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Purpose: To develop a three-dimensional breath-hold (BH) magnetic 
resonance (MR) cholangiopancreatographic protocol with 
sampling perfection with application-optimized contrast us-
ing different flip-angle evolutions (SPACE) acquisition and 
sparsity-based iterative reconstruction (SPARSE) of prospec-
tively sampled 5% k-space data and to compare the results 
with conventional respiratory-triggered (RT) acquisition.

Materials and 
Methods:

This HIPAA-compliant prospective study was institutional re-
view board approved. Twenty-nine patients underwent con-
ventional RT SPACE and BH–accelerated SPACE acquisition 
with 5% k-space sampling at 3 T. Spatial resolution and other 
parameters were matched when possible. BH SPACE images 
were reconstructed by enforcing joint multicoil sparsity in 
the wavelet domain (SPARSE-SPACE). Two board-certified 
radiologists independently evaluated BH SPARSE-SPACE 
and RT SPACE images for image quality parameters in the 
pancreatic duct and common bile duct by using a five-point 
scale. The Wilcoxon signed-rank test was used to compare 
BH SPARSE-SPACE and RT SPACE images.

Results: Acquisition time for BH SPARSE-SPACE was 20 sec-
onds, which was significantly (P , .001) shorter than 
that for RT SPACE (mean 6 standard deviation, 338.8 
sec 6 69.1). Overall image quality scores were higher for 
BH SPARSE-SPACE than for RT SPACE images for both 
readers for the proximal, middle, and distal pancreatic 
duct, but the difference was not statistically significant (P 
. .05). For reader 1, distal common bile duct scores were 
significantly higher with BH SPARSE-SPACE acquisition (P 
= .036). More patients had acceptable or better overall 
image quality (scores  3) with BH SPARSE-SPACE than 
with RT SPACE acquisition, respectively, for the proximal 
(23 of 29 [79%] vs 22 of 29 [76%]), middle (22 of 29 
[76%] vs 18 of 29 [62%]), and distal (20 of 29 [69%] vs 
13 of 29 [45%]) pancreatic duct and the proximal (25 of 
28 [89%] vs 22 of 28 [79%]) and distal (25 of 28 [89%] 
vs 24 of 28 [86%]) common bile duct.

Conclusion: BH SPARSE-SPACE showed similar or superior image qual-
ity for the pancreatic and common duct compared with 
that of RT SPACE despite 17-fold shorter acquisition time.
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k-space. SPARSE with sensitivity encod-
ing is one such approach that combines 
sparsity and parallel imaging in a joint 
reconstruction algorithm that enables 
higher acceleration rates (18) than any 
technique alone. Therefore, the aim 
of this study was to develop 3D MR 
cholangiopancreatography by using BH 
SPARSE-SPACE and to compare it with 
conventional RT SPACE imaging in pa-
tients undergoing a clinically indicated 
examination.

Materials and Methods

Three of the authors are employees 
of Siemens Healthcare. These authors 
provided technical assistance but were 
not involved in the data acquisition and 
evaluation, and they did not have direct 
control of the data.

Patients
This Health Insurance Portability and 
Accountability Act–compliant pro-
spective study was performed after 
institutional review board approval 
was obtained. A total of 375 patients 

Sampling perfection with applica-
tion-optimized contrast using different 
flip angle evolutions (SPACE) is a 3D 
fast spin-echo acquisition technique (12) 
that allows for high-spatial-resolution 
volumetric MR cholangiopancreatogra-
phy with excellent image quality and has 
been shown to be superior at 3 T when 
compared with 1.5-T field strength 
(8,13). However, prospectively RT 
SPACE MR cholangiopancreatography 
routinely requires 3–6 minutes of acqui-
sition time (8) and may result in subop-
timal image quality in patients who do 
not have a consistent breathing pattern.

Sparsity-based reconstruction tech-
niques have been used to accelerate data 
acquisition by enabling accurate recon-
structions from undersampled k-space 
data if (a) underlying images are sparse 
or compressible either in image domain 
or in some transform domain and (b) 
the undersampling scheme is incoherent 
(14–19). The first condition implies that 
the number of pixels with information 
is much lower than the total number of 
pixels in that domain, and the second 
condition requires that artifacts due to 
k-space undersampling be different from 
image features. MR cholangiopancreato-
graphic images are acquired with strong 
T2 weighting, which suppresses most of 
the anatomic background. The diagnos-
tic information is contained mostly in the 
small number of voxels in the pancreatic 
and biliary ducts that have sufficiently 
high T2 value. Since the ducts occupy 
a small region in the field of view, the 
resulting MR cholangiopancreatographic 
image is sparse. Given this sparsity, it 
may be possible to acquire only a small 
portion of the k-space data prospectively 
during BH and reconstruct images with 
a sparsity-based iterative reconstruction 
(SPARSE) of prospectively sampled 5% 
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Advances in Knowledge

 n Diagnostic three-dimensional MR 
cholangiopancreatography can be 
performed during breath hold 
and images can be reconstructed 
with sparsity-based iterative re-
construction (SPARSE) from pro-
spectively sampled 5% k-space 
data.

 n Image quality parameter scores 
for the pancreatic duct and the 
common bile duct were similar 
or higher with breath-hold 
SPARSE from prospectively sam-
pled 5% k-space data when com-
pared with conventional respira-
tory-triggered navigated MR 
cholangiopancreatography, with a 
lower failure rate despite approx-
imately 17-fold acceleration.

Implication for Patient Care

 n Three-dimensional breath-hold 
MR cholangiopancreatography 
may be a substitute for conven-
tional respiratory-triggered MR 
cholangiopancreatography or 
may serve as an add-on sequence 
to decrease the failure rate of 
MR cholangiopancreatography.

Magnetic resonance (MR) chol-
angiopancreatography is an 
established noninvasive imag-

ing method that is routinely used in 
clinical practice to assess biliary and 
pancreatic ductal anatomy to diagnose 
and study pancreatobiliary diseases 
(1–5). Current MR cholangiopancrea-
tographic techniques are based on 
heavily T2-weighted fast spin-echo 
pulse sequences and have evolved from 
a two-dimensional thick-slab acquisi-
tion to a three-dimensional (3D) near-
isotropic volumetric acquisition (6–8). 
Because 3D isotropic or near-isotropic 
acquisition with volumetric coverage 
cannot be performed routinely in a 
breath hold (BH) because of the large 
amount of k-space data required, it is 
routinely performed with a prospective 
respiratory-triggered (RT) technique 
(9,10). Although prospective RT en-
ables isotropic 3D volumetric MR chol-
angiopancreatography, it is inefficient, 
because data acquisition is performed 
only during a short portion of the respi-
ratory cycle. Furthermore, in patients 
with shallow or irregular respiratory 
rhythm, respiratory-gated acquisitions 
may fail to trigger correctly, which can 
further prolong the imaging times and 
can result in image quality degradation 
such as blurring (11).
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the JPEG2000 standard (Joint Photo-
graphic Experts Group) that produces 
sparser representations of the MR 
cholangiopancreatography by exploit-
ing spatial correlations between edges 
(21). SPARSE with sensitivity-encoding 
reconstruction was implemented by 
using a fast iterative soft-thresholding 
algorithm (22) with a redundant 3D 
Haar wavelet transform to solve spar-
sity-based optimization problems with 
comparatively fast convergence and low 
computational burden. The algorithm 
uses soft thresholding in the wavelet 
space of the image, resulting from the 
contribution from all coils to enforce 
sparsity (by keeping the high-value co-
efficients and excluding the low-value 
coefficients) followed by coil-by-coil 
evaluation of data consistency to ensure 
that the reconstructed image is com-
patible with the acquired data (Fig 1)  
(23). This algorithm was implemented 
in the C++ programming language by 
using multithread programming and 
was integrated on a standard clinical 
imaging reconstruction computer.

Image Analysis
BH SPARSE-SPACE MR cholangiopan-
creatographic data (in Digital Imaging 
and Communications in Medicine for-
mat) and conventional RT SPACE data 
were anonymized and presented in 
random order to two board-certified 
radiologists (A.S. and A.M.D., with ap-
proximately 5 and 2 years of clinical ex-
perience in interpretation of MR exam-
inations, respectively) who performed 
image analysis independently. Readers 
were aware of the clinical indication but 
no other clinical information was pro-
vided. No data from pulse sequences 
other than anonymized MR cholangio-
pancreatography were made available to 
the readers. The readers underwent a 
short training session before image eval-
uation. The readers evaluated overall 
image quality, clarity, and sharpness of 
the proximal, middle, and distal pancre-
atic duct; proximal and distal common 
bile duct; and cystic duct by using a five-
point scale (1–5), with higher scores in-
dicating better image quality (Table 1).  
Presence or absence of pancreatic le-
sions was noted by the readers. Lesion 

sensitivity encoding before RT SPACE 
on even number dates.

Conventional RT acquisition.—The 
RT SPACE acquisition is a component 
of our routine clinical MR cholangio-
pancreatographic protocol and was per-
formed with the following acquisition 
parameters: repetition time, variable 
depending on the respiratory rate; echo 
time, 812 msec; flip angle, 100°; par-
allel imaging acceleration factor, three; 
spectrally selective fat saturation to 
suppress signal intensity from fat; base 
resolution, 384; section thickness, 1.1 
mm; resolution (interpolated), 1 × 1 × 
1.1 mm; number of coronal sections, 
90; and acquisition time, variable.

BH SPARSE-SPACE acquisition.—
An accelerated SPACE pulse sequence 
prototype was developed by using a 
variable-density Poisson-disk random 
undersampling pattern of the two 
phase-encoding dimensions (20). This 
sampling pattern is suitable for the 
combination of sparsity and parallel im-
aging as used in SPARSE with sensitivity 
encoding, because it contains sufficient 
incoherence and avoids gaps in k-space 
that can result from use of a conven-
tional random distribution. A technique 
for trajectory optimization was used to 
prevent strong echo-train fluctuations in 
the highly undersampled data. Five per-
cent of k-space data was acquired on 
a coronal plane during a 20-second BH 
with the following acquisition param-
eters: repetition time msec/echo time 
msec, 2000/812; flip angle, 100°; spec-
trally selective fat saturation to saturate 
fat signal intensity; parallel imaging ac-
celeration factor, two; base resolution, 
384; section thickness, 1.1 mm; and 
resolution (interpolated), 1 × 1 × 1.1 
mm. A total of 64 sections in coronal 
plane with 100% section oversampling 
were acquired to match the acquisition 
volume of conventional RT SPACE.

BH SPARSE-SPACE reconstruc-
tion.—Image reconstruction was per-
formed by enforcing joint multicoil 
sparsity in the wavelet space of the 
3D MR cholangiopancreatographic 
images on the basis of the SPARSE 
with sensitivity encoding method (18). 
The wavelet transformation is a com-
mon compression transform used in 

underwent clinically indicated MR chol-
angiopancreatography at the outpatient 
facility of our institution from October 
1, 2014 to April 1, 2015. Of these, 312 
patients were imaged with an MR im-
ager that did not have the prototype 
sequence available and thus were ex-
cluded. The remaining 63 patients 
were imaged with the 3-T MR imaging 
system (Magnetom Skyra; Siemens 
Healthcare, Erlangen, Germany) that 
included the prototype BH accelerated 
SPACE research sequence. Of these 63 
patients, 32 did not agree to participate 
in the study and were excluded. Thus, 
31 patients agreed to participate in the 
study and provided written informed 
consent. One patient was excluded be-
cause the raw data for the off-line BH 
SPARSE-SPACE reconstruction was not 
saved, and one patient was unable to 
complete the conventional RT SPACE 
sequence because of claustrophobia 
and was excluded. Thus, 29 patients, 
19 women (mean age, 62 years; range, 
34–88 years) and 10 men (mean age, 
58 years; range, 37–86 years), under-
went both BH SPARSE-SPACE and RT 
SPACE MR cholangiopancreatography 
and constituted our study cohort.

Patients were referred for MR chol-
angiopancreatography for the following 
clinical indications: (a) diagnosis or 
follow-up of a pancreatic cyst or cystic 
lesion (n = 9), (b) known or suspected 
pancreatic mass or malignancy (n = 7), 
(c) abnormal blood test (liver function or 
lipase) (n = 5), (d) abdominal pain (n = 
3), (e) primary biliary cirrhosis (n = 2),  
(f) primary sclerosing cholangitis (n = 1),  
and (g) follow-up after liver transplan-
tation (n = 2).

MR Imaging
Imaging was performed with a 3-T 
system (Magnetom Skyra, Siemens 
Healthcare) on which the prototype BH 
MR cholangiopancreatographic accel-
erated SPACE sequence was available. 
An 18-channel body-array coil and an 
eight-channel posterior spine coil were 
used for MR imaging. Patients were 
randomized to undergo conventional 
RT SPACE before BH SPARSE-SPACE 
for examinations performed on odd 
number dates or BH SPARSE with 
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quality. The linearly weighted k coeffi-
cients were computed to assess reader 
agreement on overall image quality. The 
k value is typically interpreted as an in-
dication of poor agreement when it is 
less than zero, as slight agreement when 
k is 0–0.2, as fair agreement when k is 
0.2–0.4, as moderate agreement when k 
is 0.4–0.6, substantial agreement when 
k is 0.6–0.8, and perfect agreement 
when k is 0.8–1.0 (24).

The number and percentage of 
times the overall image quality score 

Mean, standard deviation, and range 
for each measure of image quality for 
each ductal segment as determined by 
each reader were computed.

The within-subject difference be-
tween the conventional and BH acqui-
sitions in image quality scores at each 
site as determined by each reader was 
computed as the score for BH SPARSE-
SPACE minus the score for RT SPACE. 
Exact Wilcoxon signed-rank tests were 
applied to the within-subject differences 
to compare the acquisitions for image 

conspicuity and lesion edge sharpness 
also were evaluated by using a five-point 
scale (Table 1). Acquisition time for the 
BH examination was 20 seconds in all 
subjects. The acquisition time for the 
RT SPACE acquisition was variable, de-
pending on respiratory rate and trigger-
ing efficiency. Data were captured from 
the Digital Imaging and Communications 
in Medicine header for each subject and 
were tabulated.

Statistical Analysis
A paired-sample t test was used to 
compare acquisition time between the 
BH SPARSE-SPACE and RT SPACE 
images for each subject. The image-
quality scores for each quality metric 
(overall image quality, duct clarity, and 
duct sharpness) for each morphologic 
duct segment (proximal, middle, and 
distal pancreatic duct; proximal and 
distal common bile duct; and cystic 
duct) was tabulated for both readers 
for BH SPARSE-SPACE and RT SPACE. 

Figure 1

Figure 1: Illustration shows data acquisition and image reconstruction for SPARSE-SPACE method. Three-dimensional 
k-space data (d) are acquired by using Poisson-disk random undersampling pattern, which presents favorable conditions for 
SPARSE with sensitivity encoding (SENSE) approach. Fully sampled center is used to calculate coil sensitivity and the data acqui-
sition operator (E). SPARSE with sensitivity-encoding reconstruction algorithm iteratively enforces sparsity in wavelet domain 
( W ) by thresholding low-value coefficients and checking data consistency in k-space for each coil. After number of iterations 
(usually 20–25), the reconstruction algorithm will find the sparsest solution that is consistent with the acquired data, resulting in 
a unaliased image. m = reconstructed image, ∗ = backward operator.

Table 1

Image Quality Parameter Scores

Image Quality Parameter Score Scoring System

Overall image quality 1–5 1, nondiagnostic; 2, poor; 3, acceptable; 4, good; 5, excellent
Duct sharpness 1–5 1, nondiagnostic; 2, extreme blur; 3, moderate blur; 4, mild blur; 5, no blur
Duct visualization 1–5 1, not visualized; 2, poorly visualized; 3, partially visualized; 4, well  

 visualized; 5. Excellently visualized
Lesion conspicuity 1–5 1, unreadable; 2, poor; 3, acceptable; 4, good; 5, excellent
Lesion edge sharpness 1–5 1, unreadable; 2, extreme blur; 3, moderate blur; 4, mild blur; 5, no blur
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SPACE for reader 1, and these differ-
ences were statistically significant for 
the distal common bile duct (4.14 6 
1.1 vs 3.79 6 1.1; P = .036) and cys-
tic duct (3.46 6 1.4 vs 2.81 6 1.3; 
P = .037) (Fig 3). For reader 2, the 
scores with BH SPARSE-SPACE were 
not significantly different compared 
with RT SPACE for the proximal and 
distal common bile duct and cystic duct 
(all P . .05) (Tables 4, 5). Scores for 
duct sharpness were similar between 
BH SPARSE-SPACE and RT SPACE for 
proximal and distal common bile duct 
for both readers, as well as for cystic 
duct for reader 2 without statistically 
significant differences (all P . .05). 
For reader 1, the score for cystic duct 
sharpness was significantly higher with 
BH SPARSE-SPACE compared with 
RT SPACE (3.46 6 1.4 versus 2.81 6 
1.3, respectively; P = .037). Duct vi-
sualization scores were higher with 
BH SPARSE-SPACE for proximal and 
middle common bile duct and cystic 
duct for reader 1, and this was statisti-
cally significant for distal common bile 
duct (4.43 6 0.9 vs 3.82 6 1.2, respec-
tively; P = .011) and cystic duct (3.54 
6 1.3 vs 2.88 6 1.3, respectively; P = 
.037). For reader 2, these scores were 
similar between BH SPARSE-SPACE 
and RT SPACE without significant dif-
ferences (all, P . .05). More patients 
had acceptable or better overall image 
quality (scores equal or greater than 3) 

distal pancreatic duct for both readers 
(Tables 2, 3), but this difference was 
not statistically significant for either 
reader (all P . .05). Duct sharpness 
scores were not significantly different 
between BH SPARSE-SPACE and RT 
SPACE for both readers (all P . .05), 
although there was a tendency for high-
er scores with BH SPARSE. Scores for 
duct visualization were higher with BH 
SPARSE-SPACE than with RT SPACE 
for reader 1 for the proximal, middle, 
and distal pancreatic duct, and this dif-
ference was statistically significant for 
the middle (3.69 6 1.4 vs 3.21 6 1.3, 
respectively; P = .049) and distal (3.38 
6 1.3 vs 2.86 6 1.3, respectively; P = 
.038) pancreatic duct (Fig 2). Scores 
for duct visualization were similar for 
BH SPARSE-SPACE and RT SPACE for 
reader 2 without a significant difference 
(all P . .05). More patients had ac-
ceptable or better overall image quality 
(scores greater or equal to 3) with BH 
SPARSE-SPACE than with RT SPACE, 
respectively, for the proximal (23 of 
29 [79%] vs 22 of 29 [76%]), middle 
(22 of 29 [76%] vs 18 of 29 [62%]), 
and distal (20 of 29 [69%] vs 13 of 29 
[45%]) pancreatic duct.

Common Bile Duct and Cystic Duct
Overall image quality scores for the 
proximal and distal common bile duct 
and cystic duct were higher with BH 
SPARSE-SPACE compared with RT 

was greater than or equal to 3 (ac-
ceptable or better) for one acquisition 
but less than 3 (less than acceptable) 
for the other acquisition also were 
computed for each duct segment, and 
reader scores were averaged. Simi-
larly, mean and standard deviation of 
each image quality parameter for the 
pancreatic lesions were computed from 
the scores provided by each reader 
for each lesion for both sequences. A 
paired-sample Wilcoxon signed-rank 
test was used to compare sequences 
for pancreatic lesion conspicuity and le-
sion edge sharpness. All statistical tests 
were conducted with a two-sided test 
and 5% significance level by using SAS 
9.3 (SAS Institute, Cary, NC).

Results

Acquisition Time
Acquisition time for BH SPARSE-
SPACE was 20 seconds in each subject. 
This was significantly shorter than the 
acquisition time for RT SPACE (P , 
.001), which was 338.8 seconds 6 69.1 
(range, 193–479 seconds). Thus, BH 
SPARSE-SPACE was approximately 17-
fold faster than RT SPACE.

Pancreatic Duct
Overall image quality scores were high-
er for BH SPARSE-SPACE than for RT 
SPACE in the proximal, middle, and 

Table 2

Image Quality Scores for the Pancreatic Duct 

Pancreatic Duct  
Segment and Reader

Overall Image Quality Duct Visualization Duct Sharpness

BH SPARSE RT SPACE BH SPARSE RT SPACE BH SPARSE RT SPACE

Proximal
 Reader 1 3.69 6 1.4 (1–5) 3.38 6 1.4 (1–5) 3.83 6 1.3 (1–5) 3.45 6 1.2 (1–5) 3.72 6 1.4 (1–5) 3.41 6 1.3 (1–5)
 Reader 2 3.83 6 1.0 (2–5) 3.69 6 1.3 (1–5) 4.1 6 1.0 (2–5) 4.1 6 1.0 (1–5) 3.72 6 0.9 (2–5) 3.41 6 1.1 (1–5)
Middle
 Reader 1 3.59 6 1.4 (1–5) 3.14 6 1.4 (1–5) 3.69 6 1.4 (1–5)* 3.21 6 1.3 (1–5)* 3.62 6 1.4 (1–5) 3.14 6 1.4 (1–5)
 Reader 2 3.62 6 1.1 (1–5) 3.55 6 1.2 (1–5) 3.97 6 1.0 (1–5) 3.93 6 1.2 (1–5) 3.62 6 1.1 (1–5) 3.48 6 1.2 (1–5)
Distal
 Reader 1 3.31 6 1.3 (1–5) 2.83 6 1.4 (1–5) 3.38 6 1.3 (1–5)* 2.86 6 1.3 (1–5)* 3.38 6 1.3 (1–5) 2.86 6 1.4 (1–5)
 Reader 2 3.14 6 1.0 (1–5) 2.72 6 1.1 (1–5) 3.38 6 1.0 (1–5) 3.0 6 1.0 (1–5) 3.0 6 1.0 (1–5) 2.62 6 1.0 (1–5)

Note.–Data are means standard deviation, with range of scores in parentheses. Scores for all image quality parameters were similar or higher with BH SPARSE than with RT SPACE.

* Difference between BH SPARSE and RT SPACE scores was significant for pancreatic duct (P = .049) and distal pancreatic duct (P = .038) for reader 1.



590 radiology.rsna.org n Radiology: Volume 280: Number 2—August 2016

TECHNICAL DEVELOPMENTS: MR Cholangiopancreatography with Breath Hold and Sparsity-based Reconstruction Chandarana et al

between BH SPARSE-SPACE and RT 
SPACE in scores for lesion conspicu-
ity (4.9 6 0.2 vs 4.85 6 0.4, respec-
tively) or lesion edge sharpness (3.92 
6 0.6 vs 3.92 6 0.9, respectively)  
(Fig 4). Reader 2 identified 12 pancre-
atic lesions in 12 patients on images 
from both sequences. For reader 2, 
there were no statistically significant 
differences (all P . .05) between BH 
SPARSE-SPACE and RT SPACE in 
scores for lesion conspicuity (4.42 6 
0.8 vs 4.17 6 0.7, respectively) or le-
sion edge sharpness (4.08 6 0.8 vs 4.0 
6 0.7, respectively).

Discussion

Single BH 3D MR cholangiopancrea-
tography is feasible with 5% k-space 
sampling and SPARSE with sensi-
tivity-encoding reconstruction. BH 

respectively) for the overall image qual-
ity scores of the pancreatic, cystic, and 
common ducts (Table 6).

Pancreatic Lesions
A total of 13 pancreatic lesions were 
detected by reader 1 in 13 subjects 
on images from both sequences. For 
reader 1, there were no statistically 
significant differences (all, P . .05) 

with BH SPARSE-SPACE than with RT 
SPACE for proximal (25 of 28 [89%] vs 
22 of 28 [79%], respectively) and distal 
(25 of 28 [89%] vs of 24 of 28 [86%], 
respectively) common bile duct.

Interreader Agreement
Moderate to substantial agreement 
was noted between the two readers (k 
= 0.42 and 0.67 for readers 1 and 2, 

Figure 2

Figure 2: BH SPARSE-SPACE and conventional RT SPACE MR cholangiopancreatographic images in a 64-year-old woman suspected of having pancreatic lesion. 
A, BH SPARSE-SPACE maximum intensity projection (MIP) image and, B, source image in coronal plane demonstrate image quality equal to or better than that of, C, 
conventional RT SPACE maximum intensity projection and, D, source image for pancreatic duct. Ductal communication of pancreatic cystic lesion was better shown 
with BH SPARSE-SPACE (arrow, B ) than with RT SPACE (arrow, D ).

Table 3

Difference in Image Quality Scores between Techniques in Pancreatic Duct

Image Quality Score Combination

Part of Pancreatic Duct (n = 29)

Proximal Middle Distal 

Acceptable BH SPARSE-SPACE and unacceptable RT SPACE score 4 (14) 7 (24) 9 (31)
Acceptable RT SPACE and unacceptable BH SPARSE-SPACE score 3 (10) 3 (10) 2 (7)

Note. Data are number of subjects, with percentage in parentheses. Acceptable scores were those greater than or equal to 3, 
unacceptable scores were those less than 3.
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Figure 3

Figure 3: BH SPARSE-SPACE MR cholangiopancreatography and conventional RT SPACE MR cholangiopancreatographic images in a 68-year-old woman with 
history of pancreatic cysts. A, Maximum intensity projection (MIP) and, B, source image on coronal plane show image quality equal to or better than that of, C, 
conventional RT SPACE maximum intensity projection and, D, source images for common duct and cystic duct. Cystic duct (arrow ) was equally well visualized with BH 
SPARSE-SPACE and RT SPACE.

Table 4

Image Quality Scores for Common Bile Duct and Cystic Duct

Bile Duct Segment and Reader

Overall Image Quality* Duct Visualization† Duct Sharpness‡

BH SPARSE RT SPACE BH SPARSE RT SPACE BH SPARSE RT SPACE

Proximal common bile duct (n = 28)§

 Reader 1 4.21 6 1.2 (1–5) 3.71 6 1.2 (2–5) 4.36 6 1.0 (1–5) 3.86 6 1.1 (2–5) 4.11 6 1.1 (1–5) 3.75 6 1.1 (2–5)
 Reader 2 4.07 6 0.9 (2–5) 4.07 6 1.0 (2–5) 4.5 6 0.8 (2–5) 4.46 6 0.7 (3–5) 3.79 6 0.8 (2–5) 4.0 6 1.0 (2–5)
Distal common bile duct (n = 28)
 Reader 1 4.14 6 1.1 (1–5) 3.79 6 1.1 (2–5) 4.43 6 0.9 (1–5) 3.82 6 1.2 (2–5) 4.14 6 1.1 (1–5) 3.79 6 1.1 (2–5)
 Reader 2 4.11 6 0.9 (2–5) 4.07 6 0.9 (2–5) 4.54 6 0.7 (2–5) 4.43 6 0.6 (3–5) 4.11 6 0.9 (2–5) 4.07 6 0.9 (2–5)
Cystic duct (n = 26)||

 Reader 1 3.46 6 1.4 (1–5) 2.81 6 1.3 (1–5) 3.54 6 1.3 (1–5) 2.88 6 1.3 (1–5) 3.46 6 1.4 (1–5) 2.81 6 1.3 (1–5)
 Reader 2 3.36 6 1.2 (1–5) 3.28 6 1.3 (1–5) 3.52 6 1.3 (1–5) 3.44 6 1.2 (1–5) 3.24 6 1.1 (1–5) 3.12 6 1.1 (1–5)

Note.—Data are means 6 standard deviation, with range of scores in parentheses.

* For reader 1, BH SPARSE scores were significantly higher than RT SPACE scores for distal common bile duct (P = .036) and cystic duct (P = .037).
† For reader 1, duct visualization scores were significantly higher for BH SPARSE than for RT SPACE for distal common bile duct (P = .011) and cystic duct (P = .037).
‡ For reader 1, sharpness of cystic duct scores were significantly higher for BH SPARSE-SPACE than for RT SPACE (P = .037).
§ One patient with prior liver transplant had choledochojejunostomy, and hence, common bile duct was not assessed.
|| Three patients had absence of cystic duct due to prior surgeries, and hence, cystic duct was not assessed
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fast spin-echo or balanced steady-state 
free-precession sequence to achieve 
acceleration (27,28). However, these 
techniques sacrifice volumetric cover-
age or near-isotopic spatial resolution, 
or change the image contrast. Our pro-
posed approach uses a SPACE sequence 
that is modified to permit undersam-
pling while maintaining the T2 contrast. 
Direct comparison of these various ac-
celeration methods for detection and 
characterization of pancreatobiliary ab-
normality with conventional navigated 
acquisition serving as a reference would 
be of interest. However, many of these 
techniques are not yet commercially 
available for direct comparison.

There were several limitations to 
our study. First, we used only 5% of 
the k-space for the reconstructions. 
A detailed optimization of k-space 
sampling versus image quality and 
acquisition time was not performed 
because of our desire to acquire all 
the necessary data in a single BH. A 
triggered SPARSE-SPACE approach 
is under investigation, where we can 
tailor and assess the effect of k-space 
acquisition on image quality and time 
while not relying on the BH capacity 
of the patient. Second, only a small 
number of patients were included in 
our study. A larger study will be re-
quired to compare BH SPARSE-SPACE 
and RT SPACE for lesion detection 
and characterization. Outpatients 
were included in our study because 

scored the image quality of the BH 
SPARSE images to be equal to or better 
than that of the conventional RT SPACE 
images. It seems that the readers were 
able to tolerate the differences in noise 
and texture pattern, and this did not 
affect their ability to assess image qual-
ity. In this study, there were no statisti-
cally significant differences between BH 
SPARSE-SPACE and RT SPACE images 
in pancreatic lesion conspicuity and 
sharpness. However, a larger study will 
be required to test the accuracy and 
sensitivity of BH SPARSE-SPACE MR 
cholangiopancreatography for detection 
and characterization of pancreatic and 
biliary lesions. Furthermore, because of 
the differences in noise pattern and im-
age texture, the readers may have been 
unblinded inadvertently, which was a 
limitation of the study.

SPARSE reconstruction with sensi-
tivity encoding has been used primarily 
for dynamic imaging (16,26), because 
dynamic images are more compress-
ible than are static images. This work 
represents an application of SPARSE 
with sensitivity encoding to static imag-
ing, which was possible due to the high 
sparsity of the MR cholangiopancreato-
graphic images. We also have replaced 
the original conjugate-gradient optimiza-
tion in SPARSE with sensitivity encoding 
with the fast iterative soft-thresholding 
algorithm, a much faster and less-de-
manding algorithm that can shorten re-
construction times in a clinical system.

Several other approaches have been 
proposed to accelerate MR cholangio-
pancreatographic acquisition. Such ap-
proaches involve use of a single-shot 

SPARSE-SPACE MR cholangiopancrea-
tography demonstrates image quality 
that is equal or superior to that of con-
ventional RT SPACE MR cholangiopan-
creatography for the pancreatic duct 
and the common bile duct. These re-
sults are encouraging, because despite 
nearly 17-fold acceleration, diagnos-
tic image quality was maintained with 
the BH SPARSE-SPACE technique with 
a lower failure rate than that with the 
conventional RT SPACE method. The 
ability to reconstruct images faithfully 
from only 5% of the k-space suggests 
that MR cholangiopancreatographic 
images are very compressible in the 
wavelet domain, and the use of the ap-
propriate sparsity-based reconstruction 
approach allowed for high acceleration 
in this study.

Conventional image quality met-
rics such as signal-to-noise ratio or 
contrast-to-noise ratio are challenging 
to compute and interpret due to the 
nonlinearity of iterative image recon-
struction, and hence, were not used in 
this study. Such metrics, moreover, do 
not capture the principal failure modes 
of sparsity-based reconstructions, such 
as suppression of low-contrast features 
and blurring and synthetic-appearing 
image structure (25). Qualitative im-
pressions from board-certified abdom-
inal radiologists were thus used in this 
study to evaluate image quality.

The noise pattern and image tex-
ture of the BH SPARSE-SPACE recon-
struction, as expected, were slightly 
different when compared with those of 
the conventional RT SPACE acquisition. 
Despite these differences, both readers 

Table 5

Difference in Image Quality Scores between Techniques in Common Bile and Cystic 
Ducts 

Image Quality Score Combination

Common Bile Duct  
(n = 28) Cystic Duct  

(n = 26)Proximal Middle 

Acceptable BH SPARSE-SPACE and unacceptable RT SPACE score 5 (18) 3 (11) 6 (23)
Acceptable RT SPACE and unacceptable BH SPARSE-SPACE score 2 (7) 2 (7) 2 (8)

Note.—Data are number of patients, with percentage in parentheses. Acceptable scores were those greater than or equal to 3, 
unacceptable scores were those less than 3.

Table 6

Interreader Agreement for Overall 
Image Quality for BH SPARSE-SPACE 
and RT SPACE Aquisitions

Ductal Segment
BH SPARSE-
SPACE

RT  
SPACE

Proximal pancreatic  
duct

0.57 0.59

Middle pancreatic duct 0.62 0.59
Distal pancreatic duct 0.59 0.44
Proximal common bile  

duct
0.52 0.53

Distal common bile duct 0.59 0.44
Cystic duct 0.67 0.51

Note.—Data are k coefficients.
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