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Fluoroscopically Triggered Contrast-enhanced
Three-dimensional MR Angiography with Elliptical
Centric View Order: Application to the Renal Arteries’

PURPOSE: To determine the reli-
ability of obtaining arterial-phase,
contrast-material-enhanced three-
dimensional (3D) magnetic reso-
nance (MR) angiograms of the renal
arteries by using a technique that
combines two-dimensional real-time
MR fluoroscopy and a 3D MR angio-
graphic acquisition with elliptical
centric view order.

MATERIALS AND METHODS:
Twenty-five consecutive patients sus-
pected of having renal artery disease
were evaluated with the fluoroscopi-
cally triggered technique by using a
mean dose of 0.18 mmol/kg gadoteri-
dol. Left renal vein suppression, in-
ferior vena cava suppression, motion
artifact, and image quality for depic-
tion of the renal arteries were each
evaluated on a five-point scale (1 =
best). The findings were compared
with those of another 25 consecutive
patients who underwent conven-
tional gadolinium-enhanced 3D

MR angiography.

RESULTS: The fluoroscopically trig-
gered technique produced 4.6 times
less left renal vein enhancement than
did the conventional method (P <
.01). With the fluoroscopically trig-
gered technique, visualization of the
renal arteries was adequate for diag-
nosis in 24 patients (96%) and the
overall result (score of 1-3 for all cri-
teria) was of good quality in 22 pa-
tients (88%).

CONCLUSION: With this fluoro-
scopically triggered MR angio-
graphic technique, high-quality,
arterial phase, relatively motion
immune angiograms can be routinely
obtained.

HE success of gadolinium-enhanced
magnetic resonance (MR) angi-

ography (1,2) is dependent on deliv-
ery of the gadolinium chelate through
the vascular system to the site of inter-
est. It is well accepted that low-order
phase-encoding views dominate im-
age contrast (3); thus, to obtain first-
pass arterial-phase images, the central
k-space views should ideally be acquired
at peak arterial enhancement (4). For
two-dimensional (2D) imaging of a
single section, this is not difficult to
achieve due to the intrinsic high tem-
poral resolution (5-7). However, for
three-dimensional (3D) imaging with
acquisition times of several tens of
seconds, the issue of bolus timing is
very important, especially since bolus
transit times can vary substantially
between patients (8,9). The initial work
in 3D gadolinium-enhanced MR angi-
ography used continuous infusion
and an imaging time much longer
than the variability in transit time,
making the timing issue moot (1,10).
This approach, however, was suscep-
tible to both respiratory motion and
venous contamination, and also suf-
fered from continual dilution of the
contrast material due to the length-
ened acquisition time. More recent,
many 3D studies were performed with
use of rapid injection and a rapid ac-
quisition protocol (8,11-14). This ap-
proach has the potential to reduce re-

spiratory artifact, venous contamination,
and the required dosage of contrast
material. With this approach, how-
ever, timing the acquisition with the
arrival of the bolus of contrast mate-
rial then becomes extremely impor-
tant (4,8,11,15).

A number of methods for timing the
data acquisition with the arrival of the
bolus of contrast material to produce
3D arterial-phase images have already
been presented. These include (a) esti-
mation of the time of arrival, (b) injec-
tion of a small amount of contrast ma-
terial in a test dose to establish timing
(16), (c) partial k-space updating with
increased time resolution (17), and
(d) line scanning before 3D triggering
(18). These methods have all been suc-
cessful to varying degrees. Neverthe-
less, each method has a potential
drawback as discussed below. For
method a, the time-to-enhancement
variability between patients can be
problematic. For method b, the test
dose causes increased vascular en-
hancement and causes accumulation
of contrast material in the renal pelvis,
neither of which is generally desir-
able. Furthermore this method re-
quires that the cardiac output remain
unchanged between the test acquisi-
tion and the actual 3D acquisition,
which may not always be true. For
method c, the repetitive sampling of k
space ensures an arterial-phase image,
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Figure 1. Schematic diagram of possible con-
trast-enhanced 3D MR angiographic (MRA)
acquisitions. In a, a typical contrast curve of
arterial and venous enhancement is shown.
In b, the fluoroscopically triggered pulse se-
quence is shown. This sequence is initiated
just before injection of contrast material, and
continuous fluoroscopic imaging occurs at an
interactively prescribed location. Once the
contrast agent is detected, the 3D image with
centric phase-encoding order is triggered. For
breath-hold studies, breath holding is coached
just before triggering. In c and d, the two pos-
sible timings for the conventional sequential
phase-encoding order are shown (see text for
details). In ¢, the elliptical spiral and sequen-
tial view orders are illustrated for an 8 x 8
phase-encoding matrix. During every repeti-
tion of a 3DFT acquisition, the signal col-
lected corresponds to one of the points shown,
with sampling along an axis corresponding to
the frequency direction, k,, coming out of the
plane of the plot. Note that the shaded central
views are played out first with the elliptical
centric approach. T, and T, = time to sam-
ple the central views in the elliptical centric
method and the sequential method, respec-
tively.

but within a given breath-hold length,
the total k-space coverage must be
limited to allow for sufficient repeti-
tive view sampling. Finally, although
method d monitors the bolus arrival in
real time, this approach does not give
an image-based view of the arrival of
contrast material and requires the set-
ting of an automatic threshold level
that may not account for variability in
the degrees of contrast enhancement
between patients.

Thus, we developed a technique for
direct monitoring of arrival of the con-
trast material in a sequence of real-
time “MR fluoroscopic” images with
means for immediate triggering of a
3D MR angiographic sequence. This
technique overcomes all the afore-
mentioned disadvantages by making
use of direct monitoring rather than
prediction, by maximizing the spatial
resolution for a given breath hold, by
providing a temporal series of 2D im-
ages that illustrates the dynamics of
the arrival of contrast material, and by
allowing for manual triggering of the
3D acquisition by the operator.

Accurate timing alone is not sulffi-
cient to achieve the ideal angiographic
result in which the arterial system has
high signal intensity and the venous
system has no signal. To achieve this,
the 3D MR angiographic acquisition is
ideally performed in a manner to maxi-
mize immunity of the technique to
contrast enhancement of the venous
vasculature. The question of the deter-
mination of the best method for sam-
pling k space has already been raised
(8). To this end, we recently developed
an “elliptical centric” phase-encoding
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order for 3D Fourier transform (FT)
gradient-echo imaging that has been
shown in studies in phantoms and
volunteers to provide improved im-
munity to venous enhancement and to
motion compared with many other
view orders for 3DFT imaging (19-21).
The purpose of this study was to
apply the technique of fluoroscopi-
cally triggered contrast material-
enhanced 3DFT acquisition in con-
junction with the elliptical centric
view order in a set of consecutive pa-
tients referred for MR imaging evalua-
tion of the renal arteries. We compared
the results of this technique with those
in a similar set of consecutive patients
who underwent conventional con-

trast-enhanced 3D MR angiographic
examination.

MATERIALS AND METHODS

Overview of Fluoroscopic
Technique

A timing diagram of contrast-enhanced
3D MR angiography with fluoroscopic
triggering and centric view order is shown
in Figure 1 parts a and b. For purposes of
discussion, suppose that the origins of the
renal arteries are to be imaged by using a
25-second 3DFT MR angiographic acquisi-
tion. Before the actual injection of contrast
material, all imaging parameters for the
3D sequence are determined and loaded
into the pulse sequence controller, and the
3D sequence is thus ready for immediate
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Table 1

Evaluation Criteria for Qualitative Evaluation of Contrast-enhanced 3D MR Angiograms

Left Renal Vein

Inferior Vena Cava

Image Quality for

Score Suppression Suppression Motion Artifact Depiction of Renal Arteries
1 No signal from left renal vein No signal from inferior vena No visible artifact Excellent
cava
2 Barely visible signal intensity Barely visible signal intensity Minimal artifact More than adequate for diag-
nosis
3 Noticeable signal intensity but Noticeable signal intensity but Moderate artifact without Adequate for diagnosis
less than that of the left less than that of the aorta serious impairment of
renal artery vessel visualization
+ Signal intensity equal to that Signal intensity equal to that Moderate artifact with serious Less than adequate for diag-
of the left renal artery of the aorta impairment of vessel visual- nosis
ization
5 Signal intensity greater than Signal intensity greater than Severe artifact, nondiagnostic No visualization
that of the left renal artery that of the aorta
For the general case these FOVs are differ-
Table 2 ent, resulting in different spacings along k.
. . . . . ’ 4
Blood Vessel Signal Intensity Measurements (Normalized to Aortic Noise) and k,, which requires a modification of
Conventional 3D Fluoroscopically Triggered the sampling order to maintain a circular
MR Angiography 3D MR Angiography trajectory in k space. Often, the inverse
- - FOV spacing is discounted when plotting
Before During Before During k-space indexes, and the points are plotted
Blood Vessel Injection Injection Injection Injection on a grid with equal spacing. In this case,
Aorta 18510 245117  22+14 24+102 the circular trajectory of part ¢ becomes an
Inferior vena cava 1611 6860 21+15 32+24 elliptical one when the FOVs differ; hence,
Left renal artery 21+18 19591 22+13 18272 the name “elliptical centric.”
Left renal vein 1809 144111 1909 52*41 The inherent ability of the elliptical cen-
Vena cava-to—aorta enhance- tric view order to provide improved im-
Le‘f'tlem rlahoin-t o 0.26 + 0.28 0.06 + 0.05 munity to venous enhancement can per-
renal vein—to-artery haps be understood by again consideri
enhancement ratio 0.88 = 0.86 0.19 £ 0.18 aps be uncer y again consicering

execution. Next, a plane is selected to be
monitored by the real-time 2DFT fluoro-
scopic sequence. For the current study, this
plane was usually chosen to be a 10-mm-
thick sagittal section that contained the
thoracic and abdominal aorta as best as
possible. With both the 3D and fluoro-
scopic sequences loaded, execution of the
actual contrast-enhanced procedure can
commence. As shown in part b, just before
administration of the contrast agent the
fluoroscopic sequence is initiated and ap-
plied continuously. While the contrast ma-
terial is en route to the targeted vascula-
ture, the operator monitors the aorta by
viewing the fluoroscopic images, each of
which is reconstructed within several hun-
dred milliseconds after acquisition. On see-
ing the contrast material in the aorta, the op-
erator can optionally direct the patient to
hold his or her breath and then immedi-
ately trigger the 3DFT MR angiographic
sequence. In this way, 3D imaging is initi-
ated while the contrast material is entering
the targeted arterial anatomy, at the outset
of a breath hold, and with central k-space
views acquired during maximal arterial
enhancement.

MR Angiographic Sequence:
Elliptical Centric View Order

The 3D MR angiographic portion of the
technique makes use of the elliptical cen-
tric view order (20-22), which, as shown in
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Figure 1, differs greatly from the conven-
tional sequential view order. In parts b,
the temporal playouts of the two orders
are compared. The 3D playout in k space is
shown in part e, where the two axes shown
correspond to the two phase-encoding di-
rections, k, and k,. The shaded area repre-
sents the “central” views, which correspond
to the lowest spatial frequencies and domi-
nate image contrast. For the case of a se-
quential acquisition of k-space views, the
first repetition samples the lowest leftmost
point, the next repetition samples the point
immediately to the right, and this contin-
ues until the lowest row is completely
sampled. The next higher row is then
sampled similarly, and this process repeats
until all desired points are sampled. Con-
versely, for the elliptical centric view or-
der, the readout during the first repetition
of the acquisition starts with one of the
k-space points closest to the origin, and in
subsequent repetitions points are sampled
at progressively larger radii in this k space.
In this manner, the central views are sampled
earliest in the acquisition, and those points
at larger k, and k, distances (which sample
higher spatial frequencies) are sampled
later.

The spacing between the sampled points
in the k-space plots of Figure 1 part e is dic-
tated by the fields of view (FOVs) along
the y and z directions. Here, these FOVs
are assumed to be equal, and consequently,
the spacings are the same along k, and k,.

Figure 1 parts a—d. Part a demonstrates hy-
pothetic curves that show the behavior
over time of contrast enhancement in the
arteries followed several seconds later by
enhancement in the veins, the specific de-
lay dependent on the vasculature under
consideration. Part b, after 3D triggering,
shows the 3D acquisition corresponding
to the elliptical centric view order of parte.
Each temporal division represents the ac-
quisition of two points of the plot in part e.
As shown, the 12 points of the central re-
gion of part e are sampled at the shaded
outset of the acquisition in part b, here during
peak arterial contrast enhancement and
before any venous contrast enhancement.
The sequential view order in part ¢ dif-
fers from the elliptical centric case in part b
in two important respects. First, the central
views are acquired much later during data
acquisition, centered halfway through. For
the case shown in Figure 1 part ¢, these
views would undesirably be sampled well
after peak arterial enhancement and dur-
ing peak venous enhancement. The central
views of the sequential acquisition could
be matched to peak arterial enhancement
as shown in part d, but in that case a num-
ber of the initial high k-space views would
be acquired before the contrast material
arrives in the targeted vasculature. A sec-
ond important difference between sequen-
tial and elliptical centric view orders is the
time it takes to sample the central views.
Ideally, one wishes to sample these views
in the shortest time possible at peak arte-
rial enhancement, which will minimize the
likelihood of venous enhancement. The
elliptical centric method achieves this goal;
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however, the sequential approach plays
out the central views over a substantially
longer time period (compare T, in part
d with T,y in part b).

To summarize, the elliptical centric view
order samples the central views at the out-
set of the acquisition and acquires the cen-
tral views in the shortest time possible. The
desirability to initiate a 3DFT acquisition
with the elliptical view order at the onset
of arterial enhancement provides the moti-
vation for a means for accurate triggering.

MR Fluoroscopy Sequence

The fluoroscopic portion of the inte-
grated pulse sequence was first used to
determine the viewing plane to monitor
the arrival of contrast material. This was
accomplished in a simple and rapid man-
ner by using a cursor-defined off-isocenter
rotation under interactive fluoroscopic
control (23). Specifically, beginning with an
axial view of the abdomen nominally at
the level of the renal artery origins, a cur-
sor was placed on the image at the center
of the aorta, and the image plane was then
rotated 90° about the cursor into a sagittal
view at the prescribed cursor location. If
necessary, further small-angle rotations
and adjustments in FOV or section thick-
ness were made to improve the length and
quality of aortic visualization. Typically,
the time for selecting the aortic viewing
plane was about 1 minute. Once the view-
ing plane was established, the patient was
coached to hold his or her breath and a test
3D image set was obtained without ad-
ministration of contrast material to ensure
accurate selection of the 3D volume. Next,
the sequence as shown in Figure 1 part b
was performed.

The fluoroscopic image parameters were
chosen to produce dynamic 2D images
with high spatial resolution under the con-
straint of keeping the image update rate no
slower than about one per second. This
temporal resolution was considered mar-
ginally sufficient for observing the arrival
of contrast material into the abdominal
aorta. Thus, the typical fluoroscopic scan-
ning parameters included the following:
13-15/8 (repetition time [TR] msec/echo
time msec), 30° flip angle, 10-mm section
thickness, 256 (x) X 96 (y) matrix, *16-kHz
receiver bandwidth, and first-order gradi-
ent moment nulling in the section-select
and frequency directions. The relatively
long echo time of 8 msec was necessary to
allow for a full echo acquisition at a rela-
tively low bandwidth, for the use of gradi-
ent moment nulling, and for oblique imag-
ing with an FOV as small as 200 mm. The
use of gradient moment nulling reduced
flow dephasing effects; this was particu-
larly valuable in the initial scouting pro-
cess before the arrival of contrast material.
The flip angle was chosen to be large enough
to saturate in-plane flow, thus allowing for
substantial contrast material enhancement
but also to be sufficiently small such that
the images obtained before the arrival of
contrast material were not completely
saturated. As mentioned above, the fluoro-
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Table 3

Comparison of Conventional and Fluoroscopically Triggered 3D

Contrast-enhanced MR Angiography

Category* Conventional Triggered P Value
Left renal vein suppression 28+12 14 +07 <.0001
IVC suppression distal to renal veins 2009 12*04 <.001
IVC suppression below renal veins 1.3x07 1.0x0.0 <.015
Motion artifact 20*13 17*08 <.15
Image quality for depiction of renal arteries 2312 1.5*09 <.02

Note.—Data are presented as the mean * standard deviation. Images from all 50 patients were evalu-
ated on a five-point scale (1 = best, 5 = worst) as detailed in Table 1.

*IVC = inferior vena cava.
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pression and renal artery image quality. The improvement with the fluoroscopically triggered
sequence was statistically significant for both the left renal vein suppression and the renal ar-
tery categories. In the latter category, the only grade 4 score in the fluoroscopically triggered
acquisitions was due to a verbal communication error.

scopic imaging rate was approximately
one per second (96 views X 13 msec). The
96 views represented three-quarter partial
Fourier sampling of 128 views, with the
latter quarter zero filled; further symmetric
zero filling to 256 points was performed
before reconstruction. The reconstruction
time was ~500 msec for the 256 X 256 ma-
trix when using a four-coil phased array and
a “sum of the squares” reconstruction (24).

Instrumentation for Fluoroscopic
Triggering

Actual implementation of fluoroscopic
triggering of the 3D angiographic sequence
requires instrumentation capable of sev-
eral distinct functions. These include
(a) the ability to rapidly switch from one
pulse sequence to another, (b) the ability
to reconstruct the 2DFT fluoroscopic im-
ages very quickly, and (c) the means for

allowing the operator to manually trigger
the 3DFT sequence. These functions were
achieved by making use of an “MR fluo-
roscopy” apparatus (25), which has re-
cently been described in detail (26). This
real-time reconstruction system has been
interfaced to a standard whole-body 1.5-T
MR imaging unit (Signa; GE Medical Sys-
tems, Milwaukee, Wis).

The first function above, sequence
switching, is provided by copying both the
fluoroscopic and 3D pulse sequences into
the pulse controller memory of the MR
imaging unit. At the outset of contrast-en-
hanced imaging, a logic variable is set to
“true,” and after each 13-msec repetition of
the fluoroscopic sequence the variable is
evaluated. If “true,” the fluoroscopic se-
quence is repeated; if “false,” the sequence
controller switches to the 3D sequence.
Once triggered, there is an additional 10-
msec latency until execution of the 3D se-
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C.

Figure 3. Coronal MIP images from the 3D data sets illustrate varying degrees of left renal
vein suppression. (a) No renal vein was evident (grade 1). (b) Left renal vein (arrow) is barely
visible (grade 2). (c) Left renal veins (arrows) are noticeable but less so than the renal artery
(grade 3). (d) Left renal vein signal intensity (arrow) is equal to that of the renal artery (grade
4). The images in a—c are from fluoroscopically triggered, elliptical centric phase-encoding or-
der data sets. The image in d is from a nontriggered, sequential acquisition data set. In terms of
motion artifact, a and b received a grade of 2 due to minimal artifact, while ¢ and d had no vis-

ible artifact (grade 1).

quence. The second function, high-speed
reconstruction, is performed as discussed
above with the array processor integral to
the instrumentation discussed by Debbins
et al (26). The third function, operator in-
tervention, is provided by a direct serial
interface from the host computer of the
MR fluoroscopy system to the pulse se-
quence controller. By clicking a mouse cor-
responding to a “trigger” button on the dis-
play screen, the operator causes the logic
variable described above to change from true
to false. The total delay from acquisition of
data for the contrast-filled fluoroscopic image
until initiation of the 3DFT MR angiographic
sequence is thus 523 msec (500 + 13 + 10)
plus the response time of the operator.

Patient Studies

The fluoroscopically triggered breath-
hold contrast-enhanced 3D pulse sequence
with elliptical centric view order was tested
on 25 consecutive patients who had been
referred for MR examination of the renal
arteries. There were 16 male and nine
female patients with a mean age of 64
years * 17 (age range, 17-78 years) and
mean weight of 84 kg * 21. Their serum
creatinine levels ranged from 0.7 to 2.5
mg/dL (60-220 pmol/L) with a mean of
1.5 mg/dL % 0.7 (130 pmol/L). Each pa-
tient received a 30-mL dose (mean dose,
0.18 mmol/kg * 0.05) of gadoteridol (Pro-
hance; Bracco Diagnostics, Princeton, NJ)
by hand injection into a forearm vein with
an 18-gauge angiographic catheter at a rate
of 3-5 mL/sec. This was followed by a sa-
line flush of 20 mL. The 3D MR angio-
graphic portion of the integrated pulse se-
quence was prescribed to image the renal
arteries and abdominal aorta in the coronal
plane. The 3DFT MR angiographic acquisi-
tion used radio-frequency spoiling, re-
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winding of both phase-encoding gradients,
7.2/1.3, 45° flip angle, matrix size of 256
(x) X 128 (y) X 32 (z) with 1.5-2.0-mm sec-
tion thickness, three-quarter or full FOV in
the y direction, £32-kHz receiver band-
width, and acquisition time of 24-32 sec-
onds. Either a dual-element “license plate”
coil (GE Medical Systems) or a four-ele-
ment phased-array coil (27) was used.
Each patient was instructed to hold his or
her breath at end-inspiration immediately
before triggering the 3D acquisition.

The results from the fluoroscopically
triggered sequence were compared with
those in a similar population of 25 con-
secutive patients (14 men, 11 women;
mean age, 64 years * 11; age range, 35-79
years; mean weight, 78 kg * 19; serum cre-
atinine level: mean, 1.6 mg/dL * 0.7 [140
umol/L]; range, 0.7-3.2 mg/dL [60-280
pmol/L]). The same 30-mL dose (mean
dose, 0.20 mmol/kg * 0.5) and injection
scheme were used. These patients had un-
dergone gadolinium-enhanced 3D MR an-
giography during the 4 months prior to
the availability of the fluoroscopically trig-
gered sequence. In these patients, 3D im-
aging commenced approximately 12-15
seconds after the injection was begun,
similar to the technique used by Leung et
al (14). This standard 3D technique made
use of sequential view order and was typi-
cally performed with the following param-
eters: 45° flip angle, =32-kHz bandwidth,
three-quarter phase FOV, 512 X 128 X 32
matrix with 10.5/1.8 or 512 X 160 X 16
matrix with 12.7/2.4. A dual-element li-
cense plate receive coil was used, and the
breath-hold length was 20-32 seconds.

Evaluation

The fluoroscopically triggered technique
was evaluated in two ways. First, the fluo-

roscopic portion of the procedure was evalu-
ated by determining if it was possible to
trigger the 3D MR angiographic sequence on
the basis of visualization of the contrast
agent on the fluoroscopic image sequence.
Second, the fluoroscopic image sequence
for each patient was used to determine the
actual time delay from start of injection to
arrival of contrast material in the abdomi-
nal aorta and the degree of signal enhance-
ment. The latter was defined as the ratio of
signal intensity measurements on the fluo-
roscopic images obtained just before trig-
gering of the 3D image to those obtained
just before injection. The signal intensity
was the average value from a ~1-cm? re-
gion of interest within the aorta at the
nominal level of the renal arteries.

Qualitative and quantitative evaluations
were also performed on the 3D MR angio-
grams obtained with the fluoroscopically
triggered technique with elliptical centric
view order and on those obtained with
sequential view order with no triggering.
Five criteria were chosen for the qualita-
tive evaluation of the 3D MR angiograms
by using a five-point scale (Table 1). Evalu-
ations were done on an examination-by-
examination basis, with consideration of
both hard-copy films and video displays of
the maximum intensity projection (MIP)
images and individual partitions. Each
grade represented the consensus of the
three senior authors (A.HW.,SJ.R, B.EK.).
To assess the degree of venous suppres-
sion, the signal intensity of the left renal
vein relative to that of the left renal artery
was graded. Similarly, the degree of con-
trast enhancement in the inferior vena
cava proximal and distal to the confluence
with the right renal vein was also evalu-
ated. The degree of apparent motion arti-
fact was also assessed. Finally, the overall
quality of each MR angiographic examina-
tion in terms of degree of portrayal of the
main renal arteries was assessed. For each
comparison, the mean and standard devia-
tion of each group were computed, and the
Wilcoxon rank-sum test was performed to
determine statistical significance (P < .05)
(28). For the quantitative evaluation, signal
intensity measurements were obtained
from the 3D MR angiographic source images
at the following four locations: the aorta at
the level of the renal arteries, the inferior
vena cava distal to the confluence with the
right renal vein, the main left renal artery,
and the main left renal vein. These mea-
surements were normalized to the aortic
noise as reported by Prince (2). The ve-
nous-to-arterial enhancement ratio, V/A,
was computed by taking the differences in
signal intensity, SI, between the acquisi-
tions obtained during, Sl4, and those ob-
tained before, Sl,, passage of contrast ma-
terial and is expressed by the following
equation: V/A = (VSl4 — VSI,)/(ASl4 —
ASl,). Ideally, this enhancement ratio
would be 0.

RESULTS

The results from the comparison of
the fluoroscopically triggered 3D MR
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a.

Figure 4. Angiograms in a patient with bilateral renal artery stenoses and a distal aortic occlusion with collateral flow being supplied by the
lumbar arteries. (a) Coronal MIP image of 12 sections illustrates the bilateral renal artery stenoses (arrows) and distal aortic occlusion (arrow-
head). (b) Renal artery portion has been enlarged for comparison with the x-ray angiogram (c) for which a pigtail catheter was used. The MR
matrix size was 256 (x) X 128 (y) X 32 (z), with 1.5-mm resolution in z. The acquisition time was 34 seconds and the dual-element license plate

coil was used.

angiographic sequence with the stan-
dard 3D MR angiographic technique
are summarized in Tables 2 and 3. The
signal intensity measurements of Table 2
show that the fluoroscopically trig-
gered technique produced signifi-
cantly less venous enhancement for
the 3D acquisition during contrast
administration. In particular, the ve-
nous-to-arterial enhancement ratios
differed by a factor of greater than 4
for both the inferior vena cava-to—
aorta ratio (P < .01) and the left renal
vein-to-left renal artery ratio (P <
.001). The results for the graded evalu-
ation are shown in Table 3, and the
corresponding distributions for two
individual categories, left renal vein
suppression and renal artery image
quality, are shown in Figure 2. From
Table 3 and Figure 2, it is again clear
that the fluoroscopically triggered
technique with elliptical centric view
order was significantly superior for
renal vein suppression. In all of the
fluoroscopically triggered cases, the
renal vein suppression was sufficiently
low such that the main renal arteries
could be easily identified on a coronal
MIP image of the complete imaging
volume. To aid in interpreting the nu-
meric grades presented here, Figure 3
illustrates examples of different grades
of left renal vein suppression. These
images are coronal MIP images of the
renal arteries and veins and represent
the first four levels of the left renal
vein evaluation scale.

The fluoroscopically triggered method
also received a better grading for renal
artery quality, and the degree of im-
provement over the conventional tech-
nique was statistically significant

142 » Radiology

Figure 5. Contrast-enhanced 3D MR angio-
grams from a fluoroscopically triggered data
set with 1.5-mm section-select resolution. By
making use of fine resolution in the section-
select direction, the vessels may be well visu-
alized from multiple angles. (a) Coronal MIP
image of the full data set illustrates the left
renal artery stenosis (arrow) and moderate
atherosclerotic disease of the aorta. (b) Selec-
tive axial MIP image that includes all of the
sections clearly shows the stenosis (arrow)
in another orthogonal projection.

(Table 3). In addition, from the distri-
bution in Figure 2, with use of the
fluoroscopically triggered sequence,
the renal arteries were well visualized
in 24 (95%) of the 25 consecutive pa-
tients. On the basis of the MR exami-
nations only, it was determined that of
the 25 patients in the fluoroscopically
triggered group, 15 patients had greater
than 60% renal artery stenosis with
five of these patients exhibiting bilat-
eral stenoses; one case was indetermi-
nate. The single case of poor visualiza-
tion (grade 4) was due to improper
verbal communication, which led to
premature triggering of the 3D image.
Of the 25 patients in the conventional
technique group, seven patients had
greater than 60% stenosis with one
having bilateral stenoses, and four
cases were indeterminate due to

poor quality.

In 18 (72%) of the 25 fluoroscopi-
cally triggered cases, the overall result
was considered high quality, defined
as a score of 1 or 2 for all five evalua-
tion criteria. In 22 (88%) of these 25
cases, the result was considered good
quality, defined as a score of 1, 2, or 3
for all criteria. In comparison, for the
patients in the conventional method

group, the respective frequencies were
six (24%) and 14 (56%) of 25 patients.
The superior image quality of the
3D data sets from the fluoroscopically
triggered pulse sequence was particu-
larly helpful in several difficult patients.
In Figure 4a, the selective coronal MIP
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Figure 6. Takayasu arteritis in a patient with multiple grafts to the aorta. (a) Sketch of this patient’s specific anatomic features shows the grafts
in beige. (b, ¢) Three-dimensional MR angiographic MIP images from this patient’s complete data set were obtained by using two different tech-
niques. (b) MIP image obtained with the conventional technique that uses sequential phase encoding and estimation of the bolus timing. The 3D
acquisition was 32 seconds in duration and was begun 4 seconds after administration of contrast material. The combination of rapid circulation
time and sequential phase encoding caused substantial venous enhancement. (c) Follow-up MIP image obtained 6 months later with use of the
fluoroscopically triggered pulse sequence shows minimal venous signal intensity. The discontinuity in the lumen of the proximal superior mes-

enteric artery arises from the inflammation and fibrosis of the Takayasu disease. The lumen of the distal superior mesenteric artery is patent
with blood supply via a graft from the left iliac artery.

image illustrates a case of bilateral
renal artery stenoses and distal aortic
occlusion. The accurate bolus timing
and lack of venous overlap enabled
easy delineation of the aortic and re-
nal abnormalities. The x-ray angio-
gram of this patient is shown in Fig-
ure 4c. In another patient (Fig 5), the
3D nature of the data set, with high
z-resolution (1.5 mm in the anteropos-
terior direction), clearly demonstrated
a left renal artery stenosis in both the
coronal and axial projections. Finally,
Figure 6 illustrates a complex case in
which the patient had multiple ab-
dominal vascular grafts as a result of
Takayasu arteritis. The initial exami-
nation was performed without fluoro-
scopic triggering, using instead a fixed
delay and sequential phase encoding
for the 3D sequence. The resultant im-
age in Figure 6b demonstrates exten-
sive venous overlap obscuring the
arterial anatomic structures. A fol-
low-up MR angiogram obtained 6
months later with use of fluoroscopic
triggering and elliptical centric phase-
encoding order clearly shows all grafts,
with no venous overlap (Fig 6c).

In all 25 cases, by using the interac-
tive capability of the fluoroscopic sys-
tem, it was possible to rapidly obtain
a sagittal view of the aorta for moni-
toring the bolus. In 24 of the 25 fluoro-
scopically triggered cases, it was pos-
sible to trigger the 3D MR angiographic
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sequence on the basis of visualization
of arrival of contrast material into this
imaging plane. The single failure was
that of miscommunication, as men-
tioned earlier. A typical set of fluoro-
scopic image frames showing arrival
of contrast material into the sagittal
imaging plane is shown in Figure 7.
Results from the retrospective quan-
titative analysis of the fluoroscopic
frames are shown in Figure 8. In Fig-
ure 8a, the transit times from injection
to aortic enhancement are plotted
against the enhancement factor (post-
contrast maximum intensity divided
by precontrast intensity from the fluo-
roscopic images). For the 24 patients,
the average time from injection to en-
hancement of the aorta at the renal
arteries was 15.3 seconds * 4.0 (mean *
standard deviation) and the range of
transit times was 8-25 seconds. In Fig-
ure 8b, examples of the complete time
course from injection to enhancement
are shown. In each case, the 3D MR
angiographic sequence was triggered
at the last point. A decrease in inten-
sity of the last point was common due
to inhalation by the patient. In general,
the measured degree of contrast mate-
rial enhancement in the aorta was far
less on the fluoroscopic images than
on the 3D images. There are three main
reasons for this difference: First, the
fluoroscopic images were obtained with
use of a lower flip angle and longer TR

and thus were subject to increased
time-of-flight enhancement; second,
the fluoroscopic image sections were
typically 10 times thicker than the 3D
partitions, and thus the region-of-in-
terest measurements were more influ-
enced by neighboring tissue; and
third, the fluoroscopic technique de-
picted the leading edge of the bolus
before maximal enhancement, which
ideally would occur by the start of the
3D acquisition a few seconds later.

DISCUSSION

High-quality 3D contrast-enhanced
MR angiograms have been demon-
strated by many groups without the
use of a timing image or direct moni-
toring. A common approach is to use
continuous infusion over the course
of the imaging time, with sequential
phase-encoding order. The injection is
begun such that contrast material will
appear in the vessels of interest at the
start of imaging. If the timing is accu-
rate, the contrast material will there-
fore be in the vessels of interest for
approximately one-half of the acquisi-
tion time before the most central k-space
views are acquired. In this time pe-
riod, the contrast material is likely to
migrate into the venous system, and
enhancement of the renal vein and
vena cava is likely to occur. Reduction
of this venous signal intensity can be
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Figure 7. Fluoroscopic images show the arrival of contrast material into the sagittal imaging plane. Only part of each fluoroscopic image is
shown, beginning at the time of injection and continuing until when the 3D sequence was triggered. The FOV was 400 mm, and the section thickness
was 15 mm. In this case, the TR was 15 msec and a full number of excitations was used, leading to an image update rate of 1.9 seconds.

achieved by using centric ordering;
however, the timing of the contrast
enhancement then becomes crucial
since poor timing can lead to lack of
enhancement during the central k-
space acquisition. By making use of
direct monitoring of the contrast ma-
terial, consistently accurate timing is
possible. When accurate timing is pos-
sible, centric encoding may be used
and the benefits of improved venous
signal suppression and breathing arti-
fact minimization can be reaped.
Recently, venous-suppressed 3D
MR angiograms have been obtained
by using an initial bolus timing acqui-
sition, followed by a 3D acquisition
with sequential order in which the
rapid injection is timed such that peak
enhancement matches the playout of
the central k-space views (16,29). The
3D acquisition is thus similar to Fig-
ure 1 part d. Although this approach
can produce low venous enhance-
ment, it also sacrifices a portion of the
high k-space views since many of the
initial views are acquired without any
contrast material present in the tar-
geted vasculature. The elliptical cen-
tric approach also captures the central
views at peak arterial enhancement,
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but these views are captured in a re-
duced time period as shown in Figure
1. All of the high k-space views are
sampled last when the contrast mate-
rial is still present in the vasculature.
Toward the end of the acquisition, ve-
nous enhancement will occur, but the
effects are minimized since only high
k-space views remain to be sampled.

With regard to bolus timing, the test
bolus injection has been shown to pro-
vide reliable timing. In a study by Earls
et al (16), the average additional time
for the performance and evaluation of
the timing acquisition was 4.5 minutes.
With the fluoroscopic approach, the
only additional time is that needed for
fluoroscopic localization of the moni-
toring plane, which was less than 1
minute. Since the fluoroscopic method
does not use a test dose, no additional
kidney or venous enhancement is in-
troduced. Perhaps most important,
the fluoroscopic technique monitors
the actual arrival of the contrast mate-
rial for the 3D MR angiographic ac-
quisition. By using direct monitoring
of this dose rather than prediction
from an acquisition performed a num-
ber of minutes earlier, this technique
is unaffected by changes in patient

heart rate or changes in dose delivery
rate (possible with manual injection).
Immunity to these variables can only
aid in increasing the reliability of the

technique.

Direct monitoring of contrast mate-
rial has already been used in 3D MR
angiography (18,30). In that approach,
a line image through the aorta was
used. While that method can provide
accurate timing, it does not provide
the scope of information available
from a 2D image. The typically sagit-
tal image acquisition used in the pre-
sent work provides an extended view
of the aorta from the heart to the lower
abdomen, and because of the high
spatial resolution, the origins of the
major branching vessels (eg, mesen-
teric and celiac arteries) are typically
well seen. The resultant 2D images
allow for retrospective analysis of the
dynamics of arrival of contrast mate-
rial at any point on the image. The
fluoroscopic triggering approach also
differs from that of Foo et al (18) in
that the 3D acquisition is triggered by
the operator on the basis of specific
enhancement of the vessels of interest,
as opposed to an automatic trigger
arising from a line of data. An auto-
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Figure 8. (a) Graph of the enhancement factor of the abdominal aorta plotted against the time

to maximum enhancement as determined from the fluoroscopic images in 24 patients. The fluoro-
scopic enhancement factor was defined as the ratio of aortic signal intensity on the 2D image
obtained just before 3D triggering to the signal intensity on the image obtained just before in-
jection. One patient was excluded due to premature triggering of the fluoroscopically triggered
sequence. (b) Specific examples of the time course of arrival of contrast material before 3D trig-
gering are shown for six patients. A decrease in signal intensity of the last point was common
due to inhalation by the patient after the breath-hold command.

matic triggering method requires the
establishment of a specific trigger
threshold of signal enhancement;
however, Figure 8a illustrates the
varying degrees of enhancement. In
addition, manual triggering by an ex-
perienced operator eliminates the pos-
sibility of false triggering arising from
respiratory motion, increased blood
inflow, gross patient movement, or
unusual enhancement problems
(4,8,11,15).

At present, the fluoroscopic imag-
ing approach has a slower updating
rate than the line scanning approach,
which produces an output point every
400 msec (18). Certainly, the fluoro-
scopic image update rate could be in-
creased to match this rate by sacrific-
ing spatial resolution, by using a higher
bandwidth and shorter TRs, or by us-
ing partial k-space updating (3,31). In
fact, a 64 X 64 resolution would prob-
ably be sufficient for bolus detection;
however, the detailed depiction of
vessel anatomic features provided
here would be lost. Further research
into the ideal trade-off between spatial
resolution and image sampling is
necessary.

Time-resolved 3D MR angiography
(17) can also consistently produce
first-pass arterial images. To achieve
this, the k-space data from the 3D vol-
ume are sampled repetitively during
the breath hold. To allow for a high
degree of repetitive sampling within a
given time, this technique must limit
either the FOV coverage or the spatial
resolution. The elliptical centric ap-
proach presented here maximizes 3D
spatial resolution by sampling each
k-space point only once and is con-

strained only by the duration of the
breath hold and the length of the bolus.
The elliptical centric encoding
scheme has been shown elsewhere to
provide superior immunity to breath-
ing artifact (often occurring late in the
breath hold) and venous background
signal intensity in comparison to many
other phase-encoding orders (20,21),
including approaches that are based
on the centric order used for 2D imag-
ing (32). It is interesting to note, how-
ever, that in the present study there
was only minor improvement and no
statistically significant difference in
the degree of motion artifact when
using the elliptical centric approach
instead of the nontriggered image
with sequential phase-encoding order
even though the average breath-hold
lengths were roughly the same (fluo-
roscopically triggered, 29 seconds * 4;
nontriggered, 25 seconds * 5). Although
initially surprising, we believe that
there are two main reasons as to why
the superior motion artifact immunity
of the elliptical centric approach was
not evident in this study. First, the
nontriggered, sequential encoding
group benefitted from hyperventila-
tion before the start of the 3D acquisi-
tion, whereas in the fluoroscopically
triggered cases patients breathed quietly
until they were told to quickly hold
their breath. Second, the fluoroscopic
image operator triggered the 3D ac-
quisition immediately after hearing
the “hold your breath” command, and
it is conceivable that a number of the
patients had not fully held their breath
at the triggering time. Since the most
central views were acquired first, it
was important that the patient had
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stopped moving before triggering the
3D acquisition. Typically, the total
time between bolus detection at the
thoracic aorta and the 3D triggering
was under 5 seconds. During this de-
lay, the bolus progressed distally
through the abdominal aorta and into
the renal artery tree.

The venous-suppressed MR angio-
grams shown in this work arise from
the combined use of fluoroscopic trig-
gering and an elliptical centric phase-
encoding order. Both innovations are
important. If one were to perform el-
liptical centric phase encoding with-
out an accurate bolus timing scheme,
it is unlikely that the central views
would be acquired at peak arterial
enhancement, and this could lead to
substantial artifacts (4). Alternatively,
if one were to perform fluoroscopic
triggering with a sequential phase-
encoding order, the bolus would peak
long before the central views were
acquired (Fig 1 part c) resulting in
substantial venous enhancement.
Hence, the fluoroscopic triggering
approach requires the use of a centric
phase-encoding order. Our choice of
the elliptical centric order was based
on the extensive evaluation of centric
phase-encoding orders (21). In par-
ticular, when the bolus is properly
timed, this technique has been shown
to limit venous enhancement more
effectively than other commonly used
3D centric approaches because the
central views are sampled first in
the most compact period possible.

The equipment described here for
performing the fluoroscopic acquisi-
tion and triggering of the 3D acquisi-
tion is not presently widely available.
Although this equipment was custom
developed in our own laboratory, many
of the elements are already intrinsic to
most commercial MR imaging systems.
In fact, the most expensive element of
the hardware used here was the array
processor, and such a device is already
found in virtually all current commer-
cial systems. Implementation of this
technique on commercial systems
would principally require that the
data flow, image reconstruction, and
sequence switching be performed
faster than is typically done currently.

In addition to cost, another practical
aspect of any new technology is the
expertise required to operate it. In the
initial phases of this project, the equip-
ment was operated by the senior au-
thor (A.H.W.). However, as the proce-
dures for fluoroscopic positioning and
setup of the 3D MR angiographic ac-
quisition became more standardized,
equipment operation for many of the
patient studies was done by a techni-
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cian. We fully expect that MR tech-
nologists will be readily capable of
operating the fluoroscopic equipment.
In conclusion, fluoroscopic 2D im-
aging provides a reliable method for
timing the arrival of the bolus of con-
trast material to the specific area of inter-
est. When combined with a 3D MR
angiographic acquisition with use
of an elliptical centric view order,
it is possible to consistently obtain
high-quality, high-resolution, arterial-
phase, relatively motion immune
angiograms. ®
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