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Abstract:
Introduction:
The application of compressed sensing (CS) has enabled breath-hold 3D-MRCP with a shorter acquisition time in clinical practice.

Aim:
To compare the image quality of breath-hold (BH) and respiratory-triggered (RT) 3D-MRCP with or without CS application in the same study
population.

Methods:
In this retrospective study, from February to July 2020, a total of 98 consecutive patients underwent four different acquisition types of 3D-MRCP.;
1) BH MRCP with the generalized autocalibrating partially parallel acquisition (GRAPPA) (BH-GRAPPA), 2) RT-GRAPPA-MRCP, 3) RT-CS-
MRCP and 4) BH-CS-MRCP. Relative contrast of common bile duct, 5-scale visibility score of biliary pancreatic ducts, 3-scale artifact score and
5-scale overall image quality score were evaluated by two abdominal radiologists.

Results:
Relative contrast value was significantly higher in BH-CS or RT-CS than in RT-GRAPPA (0.90 ± 0.057 and 0.89 ± 0.079, respectively, vs. 0.82 ±
0.071, p < 0.01) or BH-GRAPPA (vs. 0.77 ± 0.080, p < 0.01). The area affected by artifact was significantly lower in BH-CS among 4 MRCPs (p
< 0.01). Overall image quality score in BH-CS was significantly higher than BH-GRAPPA (3.40 vs. 2.71, p < 0.01). There were no significant
differences between RT-GRAPPA and BH-CS (vs. 3.13, p = 0.67) in overall image quality.

Conclusion:
In this study, our results revealed BH-CS had higher relative contrast and comparable or superior image quality among four MRCP sequences.

Keywords: Cholangiopancreatography, Magnetic resonance, Data compression, Image enhancement, Breath holding, Respiratory-gated imaging
techniques.
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1. INTRODUCTION

Magnetic resonance cholangiopancreatography (MRCP) is
a non-invasive imaging technique that provides detailed infor-
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mation on the anatomy and pathology of the pancreaticobiliary
tract  [1  -  3].  Although  breath-hold  (BH)  two-dimensional
thick-slab  MRCP  imaging  is  still  the  most  commonly  used
MRCP technique, there have been recent advantages in three-
dimensional (3D)-MRCP techniques, providing better visibility
of the anatomy, a greater volume of coverage, thinner sections
without inter-slice gaps, and higher signal-to-noise ratio [4 - 6].
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However, since most 3D-MRCP sequences are performed in a
respiratory-triggered  (RT)  manner,  their  acquisition  time
accounts for a significant portion of the total examination time,
requiring up to 10 minutes or more, especially in patients with
irregular respiration [7]. Furthermore, irregular breathing and
long  acquisition  time  render  3D-MRCP  images  prone  to
blurring  and  motion  artifacts,  often  resulting  in  sub-optimal
image quality [8].

Compressed  sensing  (CS),  as  one  of  the  many  efforts  to
reduce  the  acquisition  time  of  3D-MRCP,  exploits  the  data
sparsity  and  coded  nature  of  magnetic  resonance  imaging
(MRI) acquisition and enables accelerated MRI acquisition via
an under-sampling of the k-space [4, 9 - 11]. The CS approach
measures  a  relatively  small  number  of  random  linear
combinations  of  the  signal  values  and  then  reconstructs  the
under-sampled data using a nonlinear optimization method [4,
12].  The  application  of  CS  has  enabled  BH-3D-MRCP  and
RT-3D-MRCP  with  a  shorter  acquisition  time  in  clinical
practice  [4,  7,  13,  14].

Previous studies have demonstrated the feasibility of BH-
CS-MRCP and RT-CS-MRCP, as well as their similar or better
image  quality,  while  dramatically  reducing  the  acquisition
time, compared to that with conventional RT-3D-MRCP [4, 7,
13 - 16]. However, few studies have compared BH-3D-MRCP
and RT 3D-MRCP with and without the application of CS in
the same study samples. Therefore, the purpose of this study
was  to  compare  the  image  quality  of  these  four  3D-MRCP
sequences under the same study conditions.

2. MATERIALS AND METHODS

2.1. Study Population

This retrospective study was approved by our institutional
review board (IRB No. 2107-025-19375), and the requirement
of informed consent was waived. From February to July 2020,
a  total  of  100  consecutive  patients  underwent  MRCP.
Indications  for  MRCP  were  as  follows:  pancreatic  cystic
lesions  (n=23),  common  bile  duct  (CBD)  stone  assessment
(n=21), bile ductal dilatation (n=12), pancreatic mass (n=12),

acute  pancreatitis  (n=6),  laboratory  test  abnormality  (n=6),
post-pancreaticoduodenectomy status (n=5), acute cholangitis
(n=2),  CBD  mass  (n=2),  gallbladder  cancer  (n=2),  perihilar
mass  (n=2),  and  etc.  (n=7).  The  exclusion  criterion  was  a
failure  to  obtain  the  expected  MRCP  sequences  (n=2),  as
shown in Fig. (1). Finally, 98 patients (54 men and 44 women;
mean age, 63.2 years; age range, 16-84 years) were included in
the quantitative and qualitative analyses.

2.2. MR Imaging Protocol

Two  3T  MR  systems  (MAGNETOM  Skyra,  Siemens
Healthcare,  Erlangen,  Germany),  with  an  18-channel  body
matrix coil combined with a 32-channel spine matrix coil, were
used to obtain MRCP images.

Each  patient  underwent  3D-MRCP  with  four  different
acquisition sequences as follows: 1) BH-3D-MRCP based on
sampling perfection with application-optimized contrasts using
different flip-angle evolutions (SPACE), with the generalized
autocalibrating partially parallel acquisition (GRAPPA) (BH-
GRAPPA);  2)  RT-3D-SPACE-GRAPPA-MRCP  (RT-
GRAPPA);  3)  RT-CS-3D-SPACE-MRCP  (RT-CS);  and  4)
BH-CS-3D-SPACE-MRCP (BH-CS). The detailed parameters
are summarized in Table 1.  The acquisition order of the four
MRCP  sequences  was  random  for  each  patient.  For  RT-
MRCPs,  the  navigator-triggered  prospective  acquisition
correction  (PACE)  technique  was  used  [17].

2.3. Quantitative Image Analysis

A radiology resident with two years of experience who was
blind to the patients’ clinical information and MRCP protocol
performed  the  quantitative  image  analysis.  The  obtained
MRCP  image  was  evaluated  in  the  form  of  a  maximum
intensity  projection (MIP).  The mean signal  intensity  (SI)  of
the CBD (SICBD) was measured by placing a circular region of
interest (ROI) on the CBD (Fig. 2). The SI of the background
(SIbackground)  was  measured  by  placing  an  ROI  on  the  most
homogeneous  part  of  the  periductal  background.
Pancreaticobiliary ducts other than CBD were not included in
the evaluation because they were too small to place the ROI.

Table 1. Detailed parameters of four different sequences of the MRCPs.

- RT-GRAPPA RT-CS BH-GRAPPA BH-CS
FOV (mm2) 350×214 350×219 350×214 350×214
TR (ms) a a 2300 1700
TE (ms) 701 701 700 492
FA (◦) 115 120 100 110
Matrix 320×205 384×250 320×95 320×150
Acquisition plane Coronal Coronal Coronal Coronal
In-plane (interpolated) resolution (mm) 1.0×1.0 (0.5×0.5) 1.0×1.0 (0.5×0.5) 1.0×1.0 (0.5×0.5) 1.0×1.0 (0.5×0.5)
Slice thickness (mm) 0.8 0.8 1.2 0.8
Slice number 120 120 72 120
Fat suppression SPAIR SPAIR SPAIR SPAIR
Acceleration mode GRAPPA CS GRAPPA CS
Acceleration factor 4 14 4 14
Regularization parameter - 0.002 - 0.004
Iteration - 20 - 20
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- RT-GRAPPA RT-CS BH-GRAPPA BH-CS
NEX 2 2 1.4 2
Acquisition time (minute:second) 3:32a 1:51a 0:21 0:16
Note:aVariable depending on the patient’s respiratory rate
MRCP: magnetic resonance cholangiopancreatography, RT: respiratory-triggered; BH: breath hold,  CS: compressed sensing, GRAPPA: generalized autocalibrating
partially parallel acquisition, FOV: field of view, TR: repetition time, TE: echo time, FA: flip angle, PAT: parallel imaging technique, SPAIR: spectral attenuated inversion
recovery, NEX: number of excitations

Fig. (1). Flow diagram showing the number of patients and reasons for exclusion.
Note: CBD: common bile duct, CHD: common hepatic duct, cRHD: central right hepatic duct, pRHD: peripheral right hepatic duct, cLHD: central
left hepatic duct, pLHD: peripheral left hepatic duct, pMPD: proximal main pancreatic duct, mMPD: middle main pancreatic duct, dMPD: distal
main pancreatic duct, PTBD: percutaneous transhepatic biliary drainage.

Fig. (2). An example of placing region of interests (ROIs).
The relative contrast (RC) was calculated by placing ROIs on the common bile duct and background parenchyma.
Note: AVR: average signal intensity; SD, standard deviation.

(Table 1) contd.....
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For images acquired using an undersampling method such
as  CS,  conventional  methods  of  SNR  calculation  may  be
unreliable  due  to  the  heterogeneous  signal  intensity  of  the
background [4, 18]. Therefore, for each MRCP sequence, we
calculated  the  relative  contrast  (RC)  between  the  CBD  and
background as (SICBD – SIbackground)/(SICBD + SIbackground) [18]. The
RC was measured three times repeatedly on a MIP image of
MRCP sequences and the average was used for analysis.

If  the  CBD  was  not  visible,  possibly  due  to  previous
surgery  or  replacing  mass,  the  RC  was  treated  as  non-
evaluable. At the data processing step, if the RC value of any
of  the  four  sequences  for  one  patient  was  non-evaluable,  all
MRCP  data  of  that  patient  were  excluded  from  quantitative
analysis (n=12). In total, 344 MRCP images from 86 patients
were included in the quantitative analysis, as shown in Fig. (1).

2.4. Qualitative Image Analysis

Two  board-certificated  abdominal  radiologists  with  16
years of experience (L.E.S. and P.H.J.) who were blind to the
patient’s  clinical  information and MRCP protocol  performed
the qualitative analysis.  MIP images of the MRCP were also
used  for  evaluation.  The  readers  evaluated  ductal  visibility,
artifact  degree,  and  overall  image  quality  for  each  MRCP
image. The detailed scoring systems are tabulated in Table 2.
The higher scores meant that ducts were well visualized, there
were few areas affected by artifacts, and overall image quality
was better.

For the visibility score, we divided the pancreati cobiliary
duct  into  the  following  10  segments.  –  1)  CBD,  2)  common
hepatic duct [CHD], 3) central right hepatic duct [cRHD], 4)
peripheral  right  hepatic  duct  [pRHD],  5)  central  left  hepatic
duct [cLHD], 6) peripheral left hepatic duct [pLHD], 7) cystic
duct, 8) proximal MPD [pMPD], 9) middle MPD [mMPD] and
10) distal MPD [dMPD]. Central and peripheral hepatic ducts
were  divided  based  on  the  half  point  between  CHD  and  the
capsule of the liver, and MPD was equally divided into three
segments.  At the data processing step,  some segments of the
visibility  score  were  treated  as  non-evaluable  because  of  the
patient’s  clinical  history;  detailed reasons are summarized in

Fig. (1). Finally, a total of 396 MRCP images from 98 patients
were included in the qualitative analysis.

2.5. Statistical Analysis

In the quantitative analysis, differences in RCs among BH-
CS, RT-CS, BH-GRAPPA, and RT-GRAPPA were evaluated
using  the  generalized  estimating  equations  (GEE)  model;  if
significant differences were found in the GEE model analysis,
paired t-tests with Bonferroni correction were performed.

In the qualitative analysis, the Friedman test was used to
evaluate  differences  in  scores  among  the  four  MRCP
sequences.  Similarly,  the  Wilcoxon  signed-rank  test  with
Bonferroni correction was used for pairwise comparisons. The
agreement  between  observers  in  scores  was  evaluated  using
Cohen’s  weighted  kappa.  κ  values  ≤  0  were  considered  as
indicating no agreement, 0.01 – 0.20 as none to slight, 0.21 –
0.40 as fair, 0.41 – 0.60 as moderate, 0.61 – 0.80 as substantial,
and 0.81–1.00 as almost perfect agreement.

For  all  analyses,  a  p-value  of  <0.05  was  considered
significant,  and  for  paired  t-tests  and  Wilcoxon  signed-rank
tests,  Bonferroni-corrected  p-values  were  computed.  All
statistical  analyses  were  performed  by  statisticians  using  R
software  (version  3.2.4;  R  Foundation  for  Statistical
Computing,  Vienna,  Austria).

3. RESULTS

3.1. Quantitative Analysis

The RC values of the CBD in four MRCPs were visualized
as box-plot (Fig. 3). In the GEE model analysis, the RC of the
CBD significantly differed among the sequences when using
RT-GRAPPA as  a  reference  (Table  3).  In  paired  t-tests  with
Bonferroni correction, the RC was significantly higher for BH-
CS  or  RT-CS  than  for  RT-GRAPPA  (mean  ±  standard
deviation: 0.90 ± 0.057 and 0.89 ± 0.079, respectively vs. 0.82
±  0.071,  p  <  0.01)  or  BH-GRAPPA  (vs.  0.77  ±  0.080,  p  <
0.01).  Additionally,  the  RC was  significantly  higher  for  RT-
GRAPPA  than  for  BH-GRAPPA  (p  <  0.01).  There  was  no
significant difference between BH-CS and RT-CS (p=0.6).

Table 2. Scoring system for qualitative evaluation.

Parameter Scoring System

Ductal visibility

5: excellent visualization of the segments with good sharpness and contrast against the surrounding structures
4: good visualization of the segments with some blurring
3: partial visualization of the segment
2: equivocal visualization with minimal contrast against the surrounding structures
1: poor visualization of the segments

Artifact
3: minimal areas affected by motion artifact
2: partial areas affected by motion artifact
1: entire area affected by severe motion artifact

Overall image quality

5: excellent image quality
4: good image quality
3: average image quality
2: poor image quality
1: non-diagnostic image quality
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Fig. (3). Box plot of relative contrast of the common bile duct.
Note: RT: respiratory-triggered; BH: breath hold, CS: compressed sensing, GRAPPA: generalized autocalibrating partially parallel acquisition.

Table 3. Quantitative analysis results of relative contrast.

- - GEE model estimates
- Mean RCa β(SE)b p-value

RT-GRAPPA 0.082±0.071 Reference -
RT-CS 0.90±0.057 0.086(0.011) <0.01
BH-GRAPPA 0.77±0.080 -0.042(0.007) <0.01
BH-CS 0.89±0.079 0.080(0.011) <0.01
Note: GEE: generalized estimating equations, SE: standard error, RC: relative contrast, RT: respiratory-triggered; BH: breath hold, CS: compressed sensing, GRAPPA:
generalized autocalibrating partially parallel acquisition
a Data are mean±standard deviation
b Adjusted mean difference compared to the reference group

Table 4. Scores of qualitative analysis in RT-GRAPPA, BH-GRAPPA, RT-CS and BH-CS sequences.

Parameter Reader RT-GRAPPA BH-GRAPPA RT-CS BH-CS κ value p-value
Visibility - - - - - - -
CBD Reader1 4.20±0.84 4.16±0.81 4.31±0.88 4.55±0.57 0.84 <0.01

- Reader2 4.22±0.86 4.10±0.78 4.26±0.91 4.49±0.59 - <0.01
CHD Reader1 4.23±0.75 4.20±0.80 4.42±0.66 4.57±0.60 0.71 <0.01

- Reader2 4.05±0.88 3.97±0.86 4.27±0.78 4.41±0.67 - <0.01
cRHD Reader1 3.76±1.11 3.53±0.97 3.88±1.00 3.99±0.94 0.91 <0.01

- Reader2 3.76±1.07 3.54±0.92 3.85±0.97 3.96±0.88 - <0.01
pRHD Reader1 3.05±1.34 2.61±1.22 2.99±1.21 2.85±1.26 0.93 <0.01

- Reader2 3.02±1.27 2.56±1.16 2.94±1.21 2.91±1.22 - <0.01
cLHD Reader1 3.73±1.06 3.52±0.89 3.82±1.00 3.98±0.91 0.89 <0.01

- Reader2 3.67±1.10 3.38±0.92 3.71±1.07 3.90±0.86 - <0.01
pLHD Reader1 2.73±1.18 2.22±1.09 2.67±1.06 2.58±1.08 0.93 <0.01

- Reader2 2.74±1.22 2.23±1.08 2.66±1.10 2.59±1.06 - <0.01
Cystic duct Reader1 3.26±1.08 3.23±1.11 3.54±1.06 3.78±1.09 0.80 <0.01

- Reader2 3.23±1.00 3.16±1.06 3.51±1.09 3.61±1.00 - <0.01
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Parameter Reader RT-GRAPPA BH-GRAPPA RT-CS BH-CS κ value p-value
pMPD Reader1 3.73±1.11 3.39±1.11 3.84±1.23 3.87±1.15 0.82 <0.01

- Reader2 3.69±1.04 3.34±1.12 3.69±1.21 3.74±1.11 - <0.01
mMPD Reader1 3.68±1.00 3.03±1.16 3.59±1.16 3.62±1.23 0.80 <0.01

- Reader2 3.43±1.03 3.01±1.15 3.55±1.15 3.38±1.15 - <0.01
dMPD Reader1 3.10±1.19 2.66±1.23 3.19±1.24 2.96±1.31 0.85 <0.01

- Reader2 3.04±1.10 2.58±1.20 3.11±1.16 2.80±1.18 - <0.01
Artifact Reader1 2.18±0.72 1.84±0.57 2.16±0.78 2.64±0.58 0.88 <0.01

- Reader2 2.20±0.70 1.86±0.57 2.18±0.79 2.57±0.61 - <0.01
Overall image quality Reader1 3.13±1.09 2.71±0.96 3.21±1.13 3.40±0.93 0.99 <0.01

Reader2 3.14±1.10 2.71±0.97 3.24±1.16 3.40±0.93 - <0.01
Note: Data are mean ± 1 standard deviation. κ values are for Cohen’s weighted kappa. p-values are for Friedman test CBD common bile duct, CHD common hepatic duct,
cRHD central right hepatic duct, pRHD peripheral right hepatic duct, cLHD central left hepatic duct, pLHD peripheral left hepatic duct, pMPD proximal main pancreatic
duct, mMPD middle main pancreatic duct, dMPD distal main pancreatic duct

Table 5. Pairwise comparison of RT-GRAPPA, BH-GRAPPA, RT-CS and BH-CS sequences.

- -
RT-GRAPPA

&
RT-CS

RT-GRAPPA
&

BH-CS

RT-GRAPPA
&

BH-GRAPA

RT-CS
&

BH-CS

BH-GRAPPA
&

RT-CS

BH-GRAPPA
&

BH-CS
Visibility - - - - - - -
CBD Reader1 1.00 0.03* 1.00 0.87 0.47 <0.01*

- Reader2 1.00 0.40 0.96 1.00 0.41 <0.01*
CHD Reader1 0.46 <0.01* 1.00 0.60 0.39 <0.01*

- Reader2 0.50 0.03* 1.00 1.00 0.08 <0.01*
cRHD Reader1 1.00 1.00 0.35 1.00 0.10 0.01*

- Reader2 1.00 1.00 0.30 1.00 0.14 0.01*
pRHD Reader1 1.00 1.00 0.11 1.00 0.23 1.00

- Reader2 1.00 1.00 0.06 1.00 0.21 0.32
cLHD Reader1 1.00 0.78 0.37 1.00 0.13 <0.01*

- Reader2 1.00 1.00 0.11 1.00 0.07 <0.01*
pLHD Reader1 1.00 1.00 0.01* 1.00 0.02* 0.11

- Reader2 1.00 1.00 0.02* 1.00 0.04* 0.10
Cystic duct Reader1 0.57 0.01* 1.00 0.60 0.54 0.01*

- Reader2 0.58 0.06 1.00 1.00 0.31 0.02*
pMPD Reader1 1.00 1.00 0.16 1.00 0.01* 0.01*

- Reader2 1.00 1.00 0.23 1.00 0.13 0.06
mMPD Reader1 1.00 1.00 <0.01* 1.00 <0.01* <0.01*

- Reader2 1.00 1.00 0.11 1.00 0.01* 0.17
dMPD Reader1 1.00 1.00 0.07 1.00 0.02* 0.81

- Reader2 1.00 0.89 0.04* 0.35 0.01* 1.00
Artifact Reader1 1.00 <0.01* <0.01* <0.01* 0.01* <0.01*

- Reader2 1.00 <0.01* <0.01* <0.01* 0.01* <0.01*

Overall image quality
Reader1 1.00 0.67 0.02* 1.00 0.01* <0.01*
Reader2 1.00 0.76 0.02* 1.00 0.01* <0.01*

Note: Data are Bonferroni corrected p-values of Pairwise Wilcoxon signed rank test
* corrected p-value below 0.05 which means the pair has significant different score
CBD common bile  duct,  CHD common hepatic  duct,  cRHD central  right  hepatic  duct,  pRHD peripheral  right  hepatic  duct,  cLHD central  left  hepatic  duct,  pLHD
peripheral left hepatic duct, pMPD proximal main pancreatic duct, mMPD middle main pancreatic duct, dMPD distal main pancreatic duct

3.2. Qualitative Analysis

The  inter-reader  agreement  was  almost  perfect  for  the
visibility  scores  of  the  CBD,  cRHD,  pRHD,  cLHD,  pLHD,
pMPD, and dMPD (kappa=0.84, 0.91, 0.93, 0.89, 0.93, 0.82,
and  0.85,  respectively),  and  the  artifact  and  overall  image
quality scores showed almost perfect agreement (kappa=0.88
and 0.99, respectively). Additionally, the visibility scores of the

CHD, cystic duct, and mMPD showed substantial inter-reader
agreement  (kappa=0.71,  0.80,  and  0.80,  respectively).
Therefore,  the  visibility,  artifact,  and  overall  image  quality
scores are shown in Table 3 and the pairwise comparison data
of the MRCPs are presented in Tables 4 and 5. Moreover, these
data are also shown in Fig.  (S1)  which can be viewed in the
supplement.

(Table 4) contd.....
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All qualitative scores significantly differed among the four
MRCP sequences according to the Friedman test (all p-values
were under 0.006). For pairwise comparison, all p-values of the
Wilcoxon  signed-rank  test  with  Bonferroni  correction  were
tabulated  in  Appendix  1.  The  CBD  visibility  score  was
significantly higher for BH-CS than for BH-GRAPPA for both
readers  (reader  1:  4.55  vs.  4.16,  p  <  0.01;  reader  2:  4.49  vs.
4.10,  p  <  0.01).  The  CHD  visibility  score  was  significantly
higher for BH-CS than for BH-GRAPPA and RT-GRAPPA for
both readers (reader 1: 4.57 vs 4.20 and 4.23, p < 0.01 and p <
0.01, respectively; reader 2: 4.41 vs.  3.97 and 4.05, p  < 0.01
and  p  =  0.03,  respectively).  The  cRHD  visibility  score  was
significantly higher for BH-CS than for BH-GRAPPA for both
readers  (reader  1:  3.99  vs.  3.53,  p  <  0.01;  reader  2:  3.96  vs.
3.54, p < 0.01). The pRHD visibility score had no significant
difference in the pairwise Wilcox signed-rank tests of the four
MRCP sequences. The cLHD visibility score was significantly
higher  for  BH-CS  than  for  BH-GRAPPA  for  both  readers
(reader 1: 3.98 vs. 3.52, p < 0.01; reader 2: 3.90 vs. 3.38, p <
0.01).  The pLHD visibility  score  was  significantly  lower  for
BH-GRAPPA  than  for  RT-GRAPPA  and  RT-CS  for  both
readers (reader 1: 2.22 vs 2.73 and 2.67, p = 0.01 and p = 0.02,
respectively; reader 2: 2.23 vs. 2.74 and 2.66, p = 0.02 and p =
0.04,  respectively).  The  cystic  duct  visibility  score  was
significantly higher for BH-CS than for BH-GRAPPA for both
readers  (reader  1:  3.78  vs.  3.23,  p  <  0.01;  reader  2:  3.61  vs.
3.16,  p  =  0.02).  The  pMPD  visibility  score  did  not  show  a
consistently  significant  difference  between  the  two  readers.
The mMPD visibility score was significantly higher for RT-CS
than for BH-GRAPPA for both readers (reader 1: 3.59 vs. 3.03,
p  <  0.01;  reader  2:  3.55  vs.  3.01,  p  <  0.01).  The  dMPD
visibility  score  was  significantly  higher  for  RT-CS  than  for
BH-GRAPPA  for  both  readers  (reader  1:  3.19  vs.  2.66,  p  =
0.02; reader 2: 3.11 vs. 2.58, p < 0.01).

The artifact score was significantly higher for BH-CS than
for  other  three  MRCP  sequences  (reader1:  2.64  vs.  RT-
GRAPPA 2.18,  p  < 0.01;  vs.  RT-CS 2.16,  p  < 0.01;  vs.  BH-
GRAPPA 1.84, p < 0.01; reader2: 2.57 vs. RT-GRAPPA 2.20,
p < 0.01; vs. RT-CS 2.18, p < 0.01; vs. BH-GRAPPA 1.86, p <
0.01), p < 0.01). BH-GRAPPA showed the lowest artifact score
of the four MRCP sequences (reader1: vs.  RT-GRAPPA p <
0.01; vs. RT-CS p < 0.01; reader2: vs. RT-GRAPPA p < 0.01;
vs.  RT-CS  p  <  0.01).  RT-GRAPPA  and  RT-CS  showed  no
significant  difference in the artifact  score (2.18 vs.  2.16,  p  >
0.05).

The overall image quality score was significantly lower for
BH-GRAPPA  than  for  all  other  MRCP  sequences  (reader1:
2.71 vs. RT-GRAPPA 3.13, p = 0.02; vs. RT-CS 3.21, p < 0.01;
vs. BH-CS 3.40, p < 0.01; reader2: 2.71 vs. RT-GRAPPA 3.14,
p = 0.02; vs. RT-CS 3.24, p < 0.01; vs. BH-CS 3.40, p < 0.01).
There were no significant differences in overall image quality
score  between  RT-GRAPPA  and  RT-CS,  between  RT-
GRAPPA  and  BH-CS,  and  between  RT-CS  and  BH-CS.

4. DISCUSSION

In the quantitative evaluation results, relative contrast (RC)
values were significantly higher for CS-MRCPs regardless of
patients  breathing  for  GRAPPA-MRCPs  in  our  study.  In

previous studies comparing the RCs of 3D-MRCP with parallel
imaging  only  and  CS-MRCP,  the  RC  values  tended  to  be
smaller  when  CS  was  applied  [4,  15,  19].  Additionally,  a
previous study showed that CS-MRCP had a higher RC than
that  for  conventional  MRCP  [13].  However,  in  the  current
study, when CS was applied, the RC value was higher than that
of GRAPPA alone. The difference in these results may be the
result of differences in the CS algorithm between vendors and
differences in MR parameters, such as the acceleration factor
for parallel imaging or the under-sampling factor for CS.

In  the  qualitative  analysis,  BH-CS  showed  similar  or
superior scores in visibility, artifact, and overall image quality
compared  to  those  for  the  other  MRCP  sequences  (Fig.  4).
These results may be due to a reduced impact of artifacts with a
short  acquisition  time,  and  an  increased  contrast  by  the
denoising  effect  of  the  CS  algorithm  [20].  These  results  are
consistent  with  those  of  previous  studies  [4,  7,  13,  15,  21].
Especially for the artifact score, BH-CS showed significantly
higher scores compared to those for all other MRCP sequences.
Since the artifact score was evaluated according to the range of
the area affected by the artifact, respiratory artifacts were likely
to have the greatest impact. Therefore, BH-CS with the shortest
acquisition time (16 seconds)  was expected to show the best
artifact score.

Blurring  of  fine  details  is  associated  with  CS,  possibly
related  to  the  denoising  effect  in  CS  reconstruction  [4,  20],
which may have lowered the visibility scores of the peripheral
and pancreatic ducts.  In addition, left  hepatic ducts are more
susceptible to cardiac motion due to their location. However,
even for the pRHD, pLHD, and MPD, neither BH-CS nor RT-
CS  showed  inferiority  to  GRAPPA  MRCP  sequences.
Moreover,  the  overall  image  quality  was  assessed  as  non-
diagnostic  for  only  two  of  the  98  BH-CS  images.  Thus,
vulnerability  to  fine  details  with  CS-MRCP  should  not  be  a
significant problem in clinical practice.

Fortunately, breath-holding for 16 seconds was possible for
most of the patients in the current study. However, this could
be difficult for patients with lung disease, mental disorders, or
hearing loss in real clinical practice (Fig. 5). According to our
study results, RT-CS showed similar image quality to that of
BH-CS. In addition, the acquisition time of RT-CS (ideally 1
min 51 sec) is much shorter than that of RT-GRAPPA (ideally
3 min 32 sec). Considering the image quality and acquisition
time comprehensively, it would be reasonable to use RT-CS for
non-cooperative patients who are unable to hold their breath.

Regarding BH-3D-MRCP, the acquisition was technically
possible  without  applying  CS,  but  the  parameters  had  to  be
intensively adjusted to achieve single BH acquisition (thicker
and fewer slices, and fewer excitation numbers than that in the
other three sequences). Nevertheless, the final acquisition time
was  approximately  21  seconds,  which  could  result  in  lower
patient  compliance,  as  compared to  that  with  16  seconds  for
BH-CS. Thus, the visibility, artifact, and overall image quality
scores for  BH-GRAPPA might  be rendered lower than those
for other MRCP sequences.

This  study  has  several  limitations.  First,  there  may  be
selection  bias,  as  some  patients  were  excluded  from  the
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visibility score analysis of each segment. However, since all 98
patients  in  the  study  underwent  scanning  with  four  MRCP
sequences  without  a  missing  sequence,  this  would  not  be  a
significant  statistical  weakness  in  proving  the  superiority  of
BH-CS. Secondly, this study was a single-vendor study. There
may be differences in results with scanners from other vendors
because  there  are  differences  in  the  CS  algorithm  among
vendors. Third, there is a limit to clinical application because
diagnostic  performance  is  not  evaluated  in  this  study.

Moreover,  since  we  only  reviewed  maximal  intensity
projection images, there is a possibility that the evaluation of
image  quality  would  be  different  if  the  source  image  was
reviewed.  However,  in  clinical  practice,  MRCP  is  primarily
reviewed in MIP form, rather than as a source image; thus, the
current  comparison  is  more  meaningful  clinically.  Finally,
since the study design was retrospective in nature, there may
have been unavoidable bias.

Fig. (4). A 67-year-old man underwent MRCP for an evaluation of intrahepatic duct dilatation.
The overall image quality scores of two readers were 4 for RT-GRAPPA (4a), 4 for RT-CS (4b), 4 for BH-GRAPPA (4c), and 5 for BH-CS (4d).
Note: MRCP: magnetic resonance cholangiopancreatography, RT: respiratory-triggered; BH: breath hold, CS: compressed sensing, GRAPPA:
generalized autocalibrating partially parallel acquisition.

Fig. (5). A 70-year-old woman who had pylorus-preserving pancreaticoduodenectomy due to pancreatic head cancer underwent MRCP for a 6-month
follow-up. She had poor cooperation for breath-holding. The overall image quality scores of the two readers were 3 for RT-GRAPPA (5a), 4 for RT-
CS (5b), 1 for BH-GRAPPA (5c), and 2 for BH-CS (5d). BH sequences were severely affected by motion artifacts, while RT sequences showed
relatively good image quality.
Note: MRCP: magnetic resonance cholangiopancreatography, CBD: common bile duct, RT: respiratory-triggered; BH: breath hold, CS: compressed
sensing, GRAPPA: generalized autocalibrating partially parallel acquisition.
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CONCLUSION

In  conclusion,  BH-CS  is  clinically  feasible  and  has
comparable  or  better  image  quality  compared  to  that  for
conventional  MRCP,  while  reducing  acquisition  time.  Using
RT-CS may be more reasonable for patients with difficulty in
breath holding.
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