performed to demonstrate the feasibility of SLINCYL MRA that integrates the 

aforementioned techniques (fluid suppression/parallel imaging with R = 2). 120(thighs)/

136(calves) slabs with a doubled increment between slabs were acquired to cover 30 cm in 

the S/I direction for each station. Ng = 4 was chosen based on the fluid-suppression 

experiment. For the calf station, a shorter TR (5.8 ms) compared to Table 1 was used to 

avoid banding artifacts.

Finally, an experiment imaging the thighs of a patient was performed to demonstrate the 

capability of SLINCYL MRA to deal with slow blood flow. The subject was referred for a 

digital subtraction angiography (DSA) examination with which SLINCYL MRA was 

compared. This dataset had been acquired before the parameters for thighs were established, 

and the following parameters were different from Table 1: Nslice = 30 (FOVS/I = 4.2 cm), 

Nintlv = 30, Nrev = 1, Nseg = 3, and TR = 5.4 ms. 240 slabs were acquired to cover 30 cm in 

the S/I direction.

Image Analysis

For the first and second in vivo experiments, SNR measurements were performed on the 

manually selected regions of the source images. Arterial signal was measured around the 

femoral arteries for thighs and the popliteal/tibial arteries for calves. Also, venous signal 

from the deep vein and muscle signal near the arterial regions were measured. Fluid signal 

was measured around the knee joint. The noise standard deviation was estimated from the 

image background. The same regions were measured for different acquisitions. Paired, two-

tailed Student's t-tests were performed with 0.005 chosen as the significance level.

Results

Unless otherwise noted, all the in vivo results are shown as targeted coronal maximum-

intensity-projection (MIP) images with a factor of two zero-padding in all dimensions (46).

SLINCYL vs. SLINKY vs. MOTSA

Figure 4 shows the results of comparing SLINCYL with SLINKY and MOTSA. Compared 

to SLINCYL without venous saturation pulse (Fig. 4a and e), SLINCYL with venous 

saturation pulse (Fig. 4b and f) significantly improves contrast between arteries and veins 

(mean CNR from 6.15/2.06 to 29.09/14.41 for thigh/calf, P < 0.005) without loss of arterial 

signal (P > 0.005). Compared to MOTSA (Fig. 4d and h) processed with the maximum 

overlapping pixel algorithm (47), both SLINKY (Fig. 4c and g) and SLINCYL successfully 
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suppress the venetian blind artifacts and provide similar artery-vein contrast (mean CNR 

33.72/14.23 for SLINKY vs. 29.09/14.41 for SLINCYL). However, SLINCYL achieves this 

with shorter scan times than SLINKY, as summarized in Table 2 (on average 67% of 

SLINKY). In addition, the artifacts of SLINCYL (Fig. 4i) are less noticeable than those of 

SLINKY (Fig. 4j), which is consistent with the simulation results in Fig. 2.

Fluid Suppression

Figure 5 shows the results of comparing the degree of fluid suppression among different 

SLINCYL acquisitions. Compared to the acquisition without block Q (Fig. 5a), the 

acquisitions with block Q (Fig. 5b-e) provide better depiction of arterial signals due to the 

suppression of fluid signals around the knee joint. The degree of fluid suppression becomes 

better as block Q (Fig. 3b) is applied more frequently (P < 0.005). Arterial signal is also 

slightly decreased due to the T2-preparation module (P < 0.005).

The SNR of fluid and arterial signals for different cases are summarized in Fig. 5f. Among 

them, Ng = 4 (Fig. 5d) provides an acceptable level of fluid suppression (i.e., no overlap of 

95% confidence intervals between the arterial and fluid signals: [17.40, 24.42] vs. [7.05, 

15.25]) with the additional scan time only 38% of the case without block Q. Figure 5g 

shows the Bloch simulations corresponding to this case and the case without block Q, which 

were simulated for eight SLINCYL readout segments. Proton densities were assumed to be 

the same for all the tissues. Without block Q (top), the signal level of joint fluid is higher 

than arterial blood (0.39 vs. 0.29). With block Q and Ng = 4 (bottom), joint fluid is 

suppressed and particularly becomes much lower than arterial blood for the readout 

segments corresponding to the first slab (0.07 vs. 0.25), which collects the six (=Ns/Ng) 

innermost cylinders.

Parallel Imaging

Figure 6 shows the results of comparing a fully sampled and a prospectively undersampled 

(R = 2) acquisition for parallel imaging. In addition to coronal MIP images (Fig. 6a and b), a 

representative axial slice (Fig. 6c and d) from each acquisition is shown. The prospectively 

undersampled acquisition reconstructed with the proposed parallel imaging scheme (Fig. 6b 

and d) shows comparable image quality to the fully sampled acquisition (Fig. 6a and c) other 

than the decrease in SNR. Total scan times were 3 min 35 s and 1 min 57 s for the fully 

sampled and undersampled cases, respectively.

Two-station SLINCYL MRA

Figure 7 shows the results of two-station SLINCYL MRA of a healthy subject in the lower 

extremities. The main arteries (femoral, popliteal, tibial, and peroneal) are well depicted 

across the FOV. The angiograms also show good overall background suppression of venous, 

muscle, and synovial fluid signals. Some fluid signal around the knee joint (Fig. 7b) was not 

sufficiently suppressed due to the increased (doubled) number of readouts per slab 

accompanied with a shorter TR. Total scan times were 3 min 25 s and 6 min 28 s for the 

thigh/calve stations, respectively.
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Initial Patient Study

Figure 8 shows the result of the initial patient study (Fig. 8a) with a comparison to DSA 

(Fig. 8b). Although the spatial resolution (1.4 mm isotropic) was lower than that of DSA, 

SLINCYL MRA still identifies stenoses at the superficial femoral arteries and is also able to 

depict smaller vessels. Total scan time of SLINCYL MRA was 6 min.

Discussion

The structure of the proposed SLINCYL MRA is based on that of NCE flow-independent 

MRA with magnetization-prepared bSSFP (23). However, SLINCYL MRA also has its 

flown features that are different from the original flow-independent sequences. One of the 

most distinctive differences is that it employs a venous saturation pulse to improve artery-

vein contrast. Although relying on the venous in flow, the sequence is tolerant of slow 

venous flow due to the SLINCYL readout which distributes the venous-suppression effects 

evenly across the slab direction. With its thin slabs, SLINCYL MRA takes advantage of 

increased arterial in flow enhancement, which is also equalized across the slab direction. 

However, it is still arterial flow independent considering that the arterial signal is not 

spatially saturated before the bSSFP readouts in the imaging FOV and bright blood signal 

can be achieved by the steady-state bSSFP contrast even with slow arterial flow.

The comparison study in Fig. 4 shows that SLINCYL can provide shorter scan times and 

suppressed venetian blind artifacts compared to MOTSA. The latter improvement was 

noticeable with arterial flow, but was almost unnoticeable with venous flow. This is 

probably due to the excitation pulses with a high flip angle (≥60°), which saturates the 

venous signals around the superior side of each thin slab. Still, MOTSA processed with the 

maximum overlapping pixel algorithm (47) may pick higher venous signals from the 

overlapped regions, which would undesirably decrease artery-vein contrast.

The fluid-suppression scheme of SLINCYL MRA was able to suppress synovial fluids 

around the knee joints effectively, but those fluids can be also removed by targeted coronal 

MIP (20). The fluid-suppression scheme might be more useful for the case when fluids such 

as edema have a diffuse distribution over the FOV. TI, which was set to 1.9 s based on the 

T1 of synovial fluid, also needs to be changed accordingly. However, TI should not be made 

too short compared to the T1 of arterial blood, because TI is also the time for the suppressed 

arterial blood (due to the venous saturation and excitation pulses applied to the superior side 

of the imaging FOV) to recover and/or pass the imaging FOV before the next readouts.

The parallel imaging scheme for SLINCYL reconstructs each slice individually, which is 

enabled by the tailored sampling geometry of the concentric cylinders that aligns the 

sampling points in the kz direction. Otherwise, due to the lack of an ACS region for each 

slab, the entire 3D non-Cartesian dataset needs to be considered together, which would 

require extensive use of 3D gridding/inverse gridding pairs and may not be as efficient as 

the proposed scheme.

The initial patient study in Fig. 8 shows that SLINCYL MRA can generate stable vessel 

contrast even in a patient with arterial stenosis that could potentially reduce arterial and/or 
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venous flow. The level of venous suppression was relatively uniform across the FOV, but 

may need to be improved for better diagnosis. Considering potentially lower venous in flow 

for a patient, this may necessitate i) a thinner slab and/or ii) a longer time gap between the 

venous saturation pulse and the readout. The degree of stenosis indicated by dashed arrows 

in Fig. 8 was overestimated with SLINCYL MRA compared to DSA. More systematic 

analysis on a cohort of patients with peripheral artery disease would be helpful to optimize 

sequence parameters and evaluate the sensitivity and specificity of SLINC MRA on 

identifying stenoses.

There are several potential limitations to SLINCYL MRA. First, although it is tolerant of 

slow venous flow, the venous-suppression scheme works only with the presence of flow in 

the slab (S/I) direction. Otherwise, the artery-vein contrast is dominantly from the steady-

state bSSFP contrast. Second, it is vulnerable to bSSFP banding artifacts due to its relatively 

long TR. A shorter TR can help (Fig. 7b), but it reduces the scan time efficiency. One 

potential way to overcome this issue is to exploit the thin-slab-scan nature of the SLINCYL 

acquisition. The center frequency of each thin slab can be adjusted to reflect the average off-

resonance frequency within the slab to reduce banding artifacts (48–50). A 2D coronal field 

map would need to be acquired to facilitate this enhancement. Third, only 24 of 32 slices of 

each slab are used in the reconstruction due to the limited time-bandwidth product (= 6) of 

the excitation pulse. The pulse can be designed to have a nonlinear phase distribution across 

the excitation slab while the phase dispersion within each slice is minimized (34). This may 

reduce the peak power of a sharper RF profile, which would increase the usage of each slab 

and scan time efficiency. Finally, an anisotropic in-plane FOV (51) may need to be 

considered for SLINCYL MRA to efficiently prescribe the FOV in the lower extremities as 

the rectangular FOV of a 3DFT sequence.

Conclusions

We have demonstrated the feasibility of SLINCYL MRA with a magnetization-prepared 3D 

bSSFP sequence for achieving improved artery-vein contrast in the lower extremities. Initial 

results show robust arterial contrast in healthy subjects and in a patient with arterial stenosis. 

The thin-slab-scan nature of the SLINCYL acquisition and the centric-ordered sampling 

geometry of its readout trajectory also facilitate novel fluid-suppression and parallel imaging 

approaches that improve the method's robustness and speed.
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FIG. 1. 
SLINCYL acquisition. a: 3D concentric cylinders trajectory with Ncy = 12, Nintlv = 4, and 

Nrev = 2. The outermost cylinder is depicted with its surrounding helical interleaves. (white 

dots: end points of interleaves). Cylinders with the same color belong to the same subset as 

shown in (b). b: Data acquisition scheme. A subset of the cylinders is collected at each slab 

in an interleaved way, which repeats every Ns = 4 slabs. The slab location is incremented by 

a distance d equal to the resolution in z. c: View of the outermost cylinder in (a) from the 

side. With Nsamp (= 112) chosen as an integer multiple of Nslice (= 8), each sampling point is 

aligned in the kz direction with other Nslice – 1 (= 7) points as highlighted by two bold 

vertical lines (black dots: sampling points). Lines are shifted (w) with respect to each other 

in kz, which necessitates a linear phase correction in z after applying a 1D inverse Fourier 

transform in kz. d: Acquisition maps for Ns = 4 slabs (colored cells: locations cylinders are 

acquired). While the fully sampled map (top) collects a full set of 12 cylinders from four 

slabs, the undersampled map (bottom, reduction factor R = 2) does not collect cylinders 6, 8, 

10, and 12 by skipping slabs with even indices. As the ACS region, the four innermost 

cylinders are fully sampled. e: The corresponding undersampling pattern of the k-space data 

in each slice. Rings 6, 8, 10, and 12 are uncollected as expected.
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FIG. 2. 
SLINKY vs. SLINCYL. a: Data reconstruction scheme of SLINCYL and SLINKY with Ns 

= 24 and 72 cylinders or ky lines. As highlighted with colored lines, relevant hybrid slices 

are selected out of Ns consecutive slabs to reconstruct each slice. b: A sawtooth shape of 

periodic (period = Ns) k-space amplitude modulation (right) for each colored slice in (a) 
caused by in flow enhancement (left). The modulation pattern is circularly shifted for 

different slices, which repeats every Ns slices. c,d: The magnitude of the PSF of slice 1 

(left), its cross section (middle), and cross sections of the PSFs of Ns = 24 slices stacked 

together (right). Across the 24 slices, the PSFs of SLINCYL (d) consistently show more 

distributed artifacts than SLINKY (c). e: Signal levels across Ns = 24 slices with different 

vessel radii. Although not as constant as SLINKY, SLINCYL also provides relatively 

uniform signal levels for vessels with radius up to 7 mm.
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FIG. 3. 
Pulse sequence diagrams of SLINCYL MRA. a: Basic block P. b: Additional block Q for 

fluid suppression. c: Pulse sequence diagram of each slab. Nseg repetitions of block P are 

surrounded by block Q and Trecovery,Q for fluid suppression. d: modified sequence for fluid-

suppression (illustrated with Ns = 6, Ng = 3, and Ncy = 18). Block Q (before each dark slab) 

and Trecovery,Q (after each dashed slab) pairs are applied once per every Ng = 3 slabs. In 

addition, the assignment of an interleaved subset of cylinders to each slab is modified such 

that slabs acquired immediately after blocks Q collect the Ns/Ng (=2) innermost cylinders. 

This scheme captures the transient contrast more effectively than the case with the original 

assignment (indices within brackets). e: Further modified sequence for fluid-suppression. A 

total of 180 slabs are acquired by interleaving the lower (slab indices 91 to 180) and upper 

(1 to 90) half the slabs. In this way, no overlap exists between any adjacent sets of Ng = 3 

slabs and the explicit recovery time Trecovery,Q is no longer necessary.
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FIG. 4. 
SLINCYL, SLINKY, and MOTSA MRA of thighs and calves of healthy subjects. 

Compared to SLINCYL without venous saturation pulse (a,e), SLINCYL with venous 

saturation pulse (b,f) significantly improves contrast between arteries (arrow heads) and 

veins (solid arrows) without loss of arterial signal. Compared to MOTSA (d,h), both 

SLINKY (c,g) and SLINCYL successfully suppress the venetian blind artifacts (dashed 

arrows) and provide similar artery-vein contrast. However, SLINCYL achieves this with 

shorter scan times than SLINKY, as summarized in Table 2. The ghosting artifacts of the 

superficial femoral arteries are prominent with SLINKY (j), which are aligned in the A/P 

direction in the component axial slice (diagonal solid arrows). For SLINCYL (i), the 

artifacts are distributed over the x-y plane (diagonal dashed arrow), which is consistent with 

the simulation results in Fig. 2.
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FIG. 5. 
SLINCYL MRA of the calves of a healthy subject with/without block Q and corresponding 

Bloch simulations. Compared to the acquisition without block Q (a), the acquisitions with 

block Q (b: Ng = 12, c: Ng = 6, d: Ng = 4, e: Ng = 3) provide better depiction of arterial 

signals (arrowheads) due to the suppression of fluid signals (arrows) around the knee joint. 

The degree of fluid suppression is further improved as block Q is applied more frequently 

(i.e., with smaller Ng). f: SNR of fluid and arterial signals and scan time for each case. g: 
Bloch simulations of transient bSSFP signals corresponding to (a) (top) and (d) (bottom). 

Similar to the in vivo result, joint fluid (green) is much suppressed with block Q applied 

ahead of every Ng = 4 slabs, particularly for the first slab that collects the six innermost 

cylinders.
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FIG. 6. 
SLINCYL MRA of the calves of a healthy subject with a fully sampled and an 

undersampled acquisition. In addition to coronal MIP images (a,b), representative axial slice 

(c,d) from each acquisition is shown. The prospectively undersampled (R = 2) case 

reconstructed with the proposed parallel imaging method (b,d) shows comparable image 

quality to the fully sampled case (a,c) other than the decrease in SNR. The main arteries 

(popliteal, anterior tibial, posterior tibial, and peroneal) are well depicted in both cases.
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FIG. 7. 
Two-station SLINCYL MRA of the thighs (a) and calves (b) of a healthy subject. Both 

parallel imaging (R = 2) and fluid suppression (Ng = 4) were applied. The main arteries 

(femoral, popliteal, tibial, and peroneal) are well depicted across the FOV with good overall 

background suppression. Some fluid signal around the knee joint (arrow) was not 

sufficiently suppressed due to the increased number of readouts per slab accompanied with a 

shorter TR.
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FIG. 8. 
SLINCYL MRA (a) of the thighs of a 75-year-old male patient, compared with digital 

subtraction angiography (DSA, right leg only) (b). Stenoses at the superficial femoral 

arteries (arrows) are well identified on both the SLINCYL MRA and DSA images.
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Table 1

Sequence Parameters for Each Slab of SLINCYL.

Parameter Thighs Calves

Resolution 1.4 mm isotropic 1.2 mm isotropic

FOV [A/P, R/L, S/I] 34 (17) × 34 × 4.5 cm3 34 (17) × 34 × 3.8 cm3

Flip angle/TR 70°/6.8 ms (5.4 ms) 60°/7.2 ms (5.8 ms)

Ncy/Nintlv/Nrev/Nsamp 120(·)/16(·)/2(·)/768(240) 144(·)/16(·)/2(·)/832(288)

Nslice/Ns/Nseg 32/24/2(3) 32/24/2(3)

Tacqwnd (Fig. 3a) 272 ms (297 ms) 346 ms (383 ms)

Scan time 1.11 s (1.63 s) 1.28 s (1.95 s)

(#): Corresponding numbers for SLINKY if different from SLINCYL.

(·): Not available to SLINKY.

Ncy: # of cylinders per slab, Nintlv: # of helical interleaves per cylinder.

Nrev: # of revolutions per interleaf, Nsamp: # of sampling points per interleaf.

Nslice: # of slices per slab, Ns: # of interleaved subsets of cylinders or ky lines.

Nseg: # of readout segments per slab, Nslab: # of slabs.
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Table 2

Comparisons of SNR and Scan Times of SLINCYL, SLINKY, and MOTSA.

SLINCYL 1
a

SLINCYL 2
b SLINKY MOTSA

Thighs SNRartery: 45.96±5.87 46.87±5.94 49.01±5.93 41.64±4.64

SNRvein: 39.81±6.15 17.78±1.65 15.29±1.81 16.16±2.05

SNRmuscle: 8.94±1.31 9.21±1.11 7.54±1.00 7.20±1.06

Scan time: 3 min 1 s 3 min 6 s 4 min 33 s 4 min 33 s

Calves SNRartery: 22.56±2.36 24.22±3.00 24.14±2.51 24.31±2.57

SNRvein: 20.50±2.56 9.81±1.43 9.91±1.45 9.94±1.11

SNRmuscle: 5.60±0.93 6.16±1.01 6.03±1.02 5.56±1.04

Scan time: 3 min 30 s 3 min 35 s 5 min 28 s 5 min 28 s

1 min 57 s
*

a
Without/with venous saturation pulse.

b
Without/with venous saturation pulse.

*
With parallel imaging (Fig. 6).
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