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 Contrast-enhanced MR 
Angiography of the Abdomen 
with Highly Accelerated 
Acquisition Techniques  1     

  Petrice M.   Mostardi ,  BS  
  James F.   Glockner ,  MD ,  PhD  
  Phillip M.   Young ,  MD  
  Stephen J.   Riederer ,  PhD  

 Purpose: To demonstrate that highly accelerated (net acceleration 
factor [ R  net ]  �  10) acquisition techniques can be used 
to generate three-dimensional (3D) subsecond timing im-
ages, as well as diagnostic-quality high-spatial-resolution 
contrast material–enhanced (CE) renal magnetic reso-
nance (MR) angiograms with a single split dose of con-
trast material.

 Materials and 
Methods: 

All studies were approved by the institutional review 
board and were HIPAA compliant; written consent was 
obtained from all participants. Twenty-two studies were 
performed in 10 female volunteers (average age, 47 years; 
range, 27–62 years) and six patients with renovascular 
disease (three women; average age, 48 years; range, 37–
68 years; three men; average age, 60 years; range, 50–67 
years; composite average age, 54 years; range, 38–68 
years). The two-part protocol consisted of a low-dose 
(2 mL contrast material) 3D timing image with approximate 
1-second frame time, followed by a high-spatial-resolution 
(1.0–1.6-mm isotropic voxels) breath  -hold 3D renal MR 
angiogram (18 mL) over the full abdominal fi eld of view. 
Both acquisitions used two-dimensional (2D) sensitivity 
encoding acceleration factor ( R ) of eight and 2D homo-
dyne (HD) acceleration ( R  HD ) of 1.4–1.8 for  R  net  =  R  ·  R  HD  
of 10 or higher. Statistical analysis included determination 
of mean values and standard deviations of image quality 
scores performed by two experienced reviewers with use 
of eight evaluation criteria.

 Results: The 2-mL 3D time-resolved image successfully portrayed 
progressive arterial fi lling in all 22 studies and provided an 
anatomic overview of the vasculature. Successful timing 
was also demonstrated in that the renal MR angiogram 
showed adequate or excellent portrayal of the main renal 
arteries in 21 of 22 studies.

 Conclusion: Two-dimensional acceleration techniques with  R  net  of 10 or 
higher can be used in CE MR angiography to acquire  (a)  
a 3D image series with 1-second frame time, allowing ac-
curate bolus timing, and  (b)  a high-spatial-resolution renal 
angiogram.

 q  RSNA, 2011
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Wis  ). Authors without fi nancial interest 
(P.M.M., J.F.G., P.M.Y.) had control of 
the data. All studies were approved by 
the institutional review board and were 
Health Insurance Portability and Ac-
countability Act compliant; written con-
sent was obtained from all participants. 
An acquisition protocol was designed to 
generate timing images, as well as diag-
nostic-quality CE renal MR angiograms 
with a single split dose of contrast ma-
terial. The protocol consisted of the 
following:  (a)  a 3D time-resolved image 
with subsecond frame time that was 
obtained with a 2-mL timing bolus and 
 (b)  a high-spatial-resolution renal MR 
angiogram obtained with 18 mL of con-
trast agent. The high-spatial-resolution 
image was optionally repeated to image 
the portal venous phase. Determination 
of the level of acceleration necessary in 

tions of an individual three-dimensional 
(3D) pulse sequence ( 7,8 ) or by sharing 
phase-encoding views ( 9,10 ) from one 
image to the next in a time series to pro-
vide a frame time shorter than the ac-
quisition time for a single image ( 11–13 ). 
However, there is a general trade-off of 
spatial resolution with temporal resolu-
tion in MR imaging. 

 Parallel imaging ( 14–16 ) is a method 
whereby the redundancy of samples 
from multiple receiver coils is used to 
reduce the number of repetitions of 
the pulse sequence necessary to gener-
ate an image of a given spatial resolu-
tion. It has been applied to abdominal 
CE MR angiography to decrease image 
time ( 17–19 ), to improve spatial resolu-
tion for a given image time ( 17,18,20 ), 
or to improve coverage ( 21,22 ). Paral-
lel imaging is accompanied by a loss of 
SNR in the resultant images, with the 
SNR loss worsening as the level of ac-
celeration factor ( R ) increases. To our 
knowledge, parallel acquisition with ac-
celerations as high as that shown here 
( R  = 8) has not previously been applied 
to abdominal CE MR angiography. 

 The purpose of this work was to 
demonstrate that highly accelerated 
(net  R  [ R  net ]  �  10) acquisition tech-
niques can be used to generate 3D 
subsecond timing images, as well as di-
agnostic-quality high-spatial-resolution 
CE renal MR angiograms, with a single 
split dose of contrast material. 

 Materials and Methods 

 One of the authors (S.J.R.) is the in-
ventor of technology for which a pat-
ent is pending and which has been li-
censed to GE Healthcare (Milwaukee, 

             One of the primary goals of abdom-
inal contrast material–enhanced 
(CE) magnetic resonance (MR) 

angiography is to generate an angio-
gram of the renal arteries with spa-
tial resolution and signal-to-noise ratio 
(SNR) high enough to allow accurate 
diagnosis of renal artery stenosis and 
other vascular pathologic abnormali-
ties. In addition, time-resolved imag-
ing may be desired in some instances 
to obtain temporal information useful 
for the understanding of abnormal fl ow 
and vascular fi lling patterns. There are 
several challenges in obtaining CE renal 
and abdominal angiograms with high 
quality. First, timing the acquisition to 
the arterial phase of contrast enhance-
ment is important to capture peak arte-
rial enhancement without venous con-
tamination ( 1,2 ). Second, to prevent 
breathing-related artifacts, the acquisi-
tion time should be limited to a breath 
hold, about 20 seconds ( 3 ). Third, in 
some cases the fi eld of view (FOV) of 
interest may extend beyond that simply 
encompassing the renal arteries. 

 These challenges have been ad-
dressed in various ways. Accurate timing 
of the acquisition to the arterial phase 
can be done with use of a separate two-
dimensional (2D) single-section timing 
run with a test bolus ( 2 ) or fl uoroscopic 
triggering ( 4,5 ). Elliptical centric view 
ordering ( 6 ) allows acquisition times of 
10 seconds or longer, enabling good spa-
tial resolution while providing intrinsic ve-
nous suppression. Time-resolved imaging 
can be performed with repeated applica-

 Implication for Patient Care 

 Use of a 2D single-section tech- n

nique with a test bolus for gener-
ating timing information for renal 
MR angiography can potentially 
be replaced with an accelerated 
3D acquisition having a 1-second 
frame time, which provides accu-
rate timing and broader ana-
tomic coverage. 

 Advances in Knowledge 

 Three-dimensional (3D) images  n

with 1-second frame time can be 
generated of the abdominal vas-
culature with a 2-mL test bolus 
and be used for accurate timing 
information in contrast material–
enhanced MR angiography. 

 It is feasible to apply two-dimen- n

sional (2D) acceleration tech-
niques with high net acceleration 
factors of 10 or greater to gener-
ate high-spatial-resolution 3D 
renal MR angiograms. 

  Published online before print  
 10.1148/radiol.11110242   Content codes:   

Radiology 2011; 261:587–597

 Abbreviations: 
 CAPR = Cartesian acquisition with projection-

reconstruction–like sampling 
 CE = contrast material–enhanced 
 FOV = fi eld of view 
 HD = homodyne 
 MIP = maximum intensity projection 
  R  = acceleration factor 
  R  net  = net  R  
  R  HD  = HD  R  
  R  X  =  R  along with X direction 
 R Y  =  R  along the Y direction 
 R Z  =  R  along the Z direction 
 SENSE = sensitivity encoding 
 SNR = signal-to-noise ratio 
 3D = three-dimensional 
 2D = two-dimensional 
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appropriate. This confi guration allowed 
2D SENSE acceleration of  R  = 8 within 
the axial plane, which, when coupled 
with HD acceleration of  R  HD  = 1.4–1.8, 
provided the target 10-fold  R  net   . 

 For the 3D timing image, 2 mL of 
gadobenate dimeglumine (Multihance; 
Bracco Diagnostics, Princeton NJ) was 
injected into an arm vein at a rate of 
3 mL/sec, followed by 20 mL of saline 
also injected at a rate of 3 mL/sec by 
using a power injector (Spectris; Me-
drad, Indianola, Pa). The 3D timing im-
age was obtained with the described 
time-resolved CAPR sequence in con-
junction with 2D SENSE, with  R  along 
the Y (left-right) direction ( R  Y ) and  R  
along the Z (anteroposterior) direc-
tion ( R  Z ), for a SENSE  R  =  R  Y  ·  R  Z  = 8. 
HD undersampling provided an addi-
tional acceleration  R  HD  = 1.8 to give 
 R  net  = 14.4. A fast spoiled gradient-
echo pulse sequence was used for data 
acquisition, with the following param-
eters: repetition time msec/echo time 
msec, 2.69–4.18/0.97–1.95; fl ip an-
gle 30°; bandwidth,  6 62.5 kHz; and 
sampling of a full 80–192-point echo. 
Larger bandwidths caused excessive SNR 
loss while smaller bandwidths caused 
excessive repetition time prolongation. 
Over the course of the series of studies, 
the frame time was adjusted within the 
range of 0.80–1.77 seconds, with cor-
responding adjustments of the spatial 
resolution. Initial studies had a frame 
time of about 1.5 seconds and a voxel 
volume of less than 10 mm 3  ( Table 1  ). 
Although this frame time was adequate 
for timing, this high spatial resolution 
was not necessary for the timing image. 
In subsequent studies, the spatial reso-
lution was made coarser, which helped 
to increase SNR and allow frame times 
less than 1.0 second. The acquisition 
was started three frames (2–5 sec) 
prior to contrast material injection to 
acquire a full contrast material–free im-
age to be used for subtraction. The 3D 
timing-bolus images were reconstructed 
by using custom reconstruction hard-
ware ( 26 ) and were sent back to the 
imaging unit console within 90 seconds 
of completion of the image. The maxi-
mum intensity projections (MIPs) were 
reviewed to determine the time of peak 

and temporal resolution and the spe-
cifi c FOV requirements of each subject. 
The different k-space sampling patterns 
for the timing image and high-spatial-
resolution MR angiogram are shown in 
Figure E1 (online). 

 In Vivo Studies 
 All studies were performed with a 
3-T MR imaging unit (Signa, version 
14.0/15.0/20.0; GE Healthcare). Fif-
teen volunteer studies were performed 
in 10 female healthy volunteers (aver-
age age, 47 years; range, 27–62 years). 
Seven patient studies were performed 
in six patients (three women; average 
age, 48 years; range, 37–68 years; three 
men; average age, 60 years; range, 
50–67 years; composite average age, 
54 years; range, 37–68 years). Volun-
teers 1, 4, 6, 8, and 9, as well as patient 
3, were imaged on two separate occa-
sions separated by at least 48 hours. 

 Studies were performed with the 
subject orientation feet fi rst and supine. 
The receiver coil array and FOV were 
centered at the level of the renal arter-
ies. A coronal acquisition was used, and 
the FOV was determined on a subject-
specifi c basis such that it encompassed 
the entire abdomen left to right and 
anterior to posterior. All images were 
obtained with end-expiration breath 
hold. Prior to the CE image, SENSE 
calibration was performed by using a 
fast gradient-echo sequence with a fl ip 
angle of 10°, bandwidth of  6 31.25 kHz, 
and spatial resolution of approximately 
2.5  3  3.6  3  3.6 mm 3  acquired within a 
breath hold. 

 The receiver coil array used was 
similar in design to that used in pre-
vious 2D SENSE-accelerated CAPR 
studies of the calves ( 23 ) in which a 
modular linear array of elements was 
wrapped circumferentially around the 
subject (Fig E2 [online]). For this cur-
rent work, each individual coil element 
module had a width of 14.2 cm and a 
length of 27.2 cm. A set of these ele-
ments was then connected into a lin-
ear array and wrapped around the 
subject’s abdomen, and then the ends 
were connected, with the number of el-
ements matched to the subject circum-
ference. Generally, 10 elements were 

providing the targeted performance is 
presented in Appendix E1 (online). 

 MR Data Acquisition 
 The k-space sampling and data acqui-
sition in this work use the previously 
described Cartesian acquisition with 
projection-reconstruction–like sampling 
(CAPR) sequence as used for CE MR 
angiography of the brain ( 13 ), calves 
( 23 ), and hands and feet ( 24 ). Starting 
from a fully sampled k Y -k Z  phase-encod-
ing plane, the following undersampling 
techniques are applied to maintain full 
azimuthal coverage for each acquired 
time frame:  (a)  the corners of k-space 
are not sampled;  (b)  k-space is divided 
into a fully sampled central region 
and a peripheral annular region that is 
further divided into vanes;  (c)  vanes 
are sampled asymmetrically to allow 
homodyne (HD)  R  ( R  HD ) of 1.4–1.8 
by using 2D HD reconstruction ( 25 ); 
 (d)  view-sharing is allowed by divid-
ing the peripheral vanes into groups, 
with the number of groups defi ned as 
the view-share factor; and  (e)  sensi-
tivity encoding (SENSE) acceleration is 
allowed along both the k Y  and k Z  direc-
tions by further undersampling. During 
the readout, the points in the central 
k-space region are sampled fi rst, and 
then this step is followed by sampling 
of one of the peripheral vane sets by 
using elliptic centric ordering. The pro-
cess repeats, with central k-space again 
sampled, followed by sampling of a dif-
ferent vane set, and continues cyclically. 
Each image time frame is reconstructed 
by using the most recent sampling of 
all views in the CAPR pattern, which 
includes central k-space and each of the 
peripheral vane sets. The temporal foot-
print is the time over which these views 
are collected. From one image time 
frame to the next, the views in central 
k-space plus one peripheral vane set 
are updated. The time that it takes to 
acquire this subset of views, or time be-
tween samplings of central k-space, is 
the frame time. In this scheme, the por-
tion of k-space used to reconstruct each 
time frame remains constant. The size 
of the central k-space region and the 
view-share factor are chosen according 
to the targeted performance of spatial 
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enhancement of the aorta and renal 
arteries. 

 For single-phase CAPR renal MR 
angiography, 18 mL of contrast agent 
was injected at a rate of 3 mL/sec, fol-
lowed by 20 mL of saline, and the ac-
quisition was started at the time after 
injection at which the contrast agent 
bolus arrives at the renal arteries, as 
determined from the test bolus acqui-
sition  . The contrast material dose for 
renal MR angiography was reduced to 
10 mL (12 mL total) for patients 3 and 6 
because of impaired renal function. The 
acquisition parameters were as follows: 
4.33–4.94/1.91–4.48; fl ip angle, 30°; 
bandwidth,  6 62.5 kHz; and sampling of 
a full 240–320-point echo. Two-dimen-
sional SENSE was also used with accel-
erations identical to those of the test 
bolus image. HD undersampling was 
again used, but with a larger-diameter 
central k-space region to provide im-
proved phase accuracy. This reduced 
the  R  HD  from 1.8 to 1.4 but still resulted 
in  R  net  = 8 · 1.4 = 11.2. After comple-
tion of the single-phase acquisition, the 
subject was given time to take several 
breaths, and the high-spatial-resolution 
image was optionally repeated to image 
the venous phase, generally 55–65 sec-
onds after injection. The venous phase 
image was acquired for all of the volun-
teer studies and for fi ve of seven patient 
studies. As with the timing image, some 
renal MR angiographic acquisition pa-
rameters were altered throughout the 
course of the studies. In early studies, 
spatial resolution of approximately 1.0 
mm 3  isotropic voxels was achieved with 
a 24–28-second image time. For broader 
application to patient populations, the 
image time was reduced to 17–22 sec-
onds, sacrifi cing some spatial resolu-
tion (approximately 1.3 mm 3  isotropic 
voxels). 

 Image Quality Evaluation 
 Images from the examinations were 
reviewed independently by two board-
certifi ed radiologists (J.F.G. and P.M.Y., 
with 12 and 2 years of experience, re-
spectively) and were evaluated accord-
ing to the criteria shown in  Table 2  . 
The 3D test-bolus image was evaluated 
on the basis of two criteria (categories 

 Table 2 

 Evaluation Criteria for Images from Abdominal CE MR Angiographic Examination 

Examination, Category, and Score Criteria

3D test-bolus images
  Category 1, depiction 

   of timing information; multiple 
arterial frames, arteriovenous 
separation

  Score 1 Inadequate, arterial enhancement not visualized
  Score 2 Barely adequate, arterial frame but not suffi cient to depict 

 progressive fi lling
  Score 3 Adequate, multiple arterial frames depicting progressive 

 arterial fi lling
  Score 4 Excellent, multiple clear arterial frames, clear progression of 

 arterial fi lling
 Category 2, visualization of main 
   renal arteries
  Score 1 Not seen
  Score 2 Barely visible, less than adequate for diagnosis
  Score 3 Visible, adequate for diagnosis
  Score 4 Excellent visualization
Renal MR angiograms
 Category 3, overall image quality
  Score 1 Nondiagnostic
  Score 2 Marginal
  Score 3 Good
  Score 4 Excellent
 Category 4, artifact; noise, motion, 
   undersampling, or aliasing
  Score 1 Severe, nondiagnostic
  Score 2 Substantial artifact, mildly or moderately impairs diagnosis
  Score 3 Some artifact present, does not impair diagnosis
  Score 4 No artifact
 Category 5, vessel sharpness
  Score 1 Poor spatial resolution, little or no defi nition of structure
  Score 2 Slight blurring of vessels, likely to impair diagnosis
  Score 3 Good visualization of vessel margins, adequate for diagnosis
  Score 4 Excellent visualization of vessel margins
 Category 6, visualiazation of main 
   renal arteries
  Score 1 Not seen
  Score 2 Barely visible, less than adequate for diagnosis
  Score 3 Visible, adequate for diagnosis
  Score 4 Excellent visualization
 Category 7, visualization of segmental 
   renal and intrarenal arteries
  Score 1 Not seen
  Score 2 Barely visible, less than adequate for diagnosis
  Score 3 Visible, adequate for diagnosis
  Score 4 Excellent visualization
 Category 8, venous enhancement
  Score 1 Visible and greater than arterial
  Score 2 Visible and comparable to arterial
  Score 3 Visible but minimal
  Score 4 Not visible
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 Figure 1 

  

  Figure 1:  Results from the 3D timing image (3.24/1.30) with 2 mL contrast material in a 53-year-old 
woman (volunteer 6)  .  (a–c)  Consecutive 1.77-second coronal MIPs show progressive fi lling of the arterial 
vasculature. Time after contrast material injection is shown on each frame.  (d)  Targeted axial MIP from the 
selected superoinferior region (area between the white dashed lines in  c) . Axial MIP highlights the high im-
age quality and isotropic nature of the timing image, as well as the large 3D volume that was acquired, as 
shown, encompassing the full superoinferior ( a–c ), as well as the anteroposterior and left-right ( d ) extent of 
the abdomen. Details are also in Movie 1.   

1 and 2) and the renal MR angiogram 
was evaluated on the basis of six crite-
ria (categories 3–8). For each category, 
a four-point scale was defi ned in which 
a score of 1 indicated poor or nondiag-
nostic performance and a score of 4 in-
dicated excellent quality. During evalu-
ation, the reviewers were also asked to 
comment on the presence of additional, 
potentially diagnostic information on 
the 3D test-bolus images. The images 
from the studies were presented to the 
reviewers in random order, and the re-
viewers were blinded to the status of 
the volunteer or patient and the con-
trast material dose. 

 Evaluation of whether the 3D test-
bolus time series could provide accu-
rate timing was performed by consider-
ing categories 1, 6, and 8. Category 1 is 
a direct measure of timing information in 
the test-bolus run. Categories 6 (visu-
alization of main renal arteries) and 8 
(venous enhancement  ) are indirect mea-
sures of timing accuracy that are used 
to assess, respectively, whether the time 
of initiation of the high-resolution ac-

quisition is not too early and not too 
late. It is noted that, even if timing in-
formation is accurate, categories 6 and 
8 are prone to other effects, such as 
motion and fast renal arterial-to-venous 
transit time, which can cause degraded 
scores. For all three categories the test-
bolus run for a given study was defi ned 
as being successful in providing accu-
rate timing information if the average 
score of the two reviewers was 3.0 or 
higher. 

 Statistical Analysis 
 The mean and standard deviation of the 
scores for each of the criteria were cal-
culated for each reviewer and for both 
reviewers combined. The scores were 
tabulated for each criterion. 

 Results 

 The acquisition parameters for all stud-
ies are summarized in  Table 1  and 
illustrate the fl exibility in parameter 
selection. Individual scores for catego-
ries 1, 2, 6, and 8 are also shown. By 

using the stated defi nition, the test bo-
lus was successful in 22 of 22 studies 
(100%) by using category 1, in 21 of 
22 studies (95  %) by using category 6, 
and in 19 of 22 studies (86%) by us-
ing category 8. Scores from the image 
quality evaluation for categories 1–8 
are summarized in  Table 3  . In just un-
der one-half (20 of 44) of the trials, the 
main renal arteries were adequately vi-
sualized for diagnosis in the test-bolus 
images, with scores of 3 or 4. In about 
one-third of the cases, additional po-
tentially diagnostic information, such 
as a renal cyst, atherosclerosis of the 
aorta and celiac artery, accessory renal 
arteries, celiac stenosis, and a replaced 
right hepatic artery arising from the 
superior mesenteric artery, was found 
in the 3D test-bolus image. In the re-
nal MR angiogram, these fi ndings were 
confi rmed, and celiac stenosis and left 
renal artery stenosis were identifi ed in 
seven and three cases, respectively. 

  Figure 1   shows results from the tim-
ing image, which was acquired with a 
frame time of 1.77 seconds and spatial 
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 Table 3 

 Summary of Image Quality Evaluation 

Examination and Category Reviewer 1 Reviewer 2 Aggregate

Test-bolus images
Category1, depiction of timing information 3.86  6  0.35 3.68  6  0.57 3.77  6  0.48
Category 2, visualization of main renal artery 2.82  6  0.80 2.14  6  0.56 2.48  6  0.76
Renal MR angiograms
Category 3, overall Image quality 3.36  6  0.66 3.05  6  0.79 3.20  6  0.73
Category 4, artifact 2.86  6  0.35 2.82  6  0.59 2.84  6  0.48
Category 5, vessel sharpness 3.59  6  0.50 3.18  6  0.66 3.39  6  0.62
Category 6, visualization of main renal artery 3.68  6  0.65 3.64  6  0.58 3.66  6  0.61
Category 7, visualization of segmental renal artery 3.00  6  0.62 2.82  6  0.66 2.91  6  0.64
Category 8, venous enhancement 3.68  6  0.57 3.32  6  0.65 3.50  6  0.63

Note.—Data are mean measurements  6  standard deviations on the basis of data in 22 cases.

 Figure 2 

  
  Figure 2:  Abdominal MR angiogram and MR venogram (4.33/1.91)   in a 53-year-old woman (volunteer 6). 
 (a)  Oblique MIP, 20° from coronal, of the abdominal MR angiogram shows the abdominal vasculature from 
the pulmonary vessels inferiorly to the iliac arteries. There is some signal intensity loss at the inferior edge of 
the FOV caused by coil signal drop-off.  (b)  Coronal MIP from the subsequent venogram shows hepatic portal 
and venous systems, as well as parenchymal enhancement.   

resolution of approximately 2.5 mm 3  
isotropic voxels, in volunteer 6. Full 
coronal MIPs ( Fig 1a–1c ) show pro-
gressive enhancement of the aorta and 
its main branching vessels. A thin axial 
MIP ( Fig 1d ) shows the high-quality iso-
tropic nature of the timing examination, 
with enhancement of branching vessels, 
as well as the renal parenchyma. More 
details are provided in Movie 1. 

  Figure 2   shows the renal   angiogram 
and subsequent venogram in volunteer 6. 
The renal MR angiogram ( Fig 2a ) shows 
sharp depiction of the abdominal vascu-
lature. In the venous phase acquisition 
( Fig 2b ), the portal venous system and 
enhancing organs are captured with high 
spatial resolution and SNR. These im-
ages are representative of the high quality 
and large volume of coverage obtained. 
Additional targeted MIPs are shown in 
Figure E3 (online). 

  Figure 3   shows results from the 
timing-bolus image and renal angiogram 
in volunteer 7. The timing image param-
eters were adjusted to achieve a shorter 
frame time of 1.17 seconds and lower 
spatial resolution than the acquisition 
of  Figure 1 .More details are provided 
in Movie 2. The renal MR angiogram 
( Fig 3e ) shows complete enhancement 
of the abdominal arterial system. 

 The timing-bolus image for vol-
unteer 8 was acquired with an even 
shorter frame time of 0.8 second and is 
shown in Figure E4 (online) and Movie 3. 
 Figure 4   shows the renal MR angio-
graphic results in volunteer 8. High SNR 
and fi ne detail of branching vessels are 
shown in the full superoinferior FOV 
coronal MIP ( Fig 4a ), targeted sagittal 
MIP ( Fig 4b ), targeted MIP about the 
renal arteries ( Fig 4c ), and single coro-
nal section ( Fig 4d ). A rotational MIP 
of the renal MR angiogram is provided 
in Movie 4. 

  Figure 5   shows targeted MIPs from 
renal MR angiography in patient 2. Al-
though there was signifi cant motion ar-
tifact in every other frame of the CAPR 
timing image because of a poor breath 
hold, accurate timing was still deter-
mined, and a high-diagnostic-quality an-
giogram was captured in this patient with 
renovascular disease. Movie 5 shows the 
test-bolus study in patient 6  . 

 Discussion 

 In this work, we have shown that  (a) 
 a 3D time-resolved CAPR acquisition 
with only 2 mL of contrast agent can 
provide accurate timing information 
for subsequent renal MR angiography, 
as well as a diagnostic overview of the 
vascular structure and fl ow dynamics, 

and  (b)  a highly accelerated ( R  net   .  10) 
acquisition can provide high-quality re-
nal angiograms. 

 In the image quality evaluation, 
the 3D test bolus was shown directly 
to provide excellent timing information 
and was successful in 22 of 22 studies 
(100%, category 1). This was further 
verifi ed in the general high quality of 
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 Figure 3 

  

  Figure 3:  Results from examination in a 27-year-
old woman (volunteer 7).  (a–d)  Consecutive 
1.17-second coronal MIPs from the 2-mL timing 
image (3.09/1.23) show clear progressive arterial 
enhancement with high SNR, as routinely obtained. 
 (e)  Oblique MIP, 20° rotated from the coronal plane, 
of the renal angiogram (4.38/1.99) shows sharp 
detail and high SNR in the main through segmental 
renal arteries, with enhancement of the vessels of 
interest as follows: abdominal aorta, iliac arteries, 
renal arteries, mesenteric arteries, as well as the 
fi ne branching hepatic and mesenteric arteries. An 
accessory left renal artery was identifi ed in both 
the timing image and angiogram (arrow), as was 
a replaced right hepatic artery (arrowhead) arising 
from the superior mesenteric artery. Details are also 
in Movie 2.   

the high-resolution renal angiogram, 
with 21 of 22 (95  %) studies rated as 
successful on the basis of visualization 
of the main renal arteries (category 6) 
and with 19 of 22 (86%) rated as suc-
cessful on the basis of minimal venous 
enhancement (category 8). 

 The principal goals of the 3D 
CAPR time-resolved acquisition were 
to determine timing for the renal MR 
angiogram and to provide an overview 
of the vasculature. Thus, it was designed 

to have high temporal resolution ( , 1.0-
second frame time) to capture fl ow dy-
namics and moderate spatial resolution 
to maintain high SNR in a highly accel-
erated, low-contrast-dose (2-mL) im-
age. It is also important that the timing-
bolus acquisition portrays the contrast 
material bolus passage with high fi del-
ity. As previously shown ( 27 ), the con-
sistent and compact sampling of central 
k-space in the CAPR acquisition allows 
for sharp and accurate depiction of the 

contrast material bolus leading edge in 
spite of the 3-second temporal footprint. 
Similar to other work in which low-dose 
time-resolved view-shared acquisitions 
were applied to abdominal CE MR an-
giography ( 28,29 ), the 3D test-bolus ac-
quisition provides relatively high-quality 
dynamic information that is useful as an 
overview of the vasculature and timing 
information, but it does not provide the 
vascular detail and quality suffi cient for 
stand-alone diagnostic renal MR angiog-
raphy. Our technique can be compared 
with other methods for time-resolved 
renal CE MR angiography. A decade 
ago, the time-resolved acquisition was 
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 Figure 4 

  
  Figure 4:  Renal angiogram (4.94/2.29) in a 36-year-old woman (volunteer 8).  (a)  Coronal MIP covering the full superoinferior 
FOV shows high SNR and fi ne detail throughout the abdominal arterial vasculature.  (b)  Targeted sagittal MIP demonstrates the 
visualization of the mesenteric artery origins.  (c)  Targeted coronal MIP about the renal arteries shows sharp delineation of the 
main and segmental renal arteries.  (d)  Single 1.60-mm-thick coronal section cropped about the kidneys shows the segmental 
and intrarenal arteries, as well as the enhancement of the renal cortex, that can be visualized in the source images. Details are 
also in Movie 4.   

frame times as short as 1.2 seconds, 
and temporal footprints as short as ap-
proximately 6 seconds ( 28,29,32 ). These 
methods use a coronal plane of sec-
tion, which is typically no more than 
12 cm thick. In this work, we used 2D 
versus one-dimensional acceleration to 
provide frame times as short as 0.8 sec-
ond, with temporal footprints as short 
as 2.4 seconds. In addition, the antero-
posterior FOV has been extended to 
the entire extent of the abdomen. Our 
study shows that time-resolved abdomi-
nal CE MR angiography can be suc-
cessfully performed with the following: 
 (a)  parallel imaging factors as high as 
 R  = 8,  (b)  frames times shorter than 
1.0 second and temporal footprints 
shorter than 3.0 seconds,  (c)  isotropic 
spatial resolution over the entire abdo-
men, and  (d)  contrast agent doses as 
low as 2 mL (average, 0.014 mmol/kg). 
Our technique is well-suited to be used 
as a 3D test bolus because of its broad 
anatomic coverage, while maintaining 

 Figure 5 

  

  Figure 5:  Renal angiogram (4.45/2.01) in a 
63-year-old woman (patient 2). Motion artifact 
obscured visualization of the vasculature in every 
other time frame of the 3D test-bolus acquisi-
tion. Regardless, accurate timing information was 
obtained, which showed enhancement of the aorta 
and renal arteries at 31.9 seconds, more than 2 
standard deviations later than the mean contrast 
agent arrival time of the series (18.5 seconds). 
 (a, b)  Targeted MIPs about the renal arteries and 
anterior mesenteric arteries illustrate the vascular 
detail obtained over each of these regions.   

performed without parallel acquisition, 
with images formed over an 8-cm-thick 
coronal slab, with 2.2  3  1.4  3  5.0 mm 3  
resolution, or a voxel volume of about 15 
mm 3 , with a frame time of 7.1 seconds 
( 30 ). Early use of parallel acquisition 
allowed similar spatial resolution with 
a 4.0-second frame time ( 31 ). More 
recently, one-dimensional acceleration 
of  R  = 3 with view sharing has allowed 
voxel volumes in the 3.3–15.0-mm 3  range, 
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 In conclusion, the use of the CAPR 
acquisition with 8   3 8 SENSE and HD 
processing and specialized surface coil 
arrays allowed for  (a)  a high-quality 3D 
timing image with subsecond temporal 
resolution that provides accurate tim-
ing, as well as hemodynamic and func-
tional diagnostic information, and  (b)  
high-spatial-resolution, high SNR abdom-
inal angiography over a large FOV in 
20 seconds or less. 
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