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Abstract

Purpose—To refine, adapt, and evaluate the technical aspects of fluoroscopic tracking for
generating dual-station high-spatial-resolution MR angiograms of the calves and feet using a
single injection of contrast material.

Materials and Methods—Nine subjects (seven healthy volunteers followed by two patients)
were imaged using a two-station calf-foot 3D time-resolved bolus chase MRA protocol which
provided <1.0 mm3 spatial resolution throughout and 2.5 and 6.6 sec frame times at the calf and
foot stations, respectively. Real-time reconstruction of calf station time frames allowed visually-
guided triggering of table advance to the foot station. The studies were independently read and
scored by two radiologists in six image quality categories.

Results—On average, overall diagnostic quality at the calf and foot stations was good-to-
excellent, the calf arteries and all but the smallest foot arteries had good-to-excellent signal and
sharpness, artifact and venous contamination were minor, and signal continuity across the inter-
station interface was good.

Conclusion—The feasibility of fluoroscopic tracking has been demonstrated as an efficient
approach for high spatiotemporal imaging of the arteries of the calves and feet with good-to-
excellent diagnostic quality and low degrading venous contamination.
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INTRODUCTION

The arteries of the calves and feet are an important but challenging vascular region to image.
In patients with peripheral arterial disease or diabetes mellitus, it is often desirable to image
the arteries from the knees to the toes to diagnose vascular disease and to identify patent
vessels for potential bypass grafts. Imaging of the peripheral vessels is complicated by their
small size, the potential for rapid arterial-to-venous transit and complex and asymmetrical
flow, and the need for extensive superior/inferior (S/I) coverage. Therefore, effective
angiographic imaging of the calves and feet requires adequately high spatial resolution (~1.0
mm3 for the calves, <1.0 mm3 for the feet), precise timing to avoid venous contamination,
and imaging over an extended FOV (>50 cm). 3D contrast-enhanced MR angiography (CE-
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MRA) is used for lower extremity imaging and exploits such methods as single-station
imaging using acceleration techniques, multi-station bolus chase MRA, and hybrid
techniques. However, each of these methods has limitations.

Contemporary single-station time-resolved CE-MRA methods allow calf and foot
angiograms to be acquired individually with high spatial resolution and frame times of 7 sec
or less (1-6). Such methods can routinely avoid venous contamination and do not require an
estimate of bolus transit time. However, due to the limited S/l coverage of a single station,
typically <50 cm, two scans are generally necessary to image the arteries from the knees to
the toes. This approach is inefficient, requiring multiple contrast-enhanced runs, possibly
with a waiting period between runs to allow contrast clearance from the first injection.

Multi-station bolus chase MRA methods aim to image angiograms with extended S/I
coverage (>50 cm) by advancing the scanner table to keep pace with the advancing contrast
bolus (7-11). However, avoiding venous contamination at the calves and feet can be
problematic, and often the feet are excluded in these exams or are imaged with relatively
low spatial resolution. To image proximal stations with adequate spatial resolution generally
requires an extended MR data acquisition time that results in the table advance lagging the
advancing contrast bolus. Consequently, once the table is advanced to the distal-most
station, the contrast transit may be well into or even past the arterial-only phase. To allow
the table to reach the calves and feet in synchrony with the advancing contrast bolus, the
imaging duration at each proximal station must be kept short, but this in turn limits spatial
resolution. A further complication is that the patient-specific bolus transit time must often be
estimated beforehand, such as with a timing bolus (12) and often at multiple locations
(13,14).

Hybrid methods use a dual-contrast-injection approach to separately acquire a single-station
time-resolved angiogram at the distal-most station in addition to a bolus chase extended
FOV angiogram to better avoid venous contamination (15-22). The time-resolved
acquisition is generally performed first and acts as a surrogate timing bolus for the bolus-
chase run. To conserve contrast material, efforts have been made to reduce the contrast dose
for the dynamic acquisition. However, the S/I coverage of this technique is typically
insufficient to provide dynamic imaging from the knees to the toes.

Recently, a method called “fluoroscopic tracking” has been described (23) which attempts to
combine the advantages of 3D time-resolved CE-MRA, bolus chase MRA, and real-time
image reconstruction. At a proximal station, high-spatial-resolution images are acquired
every few seconds and reconstructed in real time, allowing the operator to visually track the
progressing contrast bolus and trigger table advance to a distal station. Such an approach can
potentially allow efficient, dynamic, and extended FOV imaging of the lower extremities.
Initial results were shown for dual-station thigh-calf imaging. The purpose of this work is to
refine the fluoroscopic tracking technique and adapt it to high-spatial-resolution dual-station
CE-MRA of the calves and feet and in so doing address the added challenges of smaller
vessels and more dilute contrast material in this more distal region.

MATERIALS AND METHODS

Subjects

13 subjects comprised of 11 healthy volunteers (eight females, mean age 46, age range 31—
58; three males, mean age 46, age range 33-63) followed by two patients (one female aged
67; one male aged 55) were consecutively enrolled for participation in an institutional
review board-approved HIPAA-compliant prospective study. Each subject provided written
informed consent. The first four studies were used to develop and refine the imaging
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protocol. The latter nine studies, consisting of seven healthy volunteers (5 females, mean
age 45, age range 31-54; 2 males aged 33 and 43) and the two patients, were used to
evaluate the fluoroscopic tracking method using the refined protocol which is reported here.

Fluoroscopic Tracking Technical Specifications

“Fluoroscopic tracking” can be defined in multi-station CE-MRA as a technique in which
3D time-resolved images are formed of the vasculature of a station with: (i) adequate spatial
resolution to allow diagnostic interpretation; (ii) adequate temporal resolution to allow
visualization of bolus advance; and (iii) adequate reconstruction speed to allow the operator
to interactively trigger table advance to the next station. As with fluoroscopic “triggering”
(24,25), tracking requires that the temporal resolution be adequate for visualizing contrast
bolus arrival and progression. However, more stringent than triggering, the spatial resolution
of the tracking images must allow diagnostic interpretation, ideally as high-spatial-resolution
3D images.

For this work at the calf station we targeted: (i) <1.0 mm isotropic spatial resolution to be
competitive with single-station CE-MRA techniques; (ii) <2.5 sec frame time to allow
precise triggering of table motion based on typical times for contrast material to traverse the
calf region (26); and (iii) <1.0 sec reconstruction latency for rapid triggering of table motion.
To achieve a frame time this short with spatial resolution this fine, it is generally necessary
to use view sharing (27), a method in which images are reconstructed at intervals shorter
than the time necessary to acquire data for a single image with full spatial resolution, this
latter time being defined as the temporal footprint (28). In the technical feasibility studies of
Ref. (23), the temporal footprint was almost 20 sec long. When the transit time of the
contrast bolus through the proximal station was shorter than this, which was not uncommon,
the images in that station were thus incompletely sampled, resulting in loss of spatial
resolution.

The above technical specifications of frame time and spatial resolution were achieved using
the time-resolved Cartesian Acquisition with Projection Reconstruction-like sampling
(CAPR) technique (28). To address the above-described issue of spatial resolution loss due
to extended temporal footprint, the extent of sampling of the central k-space region was
reduced for each frame and the degree of view sharing was reduced from eight to five vane
sets compared to the method of Ref. (23). This allowed reduction of the temporal footprint
from 19.1 to 12.1 sec with some minor loss of signal. Details are presented in recent work
(29). Each fluoroscopic tracking image was reconstructed in <500 msec using a custom-built
real-time system similar to that described in Ref. (23).

Because the foot station was the most distal station imaged, there was no need for the short
frame time required for precise fluoroscopic tracking. Similarly, because the table was not
being further advanced, the temporal footprint could be extended. Thus, larger values of
frame time (6.6 sec) and temporal footprint (24.2 sec) were used for the foot vs. the calf
station.

Imaging Protocol

All 13 subjects enrolled in this study were imaged using a 3T MRI system (Signa v14x; GE
Healthcare; Waukesha, WI). The final nine subjects were imaged using the following
protocol. Subjects were positioned feet-first in the scanner bore. The calves and feet were
wrapped in warm blankets to minimize motion and promote arterial flow in the feet via
vasodilation. Each subject was positioned with the soles of his/her feet pressed onto an
angled plastic wedge to provide stability. Two custom-built receiver arrays, each with eight
27-cm-long coil elements, were used for imaging—one placed circumferentially around the
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calves and the other similarly about the feet. All 16 coil elements were activated for the
entire two-station imaging duration, which was found to improve signal coverage at the
inter-station interface. For all studies 2D SENSE with acceleration R=8 was used at both
stations.

The imaging protocol is shown in Figure 1. All subjects received a single dose of contrast
material, 20 mL gadobenate dimeglumine (MultiHance; Bracco Diagnostics; Princeton, NJ)
followed by 20 mL saline flush, administered via power injector (Spectris Solaris; Medrad
Inc; Indianola, PN) at 3.0 mL/sec. The subjects’ weights ranged from 56 to 103 kg (mean 78
kg), which yielded contrast doses ranging from 0.10 to 0.18 mmol/kg (mean 0.13 mmol/kg).
Time-resolved 3D angiograms at the calves and feet were acquired using a fast spoiled GRE
pulse sequence in a coronal format with frequency encoding superior/inferior (S/1), phase
encoding left/right (L/R), and slice encoding anterior/posterior (A/P). Typical imaging
parameters are shown in Table 1. Due to software limitations, it was necessary for some
parameters such as TR, TE, and the number of frequency encoding samples to be fixed for
both stations. Also, the S/I coverage of each station was limited to <35 cm due to the need to
use a high performing gradient system to lower the TR while acquiring high spatial
resolution data at the foot station. The total extended FOV was 62.5 cm with a triggered
table advance of 30 cm in 5.5 sec. The table was triggered by the operator after the contrast
bolus traversed the later-filling calf of each healthy volunteer and the target diseased calf of
each patient. Rather than trigger immediately after contrast arrival at the distal calf FOV,
triggering was delayed one or two frames to allow increased enhancement of the major
distal calf arteries. After triggering, acquisition of the current frame was completed,
followed by a command for table advance.

Image Quality Evaluation

Time series volumes and maximum intensity projections (MIPs) were reconstructed for
radiological scoring of the seven healthy volunteer and two patient studies (n=9). Two
radiologists (14 and 2 years of experience) independently read and scored each study in six
categories (Table 2). Scores were assigned on a scale of 1 to 4, with general definitions
being: 1, poor; 2, marginal; 3, good; and 4, excellent. Each leg was individually scored in all
six categories. Categories | and I, arterial signal and arterial sharpness, were evaluated for
each of 12 target arterial segments: popliteal; tibioperoneal trunk; proximal and distal
anterior tibial; proximal and distal posterior tibial; proximal and distal peroneal; dorsalis
pedis; lateral plantar; medial plantar; and planter arch. Additionally, it was noted whether
portrayal of the digital arteries of each foot was of diagnostic quality. Categories Ill, 1V, and
V, presence of artifact, venous contamination, and overall diagnostic quality, were evaluated
separately at both the calf and foot stations. Category VI, signal continuity across the calf-
foot station interface, was evaluated considering the full extended FOV.

Bolus Arrival, Bolus Traversal, and Trigger Times

To assess contrast bolus dynamics at the calf station of each study, the times post-initiation
of contrast injection at which the contrast bolus first arrived at and first completely traversed
the calf station were determined for each leg from the tracking images. These times, referred
to as the bolus arrival and traversal times, were determined by tracking the bolus leading
edge, which has been shown in previous work to be sharply depicted by the CAPR
technique (30). The calf station transit time was defined as the difference between the bolus
traversal and arrival times. The triggering delay was defined as the difference between the
trigger time and the bolus traversal time of the later-filling leg.
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Statistical Analysis

The mean and standard error of the mean of the scores for each image quality evaluation
category across the nine studies were calculated for each reader and in aggregate. The
percentage of feet in which images of the digital arteries were of diagnostic quality was
determined. Arterial segments deemed to not enhance due to disease were not included in
the analysis. The mean, standard error of the mean, and range of the contrast bolus arrival,
traversal, transit, table motion trigger, and trigger delay times at the calf station were also
calculated.

CTA Comparison

The two patients recruited for this study were also imaged using a standard clinical runoff
CTA exam on the same day as the CE-MRA exam, which provided a qualitative comparison
of the peripheral vasculature. The CTA protocol used a 64-slice multi-detector imaging
system (Definition; Siemens; Erlangen, Germany), which provided coverage from 4 cm
above the iliac crest to the toes. Imaging parameters included 0.5 sec rotation time, 0.8 pitch,
15 mm/rotation, 120 kVp, 250 mA, and 0.6 x 0.6 x 2.0 mm?3 spatial resolution. 145 mL of
iodinated contrast material (lohexol; Omnipaque 350; GE Healthcare; Waukesha, WI) was
injected (25 mL at 5 mL/sec; 120 mL at 4 mL/sec) and followed by 30 mL of saline at 4 mL/
sec. Automated triggering and exposure control were used. In accordance with standard
clinical practice at our institution, the first run was immediately followed by a second to
image from the knees to the toes in case the first run missed the bolus. For display, bones
were manually segmented from the CT angiograms.

RESULTS

Fluoroscopic tracking was technically successful in all studies in that contrast arrival and
traversal was observed in real time at the calf station and table motion was successfully
triggered upon operator command. Tables 3 and 4 show scores for each image quality
evaluation category. At the calf station, arterial signal and sharpness were generally rated
excellent for proximal vessels and good-to-excellent for distal vessels, artifact was minor,
venous contamination was non-present, and overall diagnostic quality was excellent. At the
foot station, arterial signal and sharpness were generally scored excellent for the dorsalis
pedis artery, good-to-excellent for the plantar arch, good for the lateral plantar artery, and
marginal-to-good for the medial plantar artery. In aggregate, the only vessel segments to
receive scores of poor signal and sharpness were 1/36 (2.8%) of both lateral plantar and
plantar arch segments and 6/36 (16.7%) of medial plantar segments. The digital arteries
were typically diagnostic. In spite of being the distal station, venous contamination and
overall diagnostic quality at the foot station were typically scored minor and good,
respectively.

Figure 2 shows a plot of the bolus arrival (circle), bolus traversal (square), and table motion
triggering (triangle) times for both legs of all nine studies. For the patient studies, Subjects 8
and 9, the contrast bolus flow was asymmetrical in the two legs. Triggering was
intentionally based on traversal in the later-filling leg for both cases, leading to delayed
triggering and thus venous enhancement at the foot station in the earlier-filling leg.
Averages and ranges for these times are shown in Table 5. Transit of the contrast bolus
through the calf station took 7.5 sec (three times frames) on average, but ranged from 2.3 to
17.2 sec. Table motion was triggered on average 6.1 sec (two to three time frames) after the
bolus leading edge traversed the later-filling leg.

Figures 3 and 4 show angiogram maximum intensity projections (MIPs) for a healthy
volunteer, Subject 3. Time series MIPs of the individual calf and foot stations are shown in
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Figures 3a and 3b, respectively. Figure 4 shows coronal and sagittal extended FOV MIPs
created by combining the last calf and first foot time frames. A supplemental movie, Movie
1, shows the extended FOV time series.

Figure 5 shows results from the first patient, Subject 8, who had bilateral femoral-popliteal
grafts. This study was performed because a more distal graft was being considered for the
left leg, and triggering was thus based on contrast traversal in this leg. Images of the calf
station (Figure 5a) show the delayed contrast arrival in the left vs. right leg and lack of
signal in the left peroneal and posterior tibial arteries due to occlusion. The time series also
shows distal perfusion and retrograde filling of the left posterior tibial artery (long arrow)
via a communicating branch (short arrow). Sagittal images of the patient’s left foot (Figure
5b) show a clear arterial phase time frame of the principal arteries. The temporal sharpness
of the acquisition is illustrated in that only one frame (6.6 sec) later there is venous filling at
the plantar arch. Supplemental movies are provided of the left calf and foot time series,
Movies 2 and 3, respectively.

Figure 6 shows results from the second patient, Subject 9, who was imaged to assess
discomfort in his distal right leg, and tracking was based on this side. The calf images
(Figure 6a) show delayed filling of the right vs. left leg and near occlusion of the right
anterior tibial artery. Triggering was performed based on transit of contrast material along
the full extent of the right posterior tibial and peroneal arteries. Images of the patient’s right
foot (Figure 6b) show the arterial phase of the lateral and medial plantar and digital arteries
but lack any simultaneous filling of the dorsalis pedis artery. Supplemental movies are
provided of the right calf and foot time series in Movies 4 and 5, respectively.

Comparisons of CE-MRA and CTA angiogram targeted MIPs of the left calf of Subject 8
and the right calf of Subject 9 are shown in Figure 7. The CE-MRA and CTA MIPs show
similar vascular morphology. In the feet, the close proximity of bones obscured the vessels
in the CTA angiograms and the vessels were not as pronounced as in the calves, which
prevented a qualitative comparison to the CE-MRA results.

DISCUSSION

3D time-resolved bolus chase MRA using real-time fluoroscopic tracking has been
demonstrated for dual-station imaging of the arteries from the knees to the toes with sub-
millimeter spatial resolution using a single injection of contrast material; i.e. with no test
bolus. Despite use of high acceleration techniques, arterial signal and sharpness were scored
as good-to-excellent in all but the smallest vessel segments. The diagnostic quality of small
foot vessels such as the medial plantar and digital arteries is an indication of the high spatial
resolution of the technique. Over the group of subjects studied, the fluoroscopic tracking
technique enabled consistent imaging of both stations with good to excellent diagnostic
quality.

An aspect of dual- or multi-station imaging that can be problematic is undesirable venous
contamination at the distal station. In this work the average score across all studies for
venous contamination for the foot station was 3.03; i.e. although there was some present, it
was minor. Moderate venous contamination was typically only seen in the earlier-filling foot
in situations of asymmetrical flow, which was the case in both patient studies. Owing to the
high level of acceleration and the elliptical centric readout, the CAPR sequence can
distinguish phenomena separated by as little as six seconds. An example of this is the patient
study shown in Figure 5b and Movie 3. The first image, #18, acquired 49.8 sec after
injection, portrays the arterial vasculature of the targeted foot. Because it was the first image
formed at the foot station, the total acquisition time was one frame time, 6.6 sec. The next
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image in the series, #19, 56.4 sec post-injection, has significant filling in the veins
companion to the plantar arch. In spite of the rapid venous return in this region, the arteries
are still clearly seen. It is acknowledged that this is but one example of intrinsic venous
suppression, and additional patient studies are warranted.

Because it is a multi-station method, fluoroscopic tracking shares some of the limitations of
standard, non-fluoroscopically-tracked bolus chase MRA. Specifically, in cases of
asymmetrical flow, depending on when the table is moved either the later-filling calf may be
imaged with an inadequately long acquisition time or the earlier-filling foot may have
venous contamination. If only one leg is symptomatic, as was the case in the two patient
studies reported here, then tracking can be based on this leg, and images of the other leg
might not be relevant. However, if flow is markedly asymmetric and both legs need to be
assessed, then fluoroscopic tracking could be followed with a targeted single-station
acquisition using a second contrast injection if necessary.

A second limitation of multi-station CE-MRA applicable to fluoroscopic tracking is that due
to the limited sampling time at a proximal station as a result of needing to advance the table,
image quality within that station can be diminished, particularly for the later-filling distal
vessels. This can be seen in the image quality evaluation in Table 3. Although the distal
aspects of the three principal calf vessels had good-to-excellent arterial signal and sharpness,
with mean aggregate scores in the 3.33 to 3.68 range, these scores were inferior to those of
the proximal segments of the vessels. This can be seen another way. In Figure 3a note that
proximal vessels are enhanced for five frames (#12 — #16), corresponding to a full 12.5 sec
long temporal footprint and thus complete k-space coverage, while distal vessels are
enhanced for only two or three frames (#14 — #16). As it is, even with the above constraint
of a short (12.5 sec or less) net data acquisition time, the 1 mm isotropic spatial resolution is
competitive with that of contemporary single-station methods for imaging the calf vessels;
e.g. Refs. (4) and (21).

The demonstration of dual-station CE-MRA with fluoroscopic tracking provides motivation
for other studies. The vast majority of imaging exams of the peripheral arteries in current
clinical practice require coverage from the pelvis to the feet. Conceivably, the dual-station
technique presented here could be extended to three or more stations, all with real-time
tracking, while the calf and foot stations themselves could also be lengthened to extend the
longitudinal coverage. In our own practice, CT angiography is often the firstline test for
peripheral angiography. When this is inadequate distally, a focused calf-foot MRA exam as
reported here can be useful. Another area of study is the contrast dose. Because the image
acquisition times with tracking are short, it is likely that the contrast dose used in this study
is greater than necessary. This is particularly true at the calf station, where the overall time
spent for data acquisition, the sum of the “Bolus Transit” and “Triggering Delay” times in
Table 5, can be as small as five frames (12.5 sec) or less. Ideally the bolus duration is no
longer than the image acquisition time, as any excess duration represents contrast material
which is not used. A reduction of the contrast dose, perhaps even as high 50%, would make
additional contrast material available for imaging more proximal stations if desired. Yet
another possible area of study is the use of real-time tracking with blood pool contrast
agents. The first-pass arterial phase could be imaged at multiple stations with fluoroscopic
tracking and followed with steady-state imaging for higher spatial resolution, but with the
arteries having been identified from the first pass. Additionally, this would enable very rapid
imaging of a pelvis and thigh station, while leaving sufficient time for a time-resolved dual-
station calf-foot acquisition using the same contrast bolus.

This study had several limitations. First, the time to move the table from the calf to the foot
station was 5.5 sec. Faster tables of the latest MRI systems allow this motion to occur within
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about 3.0 sec, removing considerable dead time. Second, the receiver coil arrays used at
each station were comprised of eight 27-cm-long coil elements. Increasing the coil count per
array and the element length to, say, 40 cm would allow improved SENSE performance and
extend the S/I coverage to 80 cm. Third, due to software limitations it was necessary to fix
some scan parameters such as TR and TE to be the same for both stations. Allowing these to
be station-specific would improve performance. Fourth, the number of subjects was limited,
and more studies are necessary to assess overall reliability. However, even with this subject
group the range of bolus arrival and transit times accommodated by fluoroscopic tracking
was broad (Table 5). Lastly, direct comparison of the fluoroscopic tracking method to an
established technique such as DSA is desirable to validate its diagnostic accuracy.

In conclusion, fluoroscopic tracking 3D bolus chase MRA has been demonstrated as an
efficient technique for high spatiotemporal dual-station imaging of the arteries of the calves
and feet using a single contrast injection.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Imaging protocol for 3D calf-foot fluoroscopic tracking. After scout images are acquired at
both stations and imaging parameters are established for the remaining protocol steps,
calibration images are acquired for 2D SENSE reconstruction. After initialization of the
real-time system and calculation of SENSE inversion matrices, subtraction reference images
and the time-resolved fluoroscopic tracking CE-MRA angiograms are all acquired
seamlessly in real-time. Contrast material is injected immediately following acquisition of
the reference images, and table advance from the calf to the foot station is triggered by the
operator based on real-time visualization of the contrast bolus transit through the calf

station.

J Magn Reson Imaging. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Johnson et al. Page 12

Subject

e Bolus Arrival Time

]
94 & = ) ) . s = Bolus Traversal Time

] o—= i ; ; : ;

'ﬁ 4 Table Motion Triggering Time
8 T n. —= + + A
7 1 . + A i Iy
6 . H :

(] a A
541 & . — 4

2
4] 5 . "

E & L
34 2 : - 4 _

= ~<—> Frame Time
2{ T - — —

LeftLeg _ -
11 4
Right Leg "
15 20 25 30 35 40 45 50 55

Time (sec)

Figure2.

Plot of contrast bolus arrival and traversal times and table motion triggering times at the calf
station for all nine studies. Times are given relative to the initiation of contrast injection and
are plotted for both the right and left legs. Hash marks indicate time frame intervals.
Subjects 1-7 are healthy volunteers, and Subjects 8-9 are patients.
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#12: 29.5 sec

#18: 53.9 sec #19: 60.5 sec #20: 67.2 sec

Figure 3.
Times series angiogram MIPs of a healthy volunteer study (Subject 3). (a) Coronal calf

station time series showing the final calf frame (#16) and two preceding frames. The time
and frame number post-contrast injection are indicated. Triggering of table motion occurred
after viewing frame #15 (not shown). (b) First four foot station time frames shown
separately for the right and left feet in a sagittal format. Only benign superficial venous
contamination is seen in the early foot frames. See Movie 1 for additional detail.
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RightLeg Left Leg

Figure4.
Coronal and sagittal extended FOV MIPs for Subject 3 created by combining the last calf

frame (#16) and the first foot frame (#17) in Figure 3. The MIPs show a nearly pure arterial
phase throughout the long FOV with sub-millimeter 3D resolution. Sagittal MIPs are shown
separately for the right and left legs. See Movie 1 for additional detail.
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Figure5.

Time series MIPs of the first patient study (Subject 8) shown in coronal format for the
calves (a) and sagittal format for the left foot (b) with similar labels as in Figure 3. Tracking
was based on bolus flow in the left leg due to interest in placing a distal graft. Note that the
bolus traversed the right leg more rapidly than the left (29.5 vs. 34.4 sec), leading to venous
enhancement in the right foot (not shown). The first frame (#18) of the left foot shows a
mostly arterial phase. Venous enhancement rapidly progresses in subsequent frames.
Disease is apparent in the left calf: the posterior tibial and peroneal arteries lack signal due
to occlusion of the tibioperoneal trunk. The time-resolved nature of the exam allows
visualization of retrograde filling of the posterior tibial artery (long arrow) via a
communicating artery (short arrow). See Movies 2 and 3 for additional detail.
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Figure®6.

Time series MIPs for the second patient study (Subject 9) with similar format as those in
Figure 5. The right foot is shown in (b). In this case, tracking was based on bolus transit
through the right calf due to suspected disease on this side. As with Subject 8, bolus transit
in the two legs was asymmetrical. The bolus traversed the left leg first (26.0 vs. 28.3 sec),
leading to early venous enhancement of the left foot. The right calf shows occlusion of the
anterior tibial artery (a, long arrow), contributing to lack of perfusion of the right dorsalis
pedis artery (b, arrow). Stents had previously been placed in the right femoral artery, one of
which caused localized signal loss (a, short arrow). See Movies 4 and 5 for additional detail.
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CTA

CE-MRA CTA

Figure7.
Comparison of CE-MRA and CTA coronal targeted MIPs for the two patient studies: (a)

Subject 8 and (b) Subject 9. The targeted MIPs are of the left calf for Subject 8 (see Figure
5) and the right calf for Subject 9 (see Figure 6). The CE-MRA MIPs were generated using
the final time frame at the calf station. The vascular morphology and regions of disease
match well between the two modalities.
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Table 1

Typical imaging parameters used for the /n vivo calf-foot CE-MRA studies. In a few cases, frame times varied
slightly due to modification of the axial FOV or flip angle.

Calf Station Foot Station

FOV (cm: S/l x LIR x A/P) 35x31.2x13.2 30%19.8x24
Sampling Matrix (S/I x LIR x A/P) 400 x 312 x 132 400 x 264 x 256
Resolution (mm: S/l x L/R x A/P) 0.88x1.0x1.0 0.75x0.75x 0.94

Flip Angle (°) 30 30
Bandwidth (kHz) +62.5 +62.5
TR/ TE (ms) 57126 57126
2D SENSE Acceleration (L/R x A/P) 4x2 2x4
2D Partial Fourier Acceleration 1.98 1.88
Frame Time (sec) 25 6.6
Temporal Footprint (sec) 12.1 24.2
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Table 2

Image quality evaluation categories and scoring.

Score Category
I. Arterial Signal — Target Vessels
1 Poor: insufficient signal for diagnosis
2 Marginal: low arterial signal but diagnosis can still be made
3 Good: minor arterial signal loss that does not interfere with diagnosis
4 Excellent: arteries have high signal and are clearly distinguished from the background
1. Arterial Sharpness— Target Vessels
1 Poor: blurring of arteries does not allow sufficient spatial resolution for diagnosis
2 Marginal: arteries blurred but spatial resolution still sufficient for diagnosis
3 Good: minor blurring of arteries does not interfere with diagnosis
4 Excellent: arteries imaged sharply with good spatial resolution
I11. Presence of Artifact — Calf and Foot Stations
1 Severe: non-diagnostic result
2 Moderate: interferes with diagnosis
3 Minor: does not interfere with diagnosis
4 No artifact
1V. Venous Contamination — Calf and Foot Stations
1 Severe: non-diagnostic result
2 Moderate: interferes with diagnosis
3 Minor: does not interfere with diagnosis
4 No venous contamination
V. Overall Diagnostic Quality — Calf and Foot Stations
1 Poor: non-diagnostic
2 Marginal: arteries blurred, have weak signal, or obscured but diagnosis can still be made
3 Good: arteries generally sharp with high signal and some minor obscureness or loss of quality
4 Excellent: arteries sharp with high signal and no obscureness
V1. Signal Continuity Across Calf-Foot Station Interface — Extended FOV
1 Poor: signal discontinuous
2 Marginal: signal continuous with significant signal loss
3 Good: signal continuous with minor signal loss
4 Excellent: signal continuous with no signal loss
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Table 5

Contrast bolus arrival, traversal, and transit times and table motion triggering and delay times at the calf
station (bolus arrival, traversal, and transit times: n=18; triggering and delay times: n=9).

Mean Time(sec) Range (sec; min-max)

Bolus Arrival 26.8+0.9 19.0-325

Bolus Traversal 343+16 222-443
Bolus Transit 7511 23-17.2

Triggering of Table Motion 411422 28.5-51.7
Triggering Delay 6.1+0.6 25-74

Mean times are reported as mean + standard error of the mean.
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