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Abstract

Purpose: Gastrointestinal motion patterns such as peristalsis and segmental contractions can 

alter the shape and position of the stomach and intestines with respect to other irradiated organs 

during radiation therapy. Unfortunately, these deformations are concealed by conventional 4D-

MRI techniques, which were developed to visualize respiratory motion by binning acquired data 

into respiratory motion states without considering the phases of GI motion. We present a method 

to reconstruct breathing-compensated images showing the phases of periodic gastric motion and 

study the effect of this motion on regional anatomical structures.

Methods: Sixty-seven DCE-MRI examinations were performed on patients undergoing MRI 

simulation for hepatocellular carcinoma using a golden-angle stack-of-stars sequence that 

collected 2000 radial spokes over 5 min. The collected data was reconstructed using a method with 

integrated respiratory motion correction into a time series of 3D image volumes without visible 

breathing motion. From this series, a gastric motion signal was extracted by temporal filtering of 

time–intensity curves in the stomach. Using this motion signal, breathing-corrected back-

projection images were sorted according to the gastric phase and reconstructed into 21 gastric 

motion state images showing the phases of gastric motion.

Results: Reconstructed image volumes showed gastric motion states clearly with no visible 

breathing motion or related artifacts. The mean frequency of the gastric motion signal was 3 

cycles/min with a standard deviation of 0.27 cycles/min.

Conclusions: Periodic gastrointestinal motion can be visualized without confounding 

respiratory motion using the presented GI 4D MRI technique. GI 4D MRIs may help define 

internal target volumes for treatment planning, aid in planning organ at risk volume definition, or 

support motion model development for gastrointestinal motion tracking algorithms for real time 

MR-guided radiation therapy.
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Introduction

Combined magnetic resonance imaging (MRI) and external beam radiation therapy (“MR 

Linac”) systems are rapidly expanding in clinical use (1,2). These systems have already 

demonstrated significant advantages in efficiently gating precision radiation therapy 

treatments for breathing motion due to both their improved contrast over radiographic image 

guidance systems as well as their ability to constantly monitor the patient while treatment is 

being delivered. Early prototype systems have further demonstrated the ability to 

opportunistically take advantage of day-to-day variations in abdominal configuration to 

adapt abdominal radiation therapy treatments as needed based on imaging immediately prior 

to treatments (3–7), with promising initial results for pancreatic cancer (8–12).

While these nascent applications of configuration and (breathing) motion monitoring have 

already demonstrated benefit, the influence of less prominent anatomic motions, which may 

further limit safe delivery of tomuricidal doses, have yet to be managed effectively. The 

effect of gastrointestinal (GI) motion during radiotherapy has been studied using 4D CT (13) 

and fluoroscopy (14), with both investigations demonstrating that intrafractional 

gastrointestinal motion is of potentially significant magnitude to impact tumor and/or normal 

tissue delivered doses, and is not correlated with ventilatory motion. Aside from CT and 

fluoroscopy, gastrointestinal motion has also been studied using cine MRI (15–19). These 

investigations, while informative, fall short of full characterization of GI motions for 

individual patients in support of planning and/or active monitoring of treatments.

We have previously developed techniques to image dynamic changes in the abdomen free of 

confounding respiratory motion (20,21). In this study we present a method for four-

dimensional (4D) imaging of periodic gastric motion and employ this method to study 

motion patterns of the stomach during MR simulation for radiation therapy.

Methods

Imaging

Under an institutional review board approved protocol, 67 MRI examinations from 32 

patients (11 women; 20 men; 48–78 years old; 1–3 examinations per patient) were 

performed as part of a study of adaptive radiation therapy for hepatocellular carcinoma. 

Patients were asked not to eat anything for 2 hours before their MRI scans. A 3-T MRI 

scanner (Magnetom Skyra, Siemens Healthineers, Erlangen, Germany) was used with an 18-

channel flexible surface coil (BodyMatrix) and 2–5 elements of the posterior coils build into 

the scanner table (Spine Matrix). Raw dynamic MRI data in k-space was acquired with a 

golden-angle stack-of-stars sequence (Radial VIBE) for 5 minutes as part of a scan protocol 

designed to assess liver function using DCE MRI (22–24). Sequence parameters are given in 
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table 1. Aside from the liver, the field of view (FOV) also covered the stomach as well as a 

large part of the intestines.

Respiratory motion correction

Acquired raw data was reconstructed into a time series of 3-dimensional images without 

visible respiratory motion using a previously described technique for DCE-MRI 4D 

reconstruction with respiratory motion correction (21). The technique first extracts a 

respiratory motion signal from the superior–inferior motion of the liver dome in an image 

time series reconstructed with high temporal but low spatial resolution from the stack-of-

stars data. Acquired radial spokes are then sorted from exhale to inhale and reconstructed 

using view-sharing into a respiratory 4D MRI. A respiratory motion model is constructed by 

deformably aligning the breathing phases of the respiratory 4D MRI to the exhale phase and 

then parameterizing the resulting set of deformation vector fields by the motion signal. 

Finally, the breathing-compensated dynamic time series is reconstructed by deforming back-

projections of individual radial spokes from the stack-of-stars sequence to the exhale state 

using interpolated deformation vector fields from the respiratory motion model and then 

combining the deformed back-projections into a time series using temporal view sharing. 

The temporal resolution of the view-sharing filter was 2 seconds at the center, and 58 

seconds at the periphery, of k-space.

Periodic gastric motion signal

A volume of interest (VOI) encompassing the stomach was delineated manually for each 

examination on one of the dynamic 3D images. For each voxel in the VOI, a time–intensity 

curve (Figure 1) was extracted from the motion corrected image time-series. These curves 

exhibit oscillations due to stomach motion but also a rapid increase in intensity following 

contrast-agent injection. The extracted time–intensity curves were temporally filtered using a 

Rician filter with non-centrality parameter ν = 3 min–1 and scale parameter σ = 1 min–1 to 

eliminate the effect on contrast agent dynamics and to emphasize gastric motion patterns 

which typically have a frequency of approximately 3 min–1 (25). A total power spectrum 

was then formed by summing the power spectra of the individual curves (Figure 2). The 

mode frequency in this power spectrum was used as the non-centrality parameter for a new 

Rician temporal filter with scale parameter 0.25 min–1 that was applied to the original time–

intensity curves. A single curve was extracted as the first principal component (PC) of all the 

filtered curves as shown in Figure 3. The gastric motion signal was then determined as φ = 

atan2(y, x) where x is the first PC and y its derivative. Because the gastric motion that we 

sought to isolate can be described as a contraction wave travelling along the stomach 

(26,27), φ describes the position of this wave.

Gastric 4-D MRI

To reconstruct the gastric 4D MRI, the motion-corrected back-projections of individual 

spokes were sorted according to their gastric cycle phase as indicated by φ. After sorting, the 

back-projections were combined using view sharing along the gastric dimension using a 

view-sharing filter (21) with a width of 200 spokes at the center and 400 spokes at the 

periphery of k-space.
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Evaluation

The amplitude and frequency of gastric contractions was determined using the reconstructed 

gastric 4D MRI and the gastric motion signal. Effects of gastric motion on the stomach, 

liver, intrahepatic gross tumor volume (GTV) and spleen were determined using deformable 

image alignment of the phases of the gastric 4D MRI. This alignment was performed using 

open source deformable alignment software (NiftyReg) with registration parameters 

identical to those reported in (21).

Results

Contoured stomachs had volumes between 90 and 1100 ml with a mean of 330 ml. Gastric 

4D MRIs showing periodic motion were successfully reconstructed for 61 of 67 

examinations. For the remaining 6 examinations, the stomach exhibited either irregular 

motion patterns (4 exams), or no motion at all (2 exams). The frequency of periodic gastric 

motion varied among the 61 examinations from 2.5 to 3.8 min–1 with a mean of 3 min–1 and 

standard deviation of 0.27 min–1. For the irregular motion patterns, the average mode 

frequency was 3 min–1. Reconstructed gastric motion phase images presented with minimal 

motion-related artifacts, and clearly demonstrated changing configurations consistent with 

cyclic motions such as gastric contraction (Figure 4 and supplemental Movie S-1, S-2 and 

S-3).

Maximum displacements in the stomach caused by gastric motion had a mean of 5 mm and 

a maximum of 12 mm across examinations. Maximum displacements in the liver had a mean 

of 3.6 mm and a maximum of 6 mm (Figure 5) whereas the spleen had a mean displacement 

of 2.3 mm and a maximum of 5 mm.

Maximum displacements in the liver were significantly correlated (Pearson correlation test, 

p << 0.01) to the maximum displacement in the stomach across patients as seen in Figure 6. 

However, this correlation was localized to the liver periphery and was not observed (p = 

0.95) for a subvolume defined by a 10 mm erosion of the liver VOI. No significant 

correlation (p = 0.93) of maximum stomach displacement and maximum intrahepatic GTV 

displacement was found for treated targets located in the liver from this patient population.

For the whole liver, spleen, and liver GTVs, maximum displacements were found at the 

surface of the organs (Figure 7) with smaller displacements inside the organs and larger 

displacements outside. For the stomach, the largest displacements occurred inside the organ 

with displacements of surrounding structures declining with the increasing distance to the 

stomach.

Stomach volumes at the first and second scan were similar for most patients (Figure 8a) as 

were the gastric cycle frequencies. For the few patients with large changes in stomach 

volume, filling did not have an obvious effect on the observed gastric cycle frequency 

(Figure 8b).

Because 91% of the examinations exhibited periodic gastric motion consistent with antral 

contraction, we conclude that this is the dominant mode of gastric motion for our 
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population. Other modes, such as non-periodic motion and quiescence were much less 

frequent (6% and 3% respectively).

Discussion

Despite large periodic gastric movements, the non-GI organs surrounding the stomach 

exhibit only minor movements after respiratory motion correction. With respect to periodic 

gastric movements, the GI tract appears almost decoupled from its surrounding. This may be 

a consequence of the relative stiffness of e.g. the liver to that of the stomach and intestines. 

Unlike the liver, GI organs close to the stomach, were observed to move in sync with the 

gastric cycle due to the forces exerted on them by stomach contractions.

The maximum displacements induced in surrounding structures by periodic gastric motion 

drop rapidly with the distance to the stomach, from a maximum of 6 mm at the stomach 

surface to a stationary plateau at a 20-mm distance. At this distance, the maximum 

displacement is dominated by the maximum registration error for all patients.

The predominantly periodic gastric motion observed in our population may have been a 

result of the patients not eating 2 hours prior to the MRI simulation. Therefore, patients may 

need to follow the same instructions prior to each radiation therapy treatment session for the 

GI 4D MRI to be representative. Other instructions may result in different relative 

frequencies of gastric motion modes with periodic motion, non-periodic motion, or 

quiescence.

For the few patients observed with non-periodic gastric motion, the presented GI 4D MRI 

technique is not applicable. To image this motion, fast dynamic 3D imaging techniques, 

possibly accelerated by compressed sensing or artificial intelligence, need to be developed.

The large inter-examination changes in stomach volume observed for two patients were 

likely caused by the patients not following the no-eating instructions before the second scan. 

For these patients, stomach filling did not affect the gastric cycle frequency.

The presented method requires manual delineation of a stomach VOI to extract the GI 

motion signal. This delineation need not be precise. It is enough for the VOI to cover the 

stomach with a margin. Eliminating this manual step would allow a GI 4D MRI to be 

reconstructed without operator intervention after scanning. For this purpose, automatic 

stomach segmentation driven by deep learning could be used in future studies.

This investigation provides a general framework for investigation of gastrointestinal motions 

in the abdomen. While the focus of the initial investigation was related to motions of the 

stomach and their impact on surrounding anatomic configurations, the methodology 

presented herein could be applied to further explore motion as well as longer-term 

configuration changes of the abdomen at locations distal to the stomach.

Tissue displacements due to GI motions are often smaller in amplitude than displacements 

caused by breathing. Determining margins for target volumes or organs at risk from the GI 

4D MRI alone is not meaningful. Instead, the movements observed in the GI 4D MRI could 
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be modelled and composed with the previously constructed respiratory motion model (21) 

into a combined respiratory and gastrointestinal motion model. From this model patient 

specific margin or population margins could be estimated. The model could also help guide 

gating or tracking (28) during irradiation for MR-guided radiation therapy with MR-linacs.

Conclusions

Periodic gastrointestinal motion can be visualized without confounding respiratory motion 

using the presented GI 4D MRI technique. Periodic gastric motion can cause tissue 

displacements of up to 10 mm for other GI organs. The effect on other surrounding organs 

such as liver and spleen is smaller with a maximum observed displacement of 6 mm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sample time–intensity curve for a single voxel inside a stomach VOI for one patient. The 

oscillations in the curve are due to periodic gastric motion. The large intensity increase one 

minute into the scan is caused by the contrast agent (Gd-BOPTA) injection.
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Figure 2. 
Total power spectrum of gastric time-intensity curves before filtering (solid gray) and after 

application of the first (dotted black) and second (solid black) Rician filters. The filters 

select the two peaks corresponding to periodic gastric motion.
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Figure 3. 
The first three PCs extracted from filtered time–intensity curves within a VOI encompassing 

the stomach (yellow contours on right). The gastric motion signal, φ, is defined as the phase 

of the first PC.
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Figure 4. 
Three phases of a periodic gastric motion cycle from three separate patients. Each phase is 

shown in planes through the lower abdomen (a, b, c) for patient 1, liver lateral tip (d, e, f) for 

patient 2 and inferior liver and spleen (g, h, i) for patient 3. Green arrows indicate large 

stomach tissue movements. Movies of the three patients are available as supplemental 

materials Movie S-1, S-2 and S-3.
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Figure 5. 
The largest observed liver deformation (6 mm) caused by periodic gastric motion. Two 

phases are shown, half a gastric cycle apart. The red contour shows the shape of the liver in 

(a) and the yellow contour the shape in (b).
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Figure 6. 
Maximum displacements over the gastric cycle for the stomach versus the liver (top) and the 

intrahepatic GTV (bottom).
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Figure 7. 
Peak GI-induced displacements of locations inside the stomach (a), liver (b), spleen (c) and 

liver GTV (d) vs the depth of the locations below the structure surfaces. Negative depths 

represent locations outside the structures. The dotted, solid and dashed lines show the 

maximum, median and minimum peak displacements across all patients.

Johansson et al. Page 15

Med Phys. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Interfractional changes of stomach volume and gastric cycle frequencies. Circles indicate 

patients whose stomach volumes changed by more than 500 ml between scans.
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Table 1.

DCE-MRI sequence parameters

Sequence parameters

Sequence type Golden-angle stack-of-stars spoiled
gradient echo with fat suppression

Echo time 1.14–1.21 ms

Repetition time 2.72–4.51 ms

Flip angle 10°–14°

Image matrix size 192 × 192

Number of slices 64

Number of partitions 46 (acquired) + 12 (partial Fourier)

Number of radial spokes 2000

In-plane voxel size 2–2.45 mm

Slice thickness 3–4 mm
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