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A B S T R A C T

Purpose: To evaluate the performance of a novel camera-based breathing navigation system in respiratory-
triggered (CRT) 3D-magnetic resonance cholangiopancreatography (MRCP) at 3T MRI.
Methods: Two 3D-MRCP data sets were acquired subsequently within one imaging session with traditional re-
spiratory belt- (BRT) or camera- (CRT) based triggering in 28 patients. Overall image quality, blurring, motion
artifacts and discernibility of the pancreaticobiliary tree (PBT) structures were scored on a 4-point scale retro-
spectively by 2 radiologists. The contrast ratio between the common bile duct and its adjacent tissue was
measured by region-of-interest (ROI) analysis. The signal intensity increase at the duct boundaries was quan-
tified by line profiles to objectify blurring and motion artifacts. The extracted respiratory signal curves were
analyzed for signal quality and trigger timing.
Results: Total scan time was 72 s for both acquisitions. CRT yielded significantly better ratings in image quality,
background suppression, blurring and discernibility of PBT structures compared to BRT. Contrast ratios were
significantly higher in CRT (0.94 ± 0.03) than in BRT (0.93 ± 0.03) exams; paired t test P= 0.0017. Line
profile slopes through the common bile duct revealed significantly higher values in CRT (42.23 ± 8.74% of
maximum intensity/mm) compared to BRT (36.06 ± 8.96% of maximum intensity/mm; paired t test
P < 0.0001). Camera-derived respiratory signal curves showed a higher SNR, lower standard deviation of the
signal amplitude and less incorrect triggering than the respiratory belt-derived respiratory signal curves.
Conclusion: Camera-based respiratory triggering significantly improves image quality of 3D-MRCP compared to
conventional respiratory belt triggering.

1. Introduction

MRCP plays a crucial role in the detection and diagnostic work up of
pathologies of the pancreatobiliary tree (PBT) [1–5]. Single shot 2D,
and more recently breath-hold 3D MRCP sequences are widely applied
owing to their short acquisition time [6,7]. However partial volume
effect, volume averaging and reduced signal intensity can compromise
the diagnostic validity in these acquisition types [1].

In contrast, higher signal intensity, with the potential for the deli-
neation of even smallest ductal structures can be achieved by re-
spiratory-triggered (RT) 3D MRCP [7,8]. However, higher signal in-
tensity of free-breathing 3D MRCP sequences comes at the cost of
longer acquisition times, and an increased risk for artefacts from re-
spiratory motion, especially in patients with irregular breathing pat-
terns [9].

Several techniques have been implemented to reduce artefacts from
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respiratory motion, by restricting the acquisition to the same short time
window during the end-expiratory phase. These primarily include re-
spiratory belts and navigator pulse sequence modules [1,10]. Both
techniques hold severe limitations: they record motion curves for ac-
quisition triggering from a small area of a complex moving organ de-
spite a non-linear relationship between surface or diaphragmatic mo-
tion and organ position. In addition, the quality of navigator triggering
can be reduced in patients with low liver signal (e.g. iron overload),
which causes low signal difference at the diaphragm between lung and
liver tissue. Regarding the use of respiratory belts, positioning can be
time consuming, requires a tight fit of the belt to avoid flat or noisy
signals and a change in breathing pattern (in theory) would require
repositioning.

Recently, optical devices have been introduced, which deduce
triggering curves by tracking surface motion [11–15], with the poten-
tial benefit of a more globally (i.e. from a larger surface area) acquired
signal and no need for belt (re-)positioning. However, previous studies
were mostly performed in musculoskeletal MRI or fMRI of the brain,
less prone to motion artefacts compared to e.g. upper abdominal ima-
ging.

The aim of this study was to evaluate the performance of a novel
camera-based breathing navigation system in respiratory-triggered
(CRT) 3D MRPC compared to conventional respiratory belt triggering.

2. Material and methods

2.1. Patient cohort

A total of 28 patients (69 ± 15.2 years, range 19–89; 15 male/13
female) were included in this prospective study. All images were ac-
quired between January and March 2019. MRCP was performed for the
following indications: pancreatitis (n= 5), focal pancreatic (n= 19) or
biliary lesion (n= 4). Approval by local ethics committee (180/17S,
Ethikkommission der Fakultät für Medizin der Technischen Universität
München) was given. Requirement for written informed consent was
waived.

2.2. Data acquisition

All MRI data sets were acquired on a latest generation 3T MR system
(Philips Ingenia ElitionX; Philips Medical Systems, Best, The
Netherlands). In every patient two compressed sensing-accelerated (CS
factor 15) 3 dimensional (3D) MRCP sequences, using either the pres-
sure-based respiratory belt (Invivo, Gainesville, USA)

(RBT) or the camera (VitalEye, Philips Medical Systems, Best, The
Netherlands) (CBT) derived-signal, were acquired in random order. The
same scan parameters were used in both sequences, as listed in Table 1.
Additionally, the following sequences were acquired within the clinical
routine protocol: axial and coronal 3mm T2w, axial 4 mm DWI and
axial 4mm mDIXON dynamic. In the CBT acquisitions, a built-in-the-
bore camera of type IDS uEye (IDS, Obersulm, Germany) equipped with

a 4.2 mm lens (Lensation, Karlsruhe, Germany) was used to acquire
video data of the subject torso during MR image acquisition. The
camera was operated at 20 frames per second. Breathing signals were
derived in real-time from the video data using a fully automated al-
gorithm developed previously for patient monitoring and streamed to
the MR data acquisition system via the scanner physiology interface
[16]. This allowed the acquisition of breathing signals simultaneously
with both the respiratory belt and the above described optical sensor,
that were stored during scanning in physiology log-files for further
analysis

2.3. Qualitative image analysis

Qualitative image analysis was performed by two radiologists with
6 (F.L.) and 2 (F.H) years of experience.

Images were provided as 3 plane multiplanar reformations (MPR)
from CRT and BRT MRCP (slice thickness: 2 mm), coronal thin slab MIP
(slice thickness/increment 4/2mm) and MIP-based 3D-surface-render-
ings. Qualitative image analysis was based on a 4-point Likert scale.
Overall image quality (IQ) was rated as 1= poor; 2= fair; 3= good;
4= excellent. Blurring and motion artefacts were rated as following:
1= severe artefacts, yet diagnostic; 2=moderate to severe;
3=minimal to moderate 4=no artefacts. Background suppression
was rated as: 1= significant background signal, impairing diagnostic
validity; 2= substantial background signal, with significant degrada-
tion of image quality; 3= noticeable background signal, with mild
degradation of image quality; 4= sufficient background suppression,
without degradation of image quality. Visualization of biliary and
pancreatic ducts: 1= no or minimal delineation possible; 2= partial
delineation; 3=delineation of most parts possible; 4= delineation of
the entire ductal structure.

2.4. Quantitative image analysis

Contrast ratios between the common bile duct (CBD) and the ad-
jacent periductal tissue were calculated using following formula:

Contrast ratio= (SICBD − SIperiductaltissue)/(SICBD+ SIperiductaltissue)

SI: ROI average signal intensity
CBD: common bile duct
A 5mm in diameter measuring ROI was placed in die CBD distal to

the hepatic duct bifurcation, and in the periductal tissue, sparing bile
ducts and areas with motion artefacts.

Additionally, objective quantification of blurring and motion arte-
facts was performed. Using FIJI’s “Line profile” tool [17], a line was
manually drawn in the CBD, orthogonal to the longitudinal axis of the
duct, at the above-mentioned position. Signal intensities along the line
profile were expressed as percentages of the peak intensity inside the
CBD. Based on the change per mm at the ductal boundary, a slope
profile was calculated.

2.5. Respiratory signal analysis

For both, CRT and BRT datasets the acquired, respiratory signals
were recorded by the scanner. Respiratory curves were exported and
two respiratory signal quality parameters were extracted to further
analyze the impact of the breathing motion on the image quality. The
first parameter aimed at the extraction of a respiratory signal SNR
metric and was based on the power spectrum of the recorded re-
spiratory signals. Specifically, as a SNR estimate, the area under the
curve (AUC) in the breathing range from 0.15 to 0.4 Hz was divided by
the AUC of the higher frequency noise contributions above 0.4 Hz. The
above breathing range was chosen in such a way that it included all
breathing frequency peaks for all patients. The interval below 0.15 Hz
was neglected since it contains contributions due to the manufacturer’s

Table 1
3D MRCP scan parameters for both sequences.

CS acceleration factor 15
Acquisition time (s) 72
FOV (mm) FH/RL/AP 280/280/80
Acquisition voxel size (mm) FH/RL/AP 1.09/1.10/2.00
Reconstruction voxel size (mm) FH/RL/AP 0.73/0.73/1.00
Fast imaging mode TSE
TEeff/TEequiv (ms) 480/427
Act. TR (ms) 1418
Act. TE (ms) 480
Flip angle (°) 90
Fat suppression SPIR
Receiver bandwidth (Hz/pixel) 224
TSE factor 90
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DC and gain corrections of the respiratory signal. As the second para-
meter, the standard deviation of the signal curve during the read-out
period was chosen. A low standard deviation value of the respiratory
signal during readout was expected to correspond to a successful trigger
point determination and less patient movement during data acquisition.
Finally, trigger points were visually inspected and false triggering
points, i.e. ones that obviously deviate in their position relative to the
breathing curve, were counted per exam.

2.6. Statistics

Testing for normal distribution was performed with D’Agostino-
Pearson omnibus K2-test. A paired t-test was used for mean comparison of
normally distributed variables, while Wilcoxon test was used for vari-
ables without normal distribution. The respiratory signal was analyzed
using the Mann-Whitney test. Inter-observer agreement was calculated
using Cohen´s kappa. P-values≤ 0.05 were considered statistically sig-
nificant.

All statistics were performed using Prism Version 7 (GraphPad
Software) and IBM SPSS, version 25.

3. Results

3.1. Qualitative image analysis

3.1.1. Image quality
Overall image quality was compared between belt respiratory trig-

gered (BRT) and camera respiratory triggered (CRT) exams (Figs. 1 and
2). Image quality was superior in CRT compared to BRT datasets
(3.20 ± 0.92 vs. 2.84 ± 0.93; P < 0.0001). In detail, poor image
quality (Likert scale 1) was only seen in 2 patients (7.1%) in each co-
hort. Fair image quality (Likert scale 2) was more often seen in BRT
(28.6%) compared to CRT (14.3%) exams, whereas good (Likert scale
3) and excellent (Likert scale 4) image quality were seen more often in
CRT (35.7% and 46.4%) compared to BRT (32.1% and 28.6%) datasets.
Cohen’s kappa revealed high inter-rater reliability of 0.94 in CRT and
0.95 in BRT.

3.1.2. Blurring and motion artefacts
Significantly less blurring and motion artefacts were noted in CRT

examinations compared to BRT examinations (3.29 ± 0.93 vs.
2.91 ± 1.01; P= 0.0020) (Figs. 1 and 2, Table 2). Severe artefacts
were seen more frequently in BRT (14.3%) than in CRT (7.1%) exams.
Substantially more datasets revealed no artefacts in CRT (57.1%)
compared to BRT (32.1%). Inter-reader agreement was 0.88 for CRT
and 0.95 for BRT.

3.1.3. Background
Background suppression in CRT examinations was significantly

higher compared to BRT examinations (2.64 ± 0.62 vs. 2.54 ± 0.57;
P= 0.0326) (Table 2). Cohen’s kappa was found to be 0.86 for both
examinations.

3.1.4. Bile duct visualization
Regarding visualization and image quality of the common bile duct,

the left and right hepatic duct, the small hepatic ducts as well as the
cystic duct CRT datasets outperformed BRT datasets in all patients
(P < 0.0001–0.0013) (Table 2). Cohen’s kappa revealed high inter-
reader agreement for CRT examination (κ=0.84-0.95) as well as for
BRT examinations (κ=0.85–0.95).

3.1.5. Pancreatic duct visualization
In CRT exams, pancreatic duct visualization and image quality were

better compared to BRT (P=0.003–0.005) (Table 2). High inter-reader
agreement was found in both datasets (κ=0.9–0.95).

3.2. Quantitative image analysis

Acquisition time was 72 s for both sequences. Contrast ratio was
significantly higher in CRT (0.94 ± 0.03) than in BRT (0.93 ± 0.03);
paired t-test P= 0.0017. Analyzing the line profile slope through the
CBD revealed significantly higher values in CRT examination
(42.23 ± 8.74% of maximum intensity/mm) compared to BRT ex-
amination (36.06 ± 8.96% of maximum intensity/mm; paired t test
p < 0.0001). An example is shown in Fig. 3.

3.3. Respiratory signal analysis

In 7 patients, the rated overall image quality in the CRT datasets
was superior to the BRT datasets. The breathing curve signals of these 7

Fig. 1. Patient with multifocal side branch IPMN. The CRT examination (A,B) outperforms the BRT examination (C,D) regarding image quality and blurring.
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patients were compared to the signals of the remaining patients which
showed no differing image quality. The AUC ratio was significantly
higher for CRT datasets (25.66 ± 12.64) compared to BRT datasets
(10.78 ± 8.66) in those 7 patients with superior image quality in CRT
examinations (P=0.0262) (Fig. 4). Furthermore, image quality cor-
related with the respiratory signal amplitude during the read out. In the
above-mentioned 7 patients, a lower standard deviation was seen in
CRT datasets (0.11 ± 0.004) compared to BRT datasets (0.20 ± 0.14)
without reaching statistical significance (P=0.1375). A comparable

signal amplitude was found in the remaining patients (0.12 ± 0.05 in
CRT vs. 0.11 ± 0.05 in BRT, P= 0.5161) (Fig. 4). Visual analysis of
the exported breathing curves (Fig. 2) revealed fewer false triggers in
CRT-MRCP in the group with improved image quality (2.7 ± 2.9) and
no significant variation among the remaining patients (0.5 ± 3.0).

4. Discussion

In our study, we compared the performance of a novel, camera-

Fig. 2. Enhanced ductal delineation, particularly of the peripheral ducts is seen in CRT datasets (A,B) compared to BRT datasets (C,D). Right column: the corre-
sponding respiratory curves illustrate a more inhomogeneous respiratory signal in BRT datasets (bottom row) compared to CRT (upper row), partially leading to
incorrect respiratory triggering.

Table 2
Summary table of all scores for image quality parameters and visualization of the duct structures; values are shown as mean± standard deviation. P values are given
in the right column.

Respiratory gating

Camera Belt p

Overall image quality 3.20 ± 0.92 2.84 ± 0.93 < 0.0001
Blurring and motion artefacts 3.29 ± 0.93 2.91 ± 1.01 0.0020
Background suppression 2.64 ± 0.62 2.54 ± 0.57 0.0326
Bile duct visualization Common bile duct 3.38 ± 0.78 3.05 ± 0.72 < 0.0001

Left hepatic duct 3.16 ± 0.97 2.80 ± 0.92 < 0.0001
Right hepatic duct 3.13 ± 0.95 2.82 ± 0.90 0.0007
Anterior branch 3.07 ± 1.01 2.79 ± 0.95 0.0013
Posterior branch 3.07 ± 1.01 2.77 ± 0.95 0.0007
Segment 2 2.91 ± 1.16 2.52 ± 1.18 < 0.0001
Segment 3 2.91 ± 1.13 2.52 ± 1.18 < 0.0001
Segment 4 2.91 ± 1.13 2.52 ± 1.18 < 0.0001
Segment 5 2.91 ± 1.13 2.52 ± 1.18 < 0.0001
Segment 6 2.93 ± 1.14 2.52 ± 1.18 < 0.0001
Segment 7 2.93 ± 1.14 2.52 ± 1.18 < 0.0001
Segment 8 2.93 ± 1.14 2.52 ± 1.18 < 0.0001
Cystic duct 2.98 ± 1.14 2.63 ± 1.04 0.0002

Pancreatic duct visualization Proximal 3.38 ± 0.91 2.96 ± 0.91 0.0005
Mid 2.93 ± 0.97 2.57 ± 1.08 0.0003
Distal 2.84 ± 0.99 2.41 ± 1.14 0.0004
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based (CRT) to a conventional belt-based (BRT) respiratory triggering
approach in 3D-MRCP and found the CRT approach to provide higher
image quality, which we attribute to an improved respiratory signal
curve and more reliable timing of the triggered acquisition.

The lower spatial resolution and signal intensity of single shot 2D
and breath-hold 3D MRCP acquisitions can obscure small pathologies in
the evaluation of the pancreatobiliary tree (PBT) [18]. In contrast, the
potential benefit of higher spatial resolution and signal intensity of
navigator- or respiratory-triggered 3D MRCP are often nullified by
motion artefacts.

Accelerated image acquisition using compressed sensing, has sig-
nificantly improved image quality in respiratory-triggered 3D MRCP
sequences [7,19,20]. However, even with such fast imaging techniques
in place, image quality can be severely affected in patients that exhibit
irregular breathing patterns, which translate into variation in breathing
curves, trigger points of the individual acquisition steps in relation to
organ position and potentially even data acquisition during major organ
motion.

We applied a compressed sensing (CS) accelerated 3D MRCP-se-
quence with CS-factor 15, resulting in a total acquisition time of 72 s,
irrespective of the applied triggering approach. Despite this short ac-
quisition time, a small subset of exams was of poor image quality, ex-
hibiting artefacts from motion and blurring or insufficient background
suppression. Whereas CRT MRCP did not prevent such cases from oc-
curring, mean image quality was significantly better compared to BRT.

Concurrently respiratory triggering is mainly performed using either
additional navigator MR signals or external devices such as respiratory
belts. Navigator MR signals provide motion compensation but depend
on the quality of the acquired pencil beam navigator and require pulse
sequence modifications [21]. The application of respiratory belts can be
limited due to its user dependency and its additional workload. Fur-
thermore, correct belt and navigator placement is dependent on the
breathing type of each patient, which is not always easy to determine.
In addition to that, respiratory belts can become unreliable when mo-
tion artefacts result from the delay between alteration in the thoracic
diameter and motion of the diaphragm [21].

Previously reported studies introduced the implementation of
camera-based motion detection in MRI. However, up to now research is

focused particularly on musculoskeletal MRI and functional MRI of the
brain [11,13,22]. Yet musculoskeletal imaging as well as imaging of the
brain are considerably less motion-sensitive than abdominal imaging.
Furthermore, previous studies focusing on camera-based triggering
additionally used external devices such as markers attached to the
surface, which again require a technician to prepare the patients, re-
sulting in an increased examination time [15,22]. Best to our knowl-
edge only one previous study investigated camera-based abdominal
motion triggering, yet focusing on HIFU [23].

In our study, we found significantly higher overall image quality in
camera respiratory triggered examinations (CRT). Regarding ductal
delineation of the PBT, CRT significantly outperformed belt respiratory
triggered examinations (BRT). Particularly in distal ductal segments,
such as the S2-4 of the left hepatic duct, S5-8 of the right hepatic ducts
as well as the mid and distal part of the pancreatic duct, superiority of
CRT was seen. This is an important finding, indicating that CRT might
improve diagnostic validity in diseases which may predominantly be
located in small ducts of the PBT, e.g. primary sclerosing cholangitis or
primary biliary cholangitis [24,25]. Furthermore, significantly less
blurring and motion artefacts were seen in CRT. This subjective finding
was supported by analysis of the line slope profiles which were sig-
nificantly higher in CRT compared to BRT datasets. Additionally, our
findings were supported by the analysis of the respiratory signal curves
acquired for both, the CRT and BRT datasets respectively.

Our study has some limitations. Most important the relatively small
sample size has to be mentioned. However, showing significantly better
results in CRT compared to BRT datasets in all qualitative and quanti-
tative parameters, we believe our results to be robust. We did not
correlate our findings to diagnosis made in MRCP, since our aim was to
investigate technical feasibility of CRT in 3D MRCP. This study was
performed on a 3 T system. Our results may not be generalized using
other field strengths. In addition to that, our findings should be in-
vestigated in further studies regarding specific pancreatobiliary dis-
eases.

In conclusion, our study proved superiority of CRT over BRT in CS-
accelerated 3D MRCP regarding image quality, artefacts and ductal
delineation for the first time.

Fig. 3. Depiction of line profile slopes through the CBD for CRT (A, C) and BRT (B, D) examinations. Overall significantly higher slope values were found for CRT
datasets. (E).
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