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Compressed-Sensing Accelerated 3-Dimensional Magnetic
Resonance Cholangiopancreatography
Application in Suspected Pancreatic Diseases
Liang Zhu, MD,* Xi Wu, MD,† Zhaoyong Sun, MM,* Zhengyu Jin, MD,* Elisabeth Weiland, PhD,‡
Esther Raithel, PhD,‡ Tianyi Qian, PhD,§ and Huadan Xue, MD*
Objectives: The aims of this study were to prospectively evaluate image quality,
duct visibility, and diagnostic performance in duct-related pathologies of compressedsensing (CS) accelerated 3-dimensional (3D) magnetic resonance cholangiopancreatography (MRCP) prototype protocols and compare these with those of
conventional 3D MRCP protocol in patients with suspected pancreatic diseases.
Material and Methods: The institutional review board approved this prospective
study and all patients provided written informed consent. A total of 80 patients
(47 men and 33 women; median age, 57 years; age range, 24–87 years) underwent
3D MRCP at 3.0 T. Three protocols were performed in each patient in random order: CS breath-hold (BH) protocol, CS navigator-triggered (NT) protocol, and conventional NT protocol. The acquisition time of each protocol was recorded. Image
quality and duct visibility were independently rated in random order on a 5-point
scale by 2 radiologists, who were blinded to the protocols. Receiver operating characteristic curves were generated, and area under the curve (Az value) was used to
compare the diagnostic performance of each protocol in duct-related pathologies.
Results: Acquisition time was 17 seconds for the CS-BH and 134.1 ± 33.5 seconds
for the CS-NT protocol, both being significantly shorter than the conventional
NT protocol (364.7 ± 78.4 seconds; both P < 0.01). The CS-BH MRCP protocol
showed significantly less artifacts compared with the CS-NT and conventional
NT protocols (both P < 0.01). Visualization of bile ducts was comparable in all
3 protocols, whereas CS-NT and conventional NT MRCP depicted pancreatic
duct better than CS-BH MRCP did (for proximal, middle, and distal segment;
all P < 0.05). Compressed-sensing-NT MRCP had the highest diagnostic performance for detecting ductal anomalies, long-segment duct stenosis, abnormal
branch ducts, and communication between cystic lesion and pancreatic duct
(mean Az value, 0.943–0.983).
Conclusions: Compressed-sensing MRCP is feasible in patients with suspected
pancreatic diseases. Compressed-sensing-NT MRCP demonstrated superior diagnostic accuracy for duct-related pathologies.

Currently, several techniques are used to obtain MRCP images, including 2-dimensional (2D) breath-hold (BH) thin-section acquisition, 2D
BH thick-slab acquisition, and 3-dimensional (3D) isotropic image acquisition with navigator-triggering. The advantage of 3D MRCP over
the 2D protocol is that the isotropic/near-isotropic acquisition allows
postprocessing reconstruction, which enables observation in unlimited
projection views. The major limitation of 3D MRCP is the prolonged
imaging time, which usually needs to be obtained with respiratory or
navigator triggering, taking several minutes.5 As a result, 3D MRCP
tends to be prone to motion artifacts, especially for patients with irregular breathing patterns. Many efforts have been made to reduce the
acquisition time of 3D MRCP, including parallel acquisition or application of other fast sequences.5–8 Recently, compressed-sensing (CS) has
been applied for accelerated magnetic resonance (MR) acquisition, by
the means of k-space undersampling and nonlinear optimized iterative
reconstruction.9–14 There have been several pilot studies that investigated the feasibility of CS accelerated 3D MRCP in clinical patients
with pancreaticobiliary diseases, adopting either BH protocol or navigatortriggered (NT) protocol.15,16 These initial results demonstrated comparable
image quality and reduced acquisition time compared with conventional
protocols. Pancreatic diseases were not specified, and only a few cases
were included in these studies though. One recent study compared CS
MRCP with conventional 3D MRCP and evaluated the diagnostic performance of both.17 However, only a small subgroup of the study had
pancreatic diseases, and in most of their cases, only CS-NT MRCP
was performed. Therefore, the purposes of this study were to investigate the image quality and duct visibility with both CS-BH MRCP
and CS-NT MRCP in a larger group of clinical patients with suspected
pancreatic diseases and to evaluate the diagnostic performance of
CS-MRCP in pancreatic duct–related pathologies.
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MATERIALS AND METHODS

(Invest Radiol 2017;53: 150–157)

Patients

M

This prospective study was approved by the institutional review
board, and all patients provided written informed consent. From
October 2016 to May 2017, patients with suspected pancreatic diseases
who were scheduled for MRCP examinations were prospectively enrolled. Patients came from our weekly multiple disciplinary clinical
team clinic for pancreatic diseases. Inclusion criteria were (1) adult patient (≥18 years old) requiring MRCP for known or suspected pancreatic disease by clinical or previous imaging assessment, (2) no history
of pancreaticobiliary surgery, (3) no contraindication for MR study.
For patients who received several consecutive MRCP studies (ie, baseline and follow-up studies), only the baseline examination before treatment was taken for evaluation. Patients were excluded if they refused to
participate in the study (n = 3), were unable to follow the BH instructions (n = 2, patients had severe hearing impairment), or fail to complete
the whole scan with full protocols (n = 1, patient had peripheral nerve
stimulation through other sequences during the examination, and only
a simplified protocol was performed).
The final patient cohort was composed of 80 patients (47 men
and 33 women; median age, 57 years; age range, 24–87 years). Patients'

agnetic resonance cholangiopancreatography (MRCP) is a wellestablished imaging technique that allows for noninvasive evaluation of anatomy and pathologies of the pancreaticobiliary system.1–4
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indications for the MRCP studies were as follows: cystic pancreatic lesion (n = 29), suspected pancreatic duct anomalies (n = 12), chronic
pancreatitis (n = 7), suspected or diagnosed autoimmune pancreatitis
(n = 27), groove pancreatitis (n = 1), and candidates for parenchymapreserving pancreatic tumor enucleation (n = 4).

MR Examination
Magnetic resonance imaging examinations were performed on
a 3.0 T MR scanner (MAGNETOM Skyra; Siemens Healthcare,
Erlangen, Germany). An 18-channel body array coil and a 32-channel
spine coil were used in combination for signal reception. Patients fasted
for at least 4 hours before the examination. No spasmolytic drug was
administered. Isotropic 3D MRCP was performed using sampling perfection with application optimized contrast using different flip angle
evolutions (SPACE) acquisition. Three protocols were performed on
each patient: conventional NT prospective acquisition correction
(PACE) protocol (conventional NT protocol), CS accelerated NT PACE
protocol (CS-NT protocol), and CS accelerated BH protocol (CS-BHprotocol). Compressed-sensing-NT and CS-BH MRCP were measured
with a prototype sequence, which applies a sparse, incoherent undersampling scheme using a Poisson-Disk pattern.15 An acceleration factor
of 22 (4.5% k-space data sampling) and 24 (4.2% k-space data sampling) was achieved for the CS-NT and CS-BH MRCP protocol, respectively. The order of the 3 protocols was randomized. When
consecutive patients were prospectively recruited, each patient was allocated with a randomized order. Detailed acquisition parameters of the
3 protocols were as follows.
Conventional NT protocol: field of view (FOV): 384–400 
384–400 mm2 (adjusted to patient size); repetition time (TR)/echo time
(TE), 2400/700 milliseconds; flip angle (FA), 100°; parallel imaging acceleration factor, 3; spectrally selective fat saturation applied; matrix,
384  384; section thickness, 1 mm; spatial resolution, 1  1  1 mm3;
number of coronal sections, 64; averages, 1.7.
CS-NT protocol: FOV: 384  384 mm2; TR/TE, 2400/700 milliseconds; FA 100°; parallel imaging acceleration factor, 3; spectrally selective
fat saturation applied; matrix, 384  384; section thickness, 1.0 mm; spatial
resolution, 1  1  1 mm3; number of coronal sections, 96; averages, 1.9.
CS-BH protocol: FOV: 384  384 mm2; TR/TE, 1700/425 milliseconds; FA, 95°; parallel imaging acceleration factor, 3; spectrally selective
fat saturation applied; matrix, 384  384; section thickness, 1.0 mm; spatial
resolution, 1  1  1 mm3; number of coronal sections, 64; averages, 1.4.
The CS reconstruction technique used a regularization parameter
of 0.002 and 20 iterations.15,17,18 The inline image reconstruction took
approximately 6 minutes for each data set.
The acquisition times of each protocol were recorded separately.
Because the CS-NT protocol was set to acquire 96 sections while
the other 2 protocols acquired 64 sections, the acquisition time of
CS-NT protocol was adjusted in latter comparisons. The CS-NT
protocol could have a higher number of sections because it was less
restricted by the patient's BH capacity and does not bring much
burden to the entire examination time. An experienced technician
reconstructed maximum-intensity-projection (MIP) images from
source isotropic images of each protocol using a commercial postprocessing workstation (Syngo MMWP, VE36A; Siemens Healthcare).
Twelve MIP images rotating around the body axis were built routinely for evaluation. Additional free-rotated images were generated whenever necessary, based on the presence of the individual
patients' pathology.

Image Analysis
Image Quality Assessment
Two radiologists (with 14 and 5 years of clinical experience in
abdominal MR imaging, respectively) independently evaluated the
MRCP images. Rotating MIP images were used for evaluation, without
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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referring to the 1 mm originally acquired data. The radiologists were
blinded to patient information, acquisition methods, and imaging parameters during image interpretation. No data from other sequences
of the clinical examination were made available to the readers. The 3
sets of MRCP images of each patient were randomized, and each set
was evaluated with 2 weeks' interval, to minimize recall bias.
The degree of image quality degradation by artifacts was graded
on a 5-point Likert-type scale (1 = nondiagnostic image due to severe
artifacts, 2 = major artifacts causing significant problem in diagnosis,
3 = moderate artifacts with some uncertainty in diagnosis, 4 = minor artifacts without problems in diagnosis, 5 = excellent image quality without any detactable artifacts). Background suppression was also graded
on a 5-point scale (1 = significant background signal that rendered image interpretation impossible, 2 = remarkable background signal that
rendered image interpretation difficult, 3 = noticeable background signal that is distracting in image interpretation, 4 = minimal background
signal without problems in observation of pancreaticobiliary tree,
5 = excellent background suppression).
The readers also evaluated visualization of 7 segments of the
pancreaticobiliary system: the common bile duct (CBD); the right
intrahepatic duct (RIHD); the left intrahepatic duct (LIHD); cystic duct
insertion; and main pancreatic duct (MPD) in the proximal, middle, and
distal segments. For each segment, ductal visualization was graded on a
5-point Likert-type scale (1 = ductal structure not visible, 2 = ductal
structure vaguely identified, 3 = ductal structure partially visible,
4 = most of the ductal structure visible with some blurring, 5 = entire
ductal structure visible with excellent details). An average score from
the 2 readers was used to determine the adequate visualization of the
ductal system. Adequate visualization of the entire biliary system was
determined if CBD, RIHD, LIHD, and cystic duct visualization all
achieved an average score of 3 or higher. Adequate visualization of
the entire pancreatic duct was determined if the proximal, middle, and
distal pancreatic duct all achieved an average score of 3 or higher.

Evaluation of Duct-Related Pathology
The 2 radiologists independently evaluated pancreatic duct morphology and duct-related pathologies. The presence of anatomical
anomalies/variants of pancreatic ducts, including pancreatic divisum,19
annular pancreas,20 anomalous pancreaticobiliary ductal union (APBDU),21
bifid MPD configuration, ansa pancreatica, and ductal loops,22,23 was
determined on a 5-point scale and recorded (1 = definitely absent,
2 = probably absent, 3 = indeterminate, 4 = probably present; 5 = definitely present). The presence of focal or long-segment pancreatic duct
stenosis, which was considered characteristic of autoimmune pancreatitis,24,25 was evaluated in the same manner. The presence of abnormal
branches of pancreatic duct and the number of abnormal branches were
recorded.26 In patients with cystic pancreatic lesions, the presence of
lesion communication with MPD was evaluated.27,28 When multiple
cystic lesions were present, lesion-MPD communication was only evaluated for the largest lesion.
The reference standard of duct-related pathologies was based on
the final clinical diagnosis combining evidence from radiological and endoscopic studies, surgical pathologies, and treatment response (Fig. 1).

Statistical Analysis
The Friedman test was used to compare the acquisition time, artifact, background suppression, and image quality of the biliary and
pancreatic ducts among conventional NT, CS-NT, and CS-BH MRCP
protocols, followed by post hoc analysis.
Interobserver agreement of the qualitative results was determined by calculating κ values (0.21–0.40, fair agreement; 0.41–0.60,
moderate; 0.61–0.80, good; 0.81–1.00, excellent agreement). Receiver
operating characteristic (ROC) curve analysis of the duct-related pathologies was performed, and the area under the ROC curves (Az) was
www.investigativeradiology.com
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FIGURE 1. Flowchart. IPMN, intraductal papillary mucinous neoplasm; MCN, mucinous cystic neoplasm; SCN, serous cystadenoma; PDAC, pancreatic
ductal adenocarcinoma; AIP, autoimmune pancreatitis; PNET, pancreatic neuroendocrine tumor; SPT, solid pseudopapillary tumor.

calculated using the nonparametric trapezoidal rule and compared to
determine the diagnostic performance of the MRCP protocols.29 Mean
sensitivity, specificity, and accuracy were also calculated, taking rating
scales of 4 or greater as positive. Statistical analysis was performed
using SPSS 17.0 software (IBM Corp, Armonk, NY). A 2-sided P value
of less than 0.05 after false discovery rate correction for multiple testing
was considered to indicate a significant difference.

RESULTS
The final diagnosis of the patient cohort was intraductal papillary mucinous neoplasm in 20 (branch-duct type, n = 14; main-duct
type and mixed type, n = 6), mucinous cystic neoplasm in 4, serous
cystadenoma in 6, simple pancreatic cyst in 2, chronic pancreatitis in
8, autoimmune pancreatitis in 24, pancreatic ductal adenocarcinoma
in 2, pancreatic neuroendocrine tumors in 4, solid pseudopapillary neoplasm in 1, and pancreatic lymphoma in 1. Pancreatic duct anomaly/
variants were found in 19 patients, including pancreatic divisum in 9,
APBDU in 1, bifid MPD configuration in 6, and ansa pancreatica in
3 (Fig. 1). Eleven of 19 patients who were found to have pancreatic duct
anomalies/variants were incidental findings coexisting with other
pathological conditions.

Acquisition Time and Image Quality
The 3D MRCP examinations with all 3 protocols were successfully performed in all patients. The acquisition time of CS-BH MRCP
was 17 seconds, and the average acquisition time of CS-NT MRCP
was 134.1 ± 33.5 seconds (range, 89–204 seconds), both significantly
shorter compared with conventional NT MRCP (364.7 ± 78.4 seconds;
range, 274–587 seconds; for both, P < 0.01).
Image quality and duct visualization of the 3 protocols are shown
in Table 1. Overall image quality degradation by artifacts was most
severe with conventional NT MRCP. The CS-BH protocol showed significantly less artifacts compared with conventional NT and CS-NT
MRCP (both P < 0.001). The incidence of severe artifacts was 3.8%
152
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with the CS-BH protocol, 10.6% with CS-NT, and 16.3% with the conventional NT protocol. Similar background signal suppression was
achieved with conventional NT and CS-NT MRCP (4.26 ± 0.79 and
4.32 ± 0.59, respectively), both of which were significantly better compared with the CS-BH protocol (3.83 ± 0. 55; both P < 0.001).
The visualization of bile ducts was generally comparable with the
3 protocols. There was no significant difference concerning visualization
of CBD, RIHD, LIHD, and cystic duct between any 2 MRCP protocols.
Adequate visualization of the entire biliary tree was achieved in 91.3%
(73/80) of the patients with CS-NT MRCP, 85.0% (68/80) with the conventional NT MRCP, and 93.8% (75/80) with CS-BH MRCP.
Conventional NT and CS-NT MRCP depicted the pancreatic
duct significantly better compared with CS-BH MRCP. Visualization
of proximal, middle, and distal MPD was comparable with conventional NT and CS-NT MRCP (P = 0.40, 0.43, and 0.68, respectively),
both of which were significantly better compared with CS-BH MRCP
(P < 0.001 to P = 0.03). After multiple testing, the difference between
conventional NT and CS-BH MRCP in proximal MPD became insignificant, and for all the other comparisons, the differences remain significant. Adequate visualization of the entire pancreatic duct was achieved
in 90.0% (72/80) of patients with CS-NT MRCP, 82.5% (66/80) with
the conventional NT MRCP, and 76.3% (61/80) with CS-BH MRCP.
In 8 patients, visualization of the pancreatic duct was compromised with CS-NT MRCP, and image quality degradation involved
5 proximal segments, 6 middle segments, and 8 distal segments. With
the addition of CS-BH MRCP, visualization of these blurred segments
was improved, and adequate visualization of the entire pancreatic duct
was achieved in 6 patients.

Interobserver Agreement
Interobserver agreement of the qualitative results is summarized
in Table 2. Good to excellent agreement was shown for conventional
NT MRCP (weighted κ = 0.64–0.83), CS-NT MRCP (weighted
κ = 0.67–0.89), and CS-BH MRCP (weighted κ = 0.62–0.85).
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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TABLE 1. Image Quality Scores for the Pancreaticobiliary System

Artifacts
Background suppression
Duct visualization
CBD
RIHD
LIHD
Cystic duct
Proximal MPD
Middle MPD
Distal MPD

Conventional NT MRCP

CS-NT MRCP

P

P*

P†

3.31 ± 0.98 (1.5–5)
4.26 ± 0.79 (2–5)

3.56 ± 0.83 (2.5–5)
4.32 ± 0.59 (2–5)

3.91 ± 0.29 (4–5)
3.83 ± 0.55 (3–5)

0.004‡
0.51

<0.001‡
<0.001‡

<0.001‡
<0.001‡

4.64 ± 0.68 (2–5)
4.44 ± 0.98 (1.5–5)
4.27 ± 1.02 (1–5)
4.15 ± 1.19 (1–5)
4.14 ± 1.01 (2.5–5)
4.09 ± 1.05 (2–5)
4.01 ± 1.03 (2–5)

4.75 ± 0.48 (3–5)
4.51 ± 0.77 (3–5)
4.40 ± 0.85 (2–5)
4.22 ± 099 (1.5–5)
4.29 ± 1.05 (2.5–5)
4.18 ± 1.02 (2–5)
3.96 ± 1.18 (2–5)

4.81 ± 0.36 (4–5)
4.69 ± 0.47 (4–5)
4.64 ± 0.51 (3.5–5)
4.25 ± 0.84 (2.5–5)
3.71 ± 1.27 (1.5–5)
3.27 ± 0.98 (1.5–5)
3.42 ± 1.24 (1–5)

0.18
0.57
0.49
0.47
0.40
0.43
0.68

0.07
0.08
0.06
0.61
0.03
0.001‡
0.003‡

0.15
0.16
0.17
0.99
0.002‡
<0.001‡
0.01‡

CS-BH MRCP

Values are presented as mean ± standard deviation (range).
P value is for comparison between conventional NT and CS-NT protocols: *P value is for comparison between conventional NT and CS-BH protocols. †P value is for
comparison between CS-NT and CS-BH protocols.
‡The P values indicate significant difference after adjustment for multiple testing.
NT indicates navigator-triggered; MRCP, magnetic resonance cholangiopancreatography; CS, compressed-sensing; BH, breath-hold; CBD, common bile duct; RIHD,
right intrahepatic duct; LIHD, left intrahepatic duct; MPD, main pancreatic duct.

Duct-Related Pathology and ROC Curves
For the duct-related pathologies, the mean Az value and mean
sensitivity and specificity for the 3 MRCP protocols are listed in
Table 3. For detecting ductal anomalies, the mean Az values for
CS-NT MRCP and conventional NT-MRCP were 0.943 and 0.908,
both being significantly higher compared with that for CS-BH MRCP
(0.756; for both, P < 0.05). Of note, although the specificity was high
for all 3 protocols, the sensitivity was poor for the CS-BH protocol
(31.6%, compared with 78.9% for the CS-NT protocol and 63.2% for
the conventional NT protocol), revealing a higher chance for ductal
anomalies to be missed with CS-BH MRCP (Figs. 2 and 4). For identification of long-segment pancreatic duct stenosis, which is a characteristic finding for inflammatory pancreatic masses, the mean Az values
were highest for CS-NT MRCP (0.983), compared with conventional
NT MRCP (0.901) and CS-BH MRCP (0.811). The difference between
CS-NT and CS-BH MRCP was significant (P < 0.05) (Fig. 3). For detecting abnormal branch ducts, CS-NT MRCP and conventional NT
MRCP both achieved high diagnostic accuracy, with mean Az values
of 0.967 and 0.956, respectively, whereas the diagnostic performance
was poorer with CS-BH MRCP (mean Az value, 0.787). The mean

Az values of CS-NT and conventional NT MRCP were both significantly higher than CS-BH MRCP (both P < 0.05). The sensitivity of
CS-BH MRCP was decreased (56.5%), compared with CS-NT
MRCP (78.3%) and conventional NT MRCP (73.9%). The median
number of abnormal branch ducts detected was 3 (range, 1–12), 4.5
(range, 1–11), and 1 (range, 0–5) with conventional NT, CS-NT, and
CS-BH MRCP, respectively (Fig. 4). All 3 protocols demonstrate high
diagnostic accuracy for detecting pancreatic cystic lesions. However,
concerning observation of the communication between cystic lesion
and pancreatic duct, CS-NT MRCP was significantly better compared
with the other 2 protocols. The mean Az value was 0.982 for CS-NT
MRCP, which was significantly higher compared with that for conventional NT MRCP (0.851) and CS-BH MRCP (0.839; both, P < 0.05).

DISCUSSION
In this clinical study, CS accelerated 3D MRCP was successfully
obtained both in BH mode and in NT mode. Acquisition time was significantly shortened compared with conventional NT MRCP. The scale
of time reduction was 2.7-fold in the CS-NT protocol and 21.5-fold in

TABLE 2. Reader Agreement of Qualitative Image Evaluation

Artifacts
Background suppression
Duct visualization
CBD
RIHD
LIHD
Cystic duct
Proximal MPD
Middle MPD
Distal MPD

Conventional NT MRCP

CS-NT MRCP

CS-BH MRCP

0.83 (0.76–0.89)
0.67 (0.57–0.76)

0.81 (0.75–0.87)
0.72 (0.63–0.80)

0.78 (0.72–0.83)
0.66 (0.42, 0.78)

0.79 (0.73–0.85)
0.69 (0.59–0.76)
0.73 (0.67–0.79)
0.64 (0.52–0.75)
0.78 (0.72–0.83)
0.74 (0.65–0.82)
0.66 (0.42–0.78)

0.89 (0.84–0.93)
0.78 (0.72–0.83)
0.80 (0.74–0.85)
0.67 (0.56–0.77)
0.77 (0.70–0.82)
0.72 (0.63–0.79)
0.67 (0.56–0.77)

0.85 (0.80–0.90)
0.79 (0.72–0.85)
0.80 (0.75–0.86)
0.62 (0.50–0.73)
0.73 (0.67–0.79)
0.69 (0.59–0.76)
0.64 (0.52–0.75)

Numbers in parenthesis are 95% confidence interval.
NT indicates navigator-triggered; MRCP, magnetic resonance cholangiopancreatography; CS, compressed-sensing; BH, breath-hold; CBD, common bile duct; RIHD,
right intrahepatic duct; LIHD, left intrahepatic duct; MPD, main pancreatic duct.
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TABLE 3. Mean Az Value and Diagnostic Accuracy of Conventional NT MRCP, CS-NT MRCP, and CS-BH MRCP for Detecting Duct-Related
Pathologies
Conventional NT MRCP

Ductal anomaly
Long segment MPD stenosis
Abnormal branch ducts
Cystic lesion
Cystic lesion-MPD communication

CS-NT MRCP

CS-BH MRCP

Az
value

Sensitivity
(%)

Specificity
(%)

Az
Value

Sensitivity
(%)

Specificity
(%)

Az
Value

Sensitivity
(%)

Specificity
(%)

0.908
0.901
0.956
NA
0.851

63.2 (12/19)
72.0 (18/25)
73.9 (17/23)
90.1 (29/32)
58.8 (10/17)

91.8 (56/61)
85.5 (47/55)
94.7 (54/57)
97.9 (47/48)
93.3 (14/15)

0.943
0.983
0.967
NA
0.982

78.9 (15/19)
88.0 (22/25)
78.3 (18/23)
100.0 (32/32)
82.4 (14/17)

93.4 (57/61)
96.4 (53/55)
96.5 (55/57)
95.8 (46/48)
100.0 (15/15)

0.756
0.811
0.787
NA
0.839

31.6 (6/19)
76.0 (19/25)
56.5 (13/23)
96.9 (31/32)
52.9 (9/17)

90.2 (55/61)
65.5 (36/55)
96.5 (55/57)
93.8 (45/48)
93.3 (14/15)

Values in the parentheses indicate number of patients with positive findings divided by the total number of patients.
NT indicates navigator-triggered; MRCP, magnetic resonance cholangiopancreatography; CS, compressed-sensing; BH, breath-hold; MPD, main pancreatic duct; NA,
not applicable.

the CS-BH protocol on average. The overall image quality and the visualization of the bile duct structures were comparable or superior compared with the conventional NT protocol, which is in accordance with
previous studies.15–17 Compared with NT protocols, artifacts were significantly less severe with the CS-BH protocol. Only 3.8% patients had
severe artifacts with the CS-BH protocol, whereas in the same study

population, the prevalence of severe artifacts was 10.6% to 16.3% with
NT protocols. It has been demonstrated that longer acquisition time
causes a higher prevalence of diaphragmatic drifting, thus degrading
image quality.3 Therefore, the more respiratory circles are needed for
data sampling, the higher the chance of artifacts. The acquisition time
of CS-NT MRCP is shorter than that of conventional NT MRCP, and

FIGURE 2. A 39-year-old woman with 3 months' onset of mild epigastric pain. Abdominal ultrasound and contrast-enhanced CT revealed CBD dilation
without obvious mass lesion. Conventional NT 3D MRCP (A) had good image quality and revealed the common channel between distal CBD and
pancreatic duct, consistent with type A APBDU. CS-NT MRCP (B) showed good image quality as well, and the background suppression was better. The
entire pancreatic duct and the abnormal pancreaticobiliary union were depicted clearly. CS-BH MRCP (C) depicted the biliary tree with good image
quality. However, the MPD was only partially visible with low contrast, and the anomalous pancreaticobiliary connection was unseen. The background
signal suppression was suboptimal. Single-shot turbo spin echo 2D MRCP (D) is shown as reference. The acquisition time of conventional NT, CS-NT,
and CS-BH MRCP was 385, 193, and 17 seconds, respectively.
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FIGURE 3. A 57-year-old man with autoimmune pancreatitis. Conventional NT 3D MRCP (A) had mild respiratory movement artifacts. The MPD
appeared irregular, with several long-segment stenosis. However, the margin of MPD was blurred, and the background signal suppression was
suboptimal. CS-NT MRCP (B) showed better overall image quality and background suppression, and the entire MPD is depicted clearly, revealing the
abnormal ductal morphology. CS-BH MRCP (C) depicted the biliary tree with good image quality. The MPD was almost undetectable in the pancreatic
head and body segment, and the diagnostic information was lost. Besides, background suppression was suboptimal with CS-BH MRCP. Single-shot
turbo spin echo 2D MRCP (D) was shown as reference. The acquisition time of conventional NT, CS-NT, and CS-BH MRCP was 416, 202, and
17 seconds, respectively.

the artifacts are less pronounced. The acquisition time of our CS-BH
protocol was 17 seconds, which was well tolerated by most patients,
with the least respiratory artifacts.
Despite of the advantages of CS-BH MRCP discussed above, we
found that CS-BH MRCP seems to be less accurate concerning visualization of the more delicate pancreatic duct structure. In our study, adequate visualization of the entire pancreatic duct was achieved in only
76.3% patients with the CS-BH protocol, compared with 90.0% with
the CS-NT protocol. According to our observation, suboptimal pancreatic duct visualization was seldom caused by artifact-related image blurring, rather by weak signal intensity of the thin pancreatic duct and less
well background signal suppression with CS-BH MRCP. Yoon et al17
have also reported that CS MRCP had lower background suppression
compared with conventional MRCP. In their study, a direct comparison
of conventional NT, CS-NT, and CS-BH protocol was performed in
28 patients. Similar to our results, CS-NT protocol achieved the highest
image quality of the pancreatic duct. However, the difference between
the CS-NT and CS-BH protocols was insignificant. This was probably
due to the limited number of cases and the fact that the pancreatic duct
was grossly evaluated without specific segmental analysis. Inadequate
duct visualization involving part of the pancreatic duct could be overlooked in this manner. In our study focusing on pancreatic diseases, several challenges for CS-BH MRCP was identified. Besides compromised
visualization of the entire pancreatic duct encompassing the proximal,
middle, and distal segments, subtle pancreatic duct anomalies/variants
were also less obvious and sometimes missed, and the number of abnormal side branches detected was lower. These facts all suggest that CS-BH
MRCP, although less prone to artifacts, might not be the optimal protocol
© 2017 Wolters Kluwer Health, Inc. All rights reserved.

for evaluating pancreatic diseases. The more direct evidences were provided by the diagnostic performance of several duct-related pathologies.
In this study, 19 of 80 patients had the diagnosis of pancreatic
duct anomaly/variants. Developmental anomalies of the pancreatic duct
system could be asymptomatic, but they are more frequently seen in patients with idiopathic or recurrent pancreatitis.30 The definite diagnosis
used to be made by endoscopic retrograde pancreatography, MRCP
also demonstrated high sensitivity and specificity for the diagnosis.1,31
The diagnosis with MRCP relies on a close inspection of the pancreatic
duct drainage and connection between the dorsal and ventral duct.19 In
our study, the sensitivity of diagnosing duct anomalies was quite low
with CS-BH MRCP (31.6%), whereas CS-NT MRCP was able to detect 78.9% of the anomalies. The “duct-penetrating sign,” described
as a long-segment stenotic, but not obstructed pancreatic duct within
a mass-like pancreatic lesion, has been considered a useful sign for differentiating inflammatory pancreatic mass from pancreatic carcinomas.25
The presence of multiple, long-segment stenoses of pancreatic duct, without dilation, was considered characteristic for focal autoimmune pancreatitis.24 The sensitivity and specificity of diagnosing long-segment duct
stenosis were less satisfactory with CS-BH MRCP, compared with
CS-NT MRCP. The number and morphology of abnormal branch ducts
provide useful diagnostic information for chronic pancreatitis.26,32 The
lowest number of abnormal branch ducts was detected by CS-BH
MRCP, and the highest, by CS-NT MRCP. Direct communication
between a cystic lesion and pancreatic duct is pathognomonic for intraductal papillary mucinous neoplasms. Magnetic resonance cholangiopancreatography is considered superior to computed tomography for
detecting the ductal connection,33 and 3D MRCP is preferred to 2D
www.investigativeradiology.com

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

155

Investigative Radiology • Volume 53, Number 3, March 2018

Zhu et al

FIGURE 4. A 67-year-old man with incidental pancreatic cystic lesion detected by abdominal ultrasound. The final diagnosis was multiple branch-duct
IPMN. Conventional NT 3D MRCP (A), CS-NT MRCP (B), and CS-BH MRCP (C) all had good overall image quality, and the largest cystic lesion in the
pancreatic body was demonstrated with clear details. Communication of the cystic lesion to pancreatic duct was shown. The bifid configuration of the
MPD, however, was invisible with CS-BH MRCP. The number of abnormal branch ducts demonstrated by CS-BH MRCP was also lower compared to the
other 2 acquisition methods. Single-shot turbo spin echo 2D MRCP (D) is shown as reference. The acquisition time of conventional NT, CS-NT, and CS-BH
MRCP was 340, 144, and 17 seconds, respectively.

MRCP for surgical planning.27 Among the 3D MRCP protocols under
evaluation, CS-NT MRCP yielded the highest diagnostic accuracy for
communication between cystic lesion and pancreatic duct, which is significantly better than the other 2 protocols.
Through diagnostic performance analysis of common ductrelated pathologies, we have demonstrated that CS-NT MRCP is the
preferred protocol for imaging patients with suspected pancreatic diseases, owing to the higher overall image quality and superior diagnostic
performance for pancreatic duct–related pathologies. Nevertheless, in
patients with drifting respiratory patterns or in whom a shorter imaging
time is desired, CS-BH MRCP could be a useful supplemental technique. It should be kept in mind, however, that the pancreatic duct–
related pathologies need to be interpreted with caution when the
CS-BH protocol is applied because the pathological conditions might
be overestimated (such as duct stenosis) or underestimated (such as
branch duct dilation) with CS-BH MRCP. Information from the other
sequences of pancreatic MR and the clinical findings of the individual
patient may aid for a more accurate diagnosis.
Our study has several limitations. First, this prospective study
was carried out in a highly specialized pancreatic disease center, and institutional bias was unavoidable. Second, the reference standard was
based on the final results of multidisciplinary workup, including endoscopic and surgical operations, and not all the patients had histological
confirmation of the diagnosis. Third, although we tried to keep the scanning parameters identical, because of the current restrictions of the prototype CS approach, there are slight differences in the acquisition
parameters between the conventional and CS MRCP. Last, but not
the least, the reconstruction process of CS BH MRCP was not fully
optimized. Optimization of the algorithm parameters of the iterative reconstruction might enhance the performance of the BH protocol.34 Reconstruction time, however, might have to be further elongated, which
might not be suitable for clinical practices. Further development, for
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example, applying graphics processing unit in reconstruction, might
overcome this challenge.
In conclusion, CS-MRCP provides comparable or superior image quality than conventional MRCP and reduces scanning time.
Compressed-sensing-NT MRCP demonstrated superior diagnostic accuracy for duct-related pathologies, and is preferred for patients with
suspected pancreatic diseases.
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