
Improved receiver arrays and optimized parallel imaging 
accelerations applied to time-resolved 3D fluoroscopically 
tracked peripheral runoff CE-MRA

Paul T. Weavers, PhDa, Eric A. Borisch, MSa, Tom C. Hulshizer, BSa, Phillip J. Rossman, 
MSa, Phillip M. Young, MDb, Casey P. Johnson, PhDc, Jessica McKay, BSc, Christopher C. 
Cline, BSc, and Stephen J. Riederer, PhDa

aMayo Clinic MR Laboratory, 200 First Street Southwest, Rochester, Minnesota, 55905

bDepartment of Radiology, 200 First Street Southwest, Rochester, Minnesota, 55905

cUniversity of Minnesota, 1200 Washington Ave S, Minneapolis, Minnesota 55415-1227

Abstract

Objectives—Three-station stepping-table time-resolved 3D contrast-enhanced magnetic 

resonance angiography has conflicting demands in the need to limit acquisition time in proximal 

stations to match the speed of the advancing contrast bolus and in the distal-most station to avoid 

venous contamination while still providing clinically useful spatial resolution. This work describes 

improved receiver coil arrays which address this issue by allowing increased acceleration factors, 

providing increased spatial resolution per unit time.

Materials and Methods—Receiver coil arrays were constructed for each station (pelvis, thigh, 

calf) and then integrated into a 48-element array for three-station peripheral CE-MRA. Coil 

element sizes and array configurations for these three stations were designed to improve SENSE-

type parallel imaging taking advantage of an increase in coil count for all stations versus the 

previous 32 channel capability. At each station either Acceleration Apportionment or optimal 

CAIPIRINHA selection was used to choose the optimum acceleration parameters for each subject. 

Results were evaluated in both single- and multistation studies.

Results—Single-station studies showed that SENSE acceleration in the thigh station could be 

readily increased from R = 8 to R = 10, allowing reduction of the frame time from 2.5 to 2.1 sec to 

better image the typically rapidly advancing bolus at this station. Similarly, the improved coil 

array for the calf station permitted acceleration increase from R = 8 to R = 12, providing a 4.0 vs. 

5.2 sec frame time. Results in three-station studies suggest an improved ability to track the 

contrast bolus in peripheral CE-MRA.
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Conclusions—Modified receiver coil arrays and individualized parameter optimization have 

been used to provide improved acceleration at all stations in multi-station peripheral CE-MRA and 

provide high spatial resolution with frame times as short as 2.1 sec.

1. Introduction

Bolus-chase three-dimensional (3D) contrast-enhanced magnetic resonance angiography 

(CE-MRA) has been demonstrated as a useful method for visualizing the entirety of the 

vasculature of the lower periphery [1–6]. A variety of approaches have been employed to 

provide good performance in visualizing the arterial vasculature in peripheral CE-MRA, 

including single-injection multi-station stepping table MRA [7,8], continuously moving 

table bolus tracking [9], and use of multiple injections for separate anatomic stations 

[10,11]. Although the development of receiver arrays with high parallel imaging 

performance may benefit many areas of magnetic resonance imaging (MRI), the unique 

technical demands of single-injection fluoroscopic tracking multi-station CE-MRA will be 

highlighted in this work.

A fundamental limitation in multi-station peripheral CE-MRA is that the acquisition time in 

a proximal station must be long enough to enable sufficient spatial resolution in that station 

while still being short enough to allow for table movement to capture the arterial phase at 

the next station. This is more stringent than in single-station exams in which an elliptical-

centric phase encoding order [12,13] allows long (>20 sec) acquisition times with good 

venous suppression. Such extensive times are not feasible for the proximal stations in single-

injection multi-station CE-MRA. Although compression cuffs can be used to delay the onset 

of venous enhancement [14,15], this requires additional setup time. Also, any improvement 

in proximal station spatial resolution must largely be done by increasing the rate at which k-

space is traversed.

A primary means to more rapidly traverse k-space is parallel imaging, such as Sensitivity 

Encoding (SENSE) [16,17] or Generalized Auto-calibrating Partially Parallel Acquisition 

(GRAPPA) [18]. Parallel imaging allows an increased rate of sampling of the phase encode 

directions of k-space but is dependent upon the suitability of the multi-element phased array 

receiver [19]. Vendors are now providing high channel count receiver arrays, but the GEM 

suite peripheral vascular array for example (GE Healthcare, Waukeshau, Wisconsin) is 

limited to a maximum SENSE acceleration of 6. Previous work in time-resolved 3D CE-

MRA of the calves used receiver coil arrays comprised of up to eight elements attached 

together in a linear array and wrapped around the anatomic region circumferentially. This 

allowed 2D parallel acquisition along the two transverse phase-encoding directions, anterior/

posterior (A/P) and left/right (L/R), with acceleration factors as high as R = 8 routinely used 

[6,7,20–24]. One aspect of this current work was to investigate adaptation of this 

circumferential design to the station-specific anatomy, possibly with increased coil count, 

for higher acceleration.

With 2D acceleration factors of R = 4 or more, there can begin to be uncertainty in how to 

best achieve this acceleration. For example, R can be differentially apportioned along the 

two phase encode directions [25] or alternative undersampling patterns such as Controlled 
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Aliasing In Parallel Imaging Results IN Higher Acceleration (CAIPIRINHA) [26,27] can be 

applied. It has been shown that optimization of the acceleration apportionment or the 

CAIPIRINHA sampling pattern can be advantageous for 3D CE-MRA for R ≥ 8 [25,27]. 

Moreover, the optimization can be performed prior to the actual contrast-enhanced scan and 

is fast enough to allow practical implementation on a patient-specific basis [25]. The 

optimization tailors the specific k-space undersampling pattern to the coil array used, its 

positioning on the body, and the body habitus of the subject.

A recent development in multi-station CE-MRA has been the technique of fluoroscopic 

tracking [7,8,21], a method which provides real-time imaging at all stations and allows the 

operator to interactively control the movement of the table from one station to the next in 

synchrony with the advancing contrast bolus. This method eliminates the need for a test 

bolus or a repeat injection for the calf station. Initial results were obtained without the 

benefit of the aforementioned acceleration optimization techniques. Also, as known from 

other studies [28], the initial results showed that in the thigh station in particular the transit 

of the contrast bolus was so fast that frame times less than the 2.5 sec used would be 

desirable to more accurately track contrast advance. The synergistic combination of better-

performing receiver arrays and acceleration optimization techniques can potentially reduce 

frame times while maintaining spatial resolution and image quality.

The purpose of this work is to describe how further advances in the design and application 

of multi-element receiver coils, coupled with 2D parallel imaging optimization, can be 

applied to drive down the frame times of three-station time-resolved bolus-chase CE-MRA 

with fluoroscopic tracking. In the following sections we describe how the individual coil 

arrays were modified at each station, present results for each station acquired individually, 

and then describe how the modified arrays were integrated into a multi-station peripheral 

CE-MRA protocol utilizing fluoroscopic tracking.

2. Materials and Methods

2.1 Overall receiver coil design considerations

At each of the three stations (pelvis, thighs, and calves) the receiver coil array was designed 

to: (i) fit a wide variety of patient body habitus at that station, (ii) minimize g-factors for 

improved SENSE performance, (iii)work either on its own for imaging that station 

exclusively or for integration into a full three-array system for multi-station imaging, (iv) 

minimize coil sensitivity falloff near the S/I edges of each station, and (v) be subject to an 

overall 48-channel limit on our MRI scanner for three-station imaging. The latter is an 

increase over the 32-channel limit previously available in Ref. [8].

The general design process utilized linear circumferential receiver arrays that have been 

previously reported for multiple anatomic regions [7,20,29–31]. Peripheral 3D CE-MRA is 

generally performed with frequency encoding along the superior-inferior (S/I) direction. 

Because acceleration is not performed along the S/I direction, each individual element 

length was sized according to the full S/I coverage desired. The width was determined by 

the predicted circumference divided by the number of elements available. The configuration 

of each element, specifically its size and the distance between it and the anatomy to be 
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imaged, as well as the configuration of each element relative to its neighbor was then refined 

by experiments and simulations utilizing the g-factor. That is, each array was prototyped 

with a set of identical coil elements which had not yet been fixed together. The pelvis and 

thigh coil arrays were designed to be comprised of multiple two-element modules, with the 

number of modules selected and connected together to match the patient-specific body 

habitus at that station. The final design should exhibit high signal-to-noise ratio (SNR) and 

low g-factor noise to facilitate maximum parallel imaging performance.

2.2 Calf receiver coil design

Previous work to image lower periphery with eight coil elements and acceleration 

apportionment with R = 9.67 suggested that higher acceleration factors would still have 

adequate SNR to visualize small vessels [32]. Desire for further increased acceleration levels 

led to consideration of a major increase in coil count. The design was specified to 

accommodate an FOV with approximately 40 cm S/I coverage and full bilateral coverage 

transversely. Because there is typically less patient-to-patient variability in the field-of-view 

(FOV) in the calves than, say, the abdomen, the coil count was fixed at 16 and the array was 

designed to accommodate virtually all subjects. Receiver elements were constructed to be 

rectangles of 40 cm × 7.8 cm compared to 27 cm × 14.4 cm and 27 cm × 10.5 cm of the 

previous calf array, a comparison shown in Figure 1.

Next, multiple elements were fabricated and the positioning of the elements was evaluated 

via g-factor calculations at hypothetical SENSE accelerations investigating trade-offs in 

proximity to tissue, individual receiver element overlap, and positioning of the anatomy 

within the receiver array and evaluated by an SNR unit reconstruction [33]. Experiments 

involving spacing between the legs, angling the coils between the legs, and fixing receiver 

array radius versus allowing non-ideal coil overlap were also investigated as shown in 

Figure 2 [34]. Panels (a,b), show how angling the center elements towards the calves (b) 

improves the g-factor response (cooler colors) vs. no angling (a). Panels (c,d), show how 

spacing the legs apart from each other slightly (d) also improves g-factor response for this 

fixed FOV that encompassed the entirety of the calves in the L/R direction. Panels (e,f), 

show that given a calf size which does not fully fill the receiver array, it is better to ensure 

each element is as close to the tissue as possible (f) vs. maintaining the circumferential 

spacing of elements in the array to minimize mutual inductance (e). To this end, a rigid six-

coil paddle is attached to two-element flexible wings as the underside of the array, and 

another rigid six-coil paddle is placed on top of the patient to complete the circumferential 

coverage. The result of this is a design which can be appreciated in Figure 1b, a 16 element 

receiver with long, thin elements running S/I, angled center elements both to minimize 

distance to tissue and to space the legs slightly apart. In this figure, elements 1–6 comprise 

the anterior paddle described above.

2.3 Thigh receiver coil design

To increase the acceleration factor in the thigh station a greater number of elements than the 

ten used previously was considered essential. Additionally, to preserve SNR the thigh coil 

redesign was undertaken with the goal of minimizing the receiver coil-to-tissue air gap along 

the length of the S/I FOV with knowledge of a general taper in circumference of body 
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habitus from hip to knee as can be visualized in Figure 3. To that end measurements from 

previously acquired 3D image sets of 20 subjects were analyzed to determine a 

representative taper angle from the hips to the knees, the proposed coverage regime for this 

receiver array. A taper angle of 10 degrees was found to accommodate the change in body 

width at the level of the hips versus the knees for all cases. With this accommodation angle 

estimated, trapezoidal receiver elements were then fabricated such that the entire array 

tapered at a more conservative 7.8 degree angle to provide complete circumferential 

coverage for a wide range of patient sizes. The width of an individual coil element at the 

superior end was reduced from the 12 cm used previously to 9.5 cm with the new design. 

This is evident in Figure 3 (a) versus (b), in which the previous array has a uniform width of 

45 cm, but the newer array is narrowed down to 39 cm at the inferior end. With the slight 

taper the width at the inferior end of each element was 8 cm. The coil element length was 40 

cm. Two-element modules were then constructed using the tapered elements. With this 

redesign, 14 elements are typically used in smaller patients (BMI < 30, as shown in Figure 

3), and 16 elements for larger patients. These coil counts are higher than the 10 elements 

typically used previously. The specific number of modules can be easily selected at the time 

of the MRI exam.

2.4 Pelvis receiver coil design

Unlike the calves or thighs, the pelvis does not have a unique geometrical shape to take 

advantage of for array design. A two-element module with slightly narrower elements (12.1 

vs. 7.5 cm) was constructed, increasing the coil element count from 12 of the earlier design 

[8] to typically 14 to 16 with the new array.

2.5 Parallel imaging prescription

Fluoroscopic tracking is sensitive to the acquisition parameters used to acquire each station 

[8,35]: if one dwells too long at the proximal stations then the distal stations suffer from 

venous overlay on the arterial frames. If one spends too little time at the proximal stations, 

there may not be enough information to clearly follow the course of a given artery. Table 1 

shows the fluoroscopic tracking protocol as used in Ref. [8], and also details the 

improvements afforded by the new receiver coils and parallel imaging technique. Each of 

three imaging stations (pelvis, thighs, and calves) to be used for fluoroscopic tracking 

technique was analyzed offline to first determine which strategy, Acceleration 

Apportionment or optimal CAIPIRINHA, would be utilized for SENSE acceleration 

optimization, the analysis done using a method described previously [25,27]. For both 

techniques the optimum acceleration is determined with analysis of the g-factor, a 

mathematical description of the noise amplification introduced by SENSE acceleration [16], 

as a predictor of image quality. For each station a set of 10 representative, previously 

archived studies was selected, and for each of these the coil calibration images from receiver 

arrays comprised of eight or more elements were available. The coil calibration data allows 

calculation of the g-factor maps of each station with hypothetical accelerations applied [16]. 

Coil calibration data for each station were tested with acceleration factors ranging from R = 

4 to 12 in the case of the pelvis and thigh stations, and R = 8 to 16 in the case of the calf 

station. It was found that Acceleration Apportionment consistently suited the calf station at 
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R = 12, and optimal CAIPIRINHA was better compatible with the thigh (R = 10) and pelvis 

(R = 8) stations.

2.6 General in-vivo methods

The new coil arrays were evaluated using in vivo studies performed in a total of 19 

volunteers (ages 19–55 years, weight 135–256 pounds, 9 female). Each volunteer was 

enrolled under an IRBapproved protocol and provided written informed consent. Images 

were acquired on a 3.0T GE MRI scanner (Waukesha, Wisconsin, USA). An injection of 20 

mL of gadobenate dimeglumine (MultiHance, Bracco, Princeton N.J., USA) contrast agent 

was administered via power injector into an arm vein followed by 20 mL of saline flush at 3 

mL/s for each exam. In several instances volunteers were imaged in two sessions separated 

by at least 24 hours to allow contrast clearance.

2.7 In-vivo single station evaluation

Comparisons utilizing highly-accelerated time-resolved CE-MRA between the previous and 

redesigned coil arrays in individual stations were accomplished with a view-shared sequence 

[29]. In general the spatial resolution was kept constant between the scans using the previous 

and new coils, and any increase in acceleration was used to reduce acquisition time for the 

same resolution. Sequence parameters for each station for the previous and new methods are 

shown in Table 1.

2.8 In-vivo three-station evaluation

The three redesigned coils for the pelvis, thighs, and calves were then integrated into an 

extended array and evaluated using the real-time fluoroscopic tracking protocol developed 

by Johnson et al. [8], but modified for the receivers’ greater capabilities. Details are shown 

in Table 1 with each station utilizing identical parameters as the single-station “new” 

parameters, but with real-time fluoroscopic tracking enabled. The previous protocol at the 

pelvic, thigh, and calf-foot stations was able to provide a 3D image every 2.5, 2.5, and 5.25 

seconds, respectively. Combined with patient-specific acceleration parameters, the new 

receiver array enabled update times of 2.5, 2.1, and 4.0 seconds, respectively with no 

degradation in spatial resolution.

3. Results

We compared the new and old receiver arrays in single-station targeted CE-MRA studies, 

with a representative example shown in Figure 4 for the thighs. Panels (a) and (b) show 

comparable coronal MIPs from two volunteers, (a) acquired at R = 8 acceleration, and (b) 

acquired at R = 10 acceleration with a modified CAIPIRINHA undersampling pattern [27], 

in this case 1 × 10 (7), where this nomenclature represents the RY × RZ (CAIPIRINHA 

shift) as described in Ref. [26]. Note again reduced noise amplification in the g-factor 

comparison (c) in the redesigned (b) vs. the previous (a) coil. Also note the spacing between 

the knees in panel (b) due to the desire to integrate this into a three-station configuration in 

which the inferior aspect of the thigh coil abuts the superior aspect of the new 16-channel 

calf array, which spaces the calves by design.
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Moving down the body, Figure 5 compares a representative calf comparison utilizing the 

optimized accelerations and new receiver array. Full FOV coronal maximum intensity 

projections (MIPs) are shown for a CE-MRA study done with acceleration factor R=8 (RY × 

RZ = 4 × 2 = 8) with the previous eight-element coil (a) and for a second study done at R=12 

(RY × RZ = 6 × 2 = 12) with the redesigned 16-element coil (b). A comparison of the whole-

volume g-factor is shown in panel (c) for the two cases shown in (a) and (b). Panels (d–h) 

show a sequence of images of the targeted region of the 8× MIP indicated in (a) at 

consecutive 5.2 sec frame times, and panels (i–m) show a similar region from the 12× MIP 

in panel (b) for the 4.0 sec frame times. Note the lower noise amplification in (i–m) vs. (d–

h) despite the higher (12× vs. 8×) acceleration.

Using the three new receiver arrays, three-station bolus-chase MR angiograms were 

acquired using the higher acceleration factors and shorter frame times and temporal 

footprints as listed in Table 1. Results of one volunteer study are shown in Fig. 6a, which 

shows a coronal MIP consisting of select time frames from the pelvis, thigh, and calf 

stations. The MIP consists of the last image acquired from the proximal two stations, and the 

second image acquired in the calf station. A typical layout of the arrays for the three-station 

fluoroscopic tracking exam is shown in Fig. 6b.

Results from another subject imaged using three-station acquisition with fluoroscopic 

tracking are shown in Figure 7. Panel (a) shows a full coronal FOV MIP of another 

volunteer consisting of one time-resolved frame from each of the three stations. Panels 

(b,c,d) are the time frames immediately preceding the table motion at the pelvis station in 

the sub-volume identified in (a). The images show scans of progressively 2.5, 5.0, and 7.5 

sec of total acquisition time of the contrast-enhanced blood. Panels (e) and (f) show targeted 

MIPs for the two time frames of the 3D sub-volume acquired in the thigh station. The 

images in panels (e) and (f) were formed with only 2.1 and 4.2 sec of acquired data, 

respectively. There was no time to spend acquiring additional data since the contrast-

enhanced blood had reached the distal end of the thigh FOV by time the image in (e) was 

displayed to the operator. Upon seeing this contrast transit the operator triggered table 

advance, acquisition of the current frame (f) was completed, and the table was moved. 

Panels (g,h,i) show the first three frames in the proximal portion of the left calf, 

demonstrating high arterial quality with negligible venous contamination.

4. Discussion

We have shown how the redesign of multi-element receiver coils and the incorporation of 

acceleration optimization can potentially improve the performance of multi-station CE-

MRA. The principal technical challenge of multi-station CE-MRA is to acquire data for a 

long enough time at each station to allow adequate spatial resolution but short enough to 

permit table advance to keep pace with the advancing contrast bolus to avoid venous 

contamination distally. This is particularly challenging in the thighs, where the contrast 

bolus traverses rapidly, as well as in the calves, where any delays in table advance at the 

proximal stations are cumulative and thereby increase the likelihood of venous 

contamination.
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Performing effective parallel imaging with high acceleration factors requires coil arrays with 

not only sufficient coil count but also with good signal-to-noise ratio. One method for 

increasing the available parallel imaging acceleration level is simply to increase the number 

of independent receiver coils elements. This has been taken to extremes as high as 128 

elements [36], but practical limits for our application dictate a total element count maximum 

of 48. Another important consideration in designing receiver arrays to support parallel 

imaging is to select the positions of the individual array elements to provide a unique falloff 

in sensitivity along the directions of acceleration [17].

It is important to note that the application of acceleration and the design of the receiver 

arrays should be considered simultaneously. In the initial description of 2D acceleration, 

Weiger et.al. [17] noted that the placement of the receiver arrays and the acceleration 

direction and magnitude had a straightforward relationship with 4 receivers and R = 4. This 

work extends that idea to much higher acceleration, where it is not as apparent how 16 

receivers and an R = 12 acceleration level will best complement each other.

Although the coil array used in the pelvis was also redesigned, the inability to use a defining 

shape of the anatomy to alter the array in some meaningful way compared to a standard 

linear circumferential array limited any observed improvement. Also noted is that the 

percent increase in coil count in the abdomen (12–14 to 16, or about 25%) was smaller than 

in the thighs (10 to 14–16, 40% or more) and calves (8 to 16, 100%). Aside from the array 

itself, imaging the pelvis without using breath holding typically introduces motion, another 

dimension of potential degradation of image quality. Such motion-related artifacts may be 

mitigated by other methods, such as subtractionless Dixon imaging [37–40].

In the thigh a modified array was developed comprised of slender elements with a slight 

taper. The increased coil count, typically 14 or 16 elements, arranged in circumferential 

fashion about the thighs allows 2D-SENSE acceleration with R = 10. The slight taper better 

matches the coil array to the typically tapered S-to-I surface of the subject at this station. 

These acceleration levels provide a 2.1 sec frame time and maximum temporal footprint of 

5.7 sec at this station for 1.5 mm isotropic resolution. In practice the bolus transit can be 

rapid enough that only two frames of data are acquired. The cumulative acquisition times for 

Figures 5e and f were only 2.1 and 4.2 sec, respectively. That is, only one-third and two-

thirds of the already highly undersampled k-space were used to form these results. Despite 

this, image quality is still high due to the short temporal footprint afforded by the high image 

acceleration [35].

In the calves the overall goal is to again provide high spatial resolution per unit acquisition 

time, but unlike in the proximal pelvis and thigh stations, a short 2.1 frame time to allow 

precise triggering of additional table advance is generally not needed. Accordingly, a 

somewhat longer frame time of 4.0 sec was used, permitting faster buildup of spatial 

resolution than in the thighs and pelvis. The redesigned coil array with 16 elements 

permitted 2D-SENSE acceleration of R = 12 which when combined with 2D homodyne 

acceleration of 1.8 yielded net acceleration RNET = 21.6, permitting 1.0 mm isotropic 

resolution. In the same vein, if such high temporal resolution imaging is not required in the 

proximal stations such as in single-station studies, the higher acceleration available with 
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these arrays and acceleration techniques could be applied to increase spatial resolution to, 

say, 1.4 mm isotropic with no increase in acquisition time vs. the previous fluoroscopic 

tracking protocol.

The combination of these three arrays allows for shorter update time and higher spatial 

resolution per unit time in the CE-MRA of the anatomic regions studied. For fluoroscopic 

tracking this allows for subjects with faster flow to be successfully imaged without venous 

overlay on the distal station. Further progress in this direction will allow CE-MRA to be a 

flexible alternative to CTA, as the station dwell time can be tailored to the individual 

without the need for a timing bolus [8].

In summary we have shown how receiver coil arrays can be further adapted and combined 

with acceleration optimization methods to potentially improve the performance of highly-

accelerated 3D CE-MRA in single station imaging of the peripheral vasculature while also 

better enabling fluoroscopically tracked multi-station CE-MRA. 5.
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Figure 1. 
A comparison of coil schematics of the previous (a) 8 element receiver coil capable of 

acceleration RY × RZ = 4 × 2 =8 and new (b) 16 element receiver capable of RY × RZ = 6 × 

2 =12. Note the increased receiver count and shape tailored to the calf anatomy. 

Additionally, the S/I extent is increased from 27cm to 40cm.
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Figure 2. 
A set of axial slices in the 3D g-factor map for a simulated 12× 2D-SENSE acceleration 

with various receiver coil configurations. Panels (a,b) compare the positioning of the 

anterior and posterior element configurations, either flat across the top and bottom (a) or 

angled in toward the center of the calves (b). The angled elements produced g-factor maps 

with lower values. Panels (c,d) compare the spacing between or outside of the legs, note 

reduced g-factor values in the panel with the spaced legs (d). Panels (e,f) compare 

configuration in which either (e) the nearest neighbor receiver coil overlaps that minimize 

mutual inductance are respected causing increased coil-to-subject lateral air gapor (f) the 

receivers are placed such that they are as close to the tissue as possible. Note it is more 

advantageous to locate the receivers close to the tissue (f) vs. minimizing mutual inductance.
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Figure 3. 
A comparison of the previous (a) 12 element and new (b) 14 element thigh receiver arrays. 

Note the uniform elliptical cross-section in the previous array, causing an increased coil-to-

subject gap at the knees. The new tapered receiver array with progressively changing cross-

sectional area, allows for a tighter fit at the knees while at the same time allowing for a 

wider fit at the hips.
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Figure 4. 
Panels (a,b) compare the previous 12 channel thigh array at RY × RZ = 4 × 2 and the new 

tapered thigh array at RY × RZ (Shift) = 1 × 10 (7). Note the wider hip-facing area (50cm 

wide) and the narrower knee facing area (39cm wide). This allows the receiver elements to 

fit closer to the tissue. Panels (c,d) compare coronal MIPs from comparable contrast 

enhanced CE-MRA volunteers. Note also that the R = 10 accelerated g-factors in the 16 

channel case are lower than the R = 8 accelerated g-factors in the 10 channel case shown in 

panel (e).
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Figure 5. 
Panels (a,b) show coronal MIPs from a time-resolved 3D CE-MRA of the same volunteer. 

Note reduced noise amplification along with better S/I coverage. Panel (c) shows the g-

factor statistics (10th, 25th, median, 75th, and 90th percentiles denoted by box-and-whiskers) 

from the given 3D g-factor volume associated with the generation of the MIPs in the rest of 

the figure. Note that the R = 12 accelerated g-factors are lower in the 16 channel case when 

compared to the R = 8 accelerated g-factors in the 8 channel case. Panels (d–m) show a 

comparison of the indicated sections in (a,b) though time, from arrival of the contrast agent 

through the late arterial phase images.
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Figure 6. 
Three-station MIP of a volunteer showing the last frame each of the pelvic and station, along 

with the second frame in the calves. Absence of venous overlay speaks to the effectiveness 

of the combination of high parallel imaging acceleration and interactive tracking and 

triggering. Panel (b) shows how the receiver array fits on a volunteer, different from that 

imaged in (a). CAIPIRINHA parameters for the pelvic and thigh stations were RY × RZ = 2 

× 4 (2) and RY × RZ = 2 × 5 (2). Acceleration in the calves was apportioned as RY × RZ = 

4.42 × 2.75 = 12.16.
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Figure 7. 
Three-station MIP of a second volunteer is shown (a), along with various zoomed in sections 

from the time series of the acquisition. The final three MIPs from the pelvic station are 

shown in (b,c,d). The only two time frames of the thighs are shown in (e,f), and the first 

three time frames in the calves are shown in (g,h,i). In particular panels (e,f) show how even 

with just 2.1 and 4.2 seconds of data acquisition, high quality arteriograms of the small 

vessels in the thigh can be formed on the way to acquiring a distal station. CAIPIRINHA 

parameters for the pelvic and thigh stations were RY × RZ = 1 × 8 (6) and RY × RZ = 1 × 10 

(8). Acceleration in the calves was apportioned as RY × RZ = 4. 48 × 2.75 = 12.32.
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Table 1

Acquisition parameters; both for single station coil array comparison scans and for 3-station fluoroscopically 

tracked and triggered CE-MRA volunteers. “Previous” indicates parameters reported in Johnson, et al, [8] 

whereas “New” indicates parameters used in this work.

Parameter Table: Station Abdomen-Pelvis Thighs Calves-Feet

FOV (cm: S/I × L/R × A/P) 42 × 42 × 14.4 42 × 42 × 13.2 42 × 33.6 × 13.2

Sampling Matrix (S/I × L/R × A/P) 280 × 280 × 96 280 × 280 × 88 420 × 336 × 132

Resolution (mm: S/I × L/R × A/P) 1.5 × 1.5 × 1.5 1.5 × 1.5 × 1.5 1.0 × 1.0 × 1.0

Flip Angle (°) 30 30 30

Bandwidth (kHz) ±62.5 ±62.5 ±62.5

TR / TE (ms) 4.6 / 2.0 4.6 / 2.0 5.8 / 2.7

Receiver Coil # - Previous 12–14 10 8

Receiver Coil # - New 16 14–16 16

View Sharing Sequence N3 CAPR N3 CAPR N4 CAPR

2D-SENSE Acceleration - Previous R=8 (4×2) R=8 (4×2) R=8 (4×2)

2D-SENSE Acceleration - New R=8 (CAIPIRINHA) R=10 (CAIPIRINHA) R=12 (Apportioned)

2D Partial Fourier Acceleration 1.9 1.9 1.8

Frame Time (sec) – Previous 2.5 2.5 5.2

Temporal Footprint (sec) - Previous 6.8 6.8 18.7

Frame Time (sec) – New 2.5 2.1 4.0

Temporal Footprint (sec) - New 6.8 5.7 13.9
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