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Abstract 
 
Purpose: To investigate the feasibility of measuring motion in the abdomen using a 
continuously tagged magnetic resonance imaging sequence. 
 
Materials and methods: To assess (non-periodic) motion in the abdomen, a non-
triggered, continuously tagged Transient Field Echo (TFE) sequence was 
implemented that acquires one complete 3D data set per pre-pulse after a fixed delay. 
In post processing, a frequency analysis approach was developed for compact 
reviewing of the data and noise suppression. For proof of principle, a simulation was 
made and one free breathing dynamic in vivo scan was acquired in a healthy 
volunteer. During the dynamic scan the volunteer received glucagon intravenously. 
 
Results: The simulation showed that this frequency analysis enables the extraction of 
motion at low SNR levels. Motion information was successfully gathered from the in 
vivo scan. The decline in bowel motion caused by the administration of glucagon 
could be quantitatively measured using the continuously tagged sequence. 
 
Conclusion: Continuously tagged imaging in the abdomen for the purpose of 
automated gathering of motion information is feasible and could aid the study of 
bowel motion. 
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1 Introduction 
 
Motion in the abdomen can be characterized as inherently complex due to 
physiological processes contributing to the resulting motion patterns. Breathing and 
heart motion impose external forces in a generally periodic way. Peristaltic bowel 
motion is regulated by the autonomic nervous system (1-4). In contrast to breathing 
and heart motion, bowel motion comprises a broad spectrum of frequencies, varying 
from very low frequencies in the order of 0.1 Hz up to 1~2 Hz (1-3), the latter being 
similar to the cardiac frequency. The clinical value of measuring bowel motion in 
addition to morphologic information has been previously demonstrated for monitoring 
disease activity in inflammatory diseases of the small bowel and colon, such as 
Crohn's disease and in studying irritable bowel syndrome (IBS) (5-6). For the aim of 
generating data suitable for visual interpretation, the non-invasive measurement of 
abdominal bowel motion patterns by means of magnetic resonance imaging requires 
short acquisition times together with the presence of adequate contrast and distension. 
Also, given the low frequent nature of peristalsis, the dynamic monitoring of bowel 
motion must have a sufficiently long time window to allow a broad spectral analysis 
with sufficient SNR of the complex motion patterns in the bowel. Moreover, image 
analysis of MRI bowel data is a complicated, high workload process, which requires 
dedicated readers and sound statistical analysis (7-10). The motion encoding 
technique known as tagged imaging or SPAMM (SPAtial Modulation of the 
Magnetization) was originally developed for cardiac motion (11-12) but has been 
increasingly used in the abdominal area for measurements of deformation of the liver, 
distension of the stomach and gastric activity (13-15). In SPAMM, a short pre-pulse 
sequence periodically saturates the magnetization that will eventually appear as a line 
or tag pattern in the image. These tag patterns can deform during the period between 
the pre-pulse and readout sequence and consequently tissue motion can be derived 
from the deformed tag patterns. Yet, abdominal motion lacks periodicity, which 
prohibits the use of segmented cardiac or respiratory-gated acquisition. Since repeated 
measurements are infeasible, the signal-to-noise ratio (SNR) remains modest. This 
work aims to explore the feasibility of continuously tagged imaging for measuring 
motion patterns in the abdomen. Intra-abdominal motion was measured with high 
sampling frequencies and sufficiently long acquisition times (8 minutes) enabling a 
broad-spectrum analysis of motion. Motion patterns from MR tagged data sets were 
extracted by automated image analysis methods. 
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2 Materials and Methods 
 
This study can be separated into three major parts. First, we present a high temporal 
resolution tagged imaging sequence. Second, we perform a simulation study in which 
we demonstrate our method and determine how noise propagates into the motion 
spectrum. Third, we evaluate the feasibility of the method for evaluation of bowel 
motion patterns in one healthy volunteer. 
 
2.1 The continuously tagged sequence  
A Turbo Field Echo (TFE)-sequence was modified by adding a tagging pre-pulse, 
which consisted of two RF-pulses, alternated with a dephasing gradient (Figure 1). 
This produced a symmetric peak in k-space resulting in a sinusoidal modulation of the 
magnetization along the axis of the dephasing gradient. To allow for sufficient motion 
to occur before the image was acquired a delay was inserted between the tagging pre-
pulse and the TFE-sequence.  

 
Figure 1: Schematic representation of the SPAMM sequence consisting of a prepulse and a 3D readout with P1 and P2 phase 
directions (RL and AP) and R read/frequency direction (FH). In comparison with conventional cardiac SPAMM sequences, the 
electrocardiogram (ECG) trigger dependence was removed and the SPAMM prepulse was performed only once prior to every 

readout. A delay between prepulse and readout was added to allow for motion to occur 
 
2.2 Simulation 
2.2.1 Data generation Because of the aim of real time sampling, there is no option 
utilizing SNR enhancing techniques such as averaging, triggering or C-SPAMM, as is 
conventional in cardiac tagging techniques (16-17). A simulation experiment was set 
up to demonstrate the feasibility of this approach, even at low tissue contrast and SNR 
in the abdominal area. In the simulation a periodic shift was added to the center of a 
Shepp-Logan phantom image of 224x224 pixels, which contains contrast only at a 
limited number of boundaries. A Gaussian-shaped non-linear deformation was 
defined with a Full Width at Half Maximum (FWHM) of 20 pixels, multiplied by a 
sinusoidal time-pattern with a frequency of 0.55 Hz and amplitude of 2 pixels. 
Taglines were superimposed by adding a symmetric peak in Fourier-domain such that 
the tag spacing was 3 pixels. The motion was sampled at 3.33 Hz (readout of 100 ms 
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and delay of 200 ms) for 1 minute (240 dynamic images). The frequency of the 
induced motion and the sampling scheme were considered representative for the 
intended in vivo acquisition. White noise was added to the images, creating five sets 
with SNR ranging from 20 down to 1.5.  
 
2.2.2 Data analysis Deformed taglines in each of the five noise level data sets were 
tracked using a dedicated scale space based algorithm (18). The algorithm blurred 
each dynamic volume of each of the five sets along the direction of the tag lines and 
reconstructed the non-blurred tag line by finding local intensity maxima iteratively, 
reducing the amount of blurring with each iteration. In-plane motion perpendicular to 
the tag lines was calculated from the deformed tags and stored as scalar value per 
voxel, which we called motion fields. After line tracking with the scale space 
algorithm and calculation of the motion fields an average spectrum was made for each 
of the five sets by summing the vector values stored in the motion fields and 
calculating the time dependent Fourier transform. In addition, a spectral power image 
was generated by calculating the time dependent Fourier transform for each voxel 
individually and averaging the spectral power over a bandwidth of 0.1 Hz centred on 
0.55 Hz, the frequency of the simulated deformation. 
 
2.3 In vivo scan 
2.3.1 Data acquisition After approval by the Institutional Review Board a healthy, 26 
year old female consenting volunteer was scanned using the continuously tagged 
sequence. Exclusion criteria were gastrointestinal diseases, history of previous 
gastrointestinal surgery and contraindications to undergo MRI. No food or beverages 
were allowed one hour prior to imaging except for water intake. Prior to imaging, the 
volunteer drank an oral preparation of 1000 ml Mannitol 2.5% solution to ensure easy 
visual confirmation of the effect of glucagon. Prior to the tagged imaging, a supine 
breath hold Single Shot Fast Spin Echo (SSFSE) of 36 slices was obtained for 
anatomical reference. The voxel resolution was set to 2 x 2 mm in plane with a slice 
thickness of 4 mm, flip angle = 90 degrees, TR/TE = 517/65 ms, FOV= 512x400x144 
mm. The subject was then scanned in supine position over a period of 8 minutes. The 
supine position was chosen, as this approach will also be feasible in possible future 
applications in patients with abdominal discomfort. Within this period, 1600 volumes 
were acquired during free breathing using a Turbo Field Echo (TFE) readout with a 
dynamic scan time of 298 ms, consisting of a tagging pre-pulse of 5 ms followed by a 
195 ms delay and a read-out of 98 ms. The scan was performed using a Philips 3T 
Intera scanner with a Sense XL 16 channel torso coil. The voxel size was set to 3 mm 
isotropic with a tag spacing of 9 mm, FOV= 400x400x36mm (12 slices), TR/TE = 
2.9/1.8 ms. acquisition matrix =132x132, SENSE factor 4, half Fourier 0.8 in 
anterior/posterior (AP) direction and 0.625 in right/left (RL) direction. The profile 
order was set to low-high with the readout direction perpendicular to the direction of 
the tag planes, ensuring a fast and simultaneous readout of the center and two first 
harmonic peaks. At 400 dynamics the subject, while remaining in the scanner, was 
administered a spasmolytic agent (1 mg of glucagon, Novo Nordfisk Farma, Alphen 
aan den Rijn, the Netherlands), intravenously. The heart rate was obtained through 
manual segmentation of the liver diaphragm in temporal direction in the upper left of 
the FOV. The breathing frequency was visually attained from the dynamic images. 
 
2.3.2 Data analysis To evaluate the effect of the administration of glucagon after two 
minutes, and to compare spectra that were derived from datasets with identical 
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duration, the in vivo data set was divided into four sets of two minutes to evaluate the 
alteration in motion patterns in independent two-minute stages. Motion fields were 
reconstructed as described in section 2.2.2 for each of the two-minute period sub sets 
of 400 dynamic volumes. Also analogous to section 2.2.2, voxel based spectral 
analysis of the subsets was performed resulting in four 4D spectral images with the 
acquired FOV as image domain (400x400x36 mm), a frequency domain of 0.0084-
1.6640 Hz and a spectral resolution of 0.0084 Hz.  
 
These spectra were then averaged over the entire FOV and all subsets, to localize the 
spectral bands of breathing and cardiac motion. Note that breathing and cardiac 
motion were expected to be spectrally localized whereas bowel motion was expected 
to feature in a broader spectrum of frequencies (1). Spectral power images with a 
bandwidth of 0.2 Hz were then constructed at four different frequencies for all of the 
four periods: below the breathing frequency, at the breathing frequency, in between 
the breathing and the cardiac frequency and at the cardiac frequency. As a result, 16 
images (4 spectral bands for each period of 2 minutes) per slice were generated, 
enabling evaluation of the effect of the administration of the spasmolytic agent with 
the continuously tagged imaging method. For a quantitative analysis the FOV was 
divided into four quadrants and the average spectral power and standard deviation per 
quadrant was calculated. This allowed an evaluation of the effect of glucagon on the 
mean spectral power per quadrant from the first to the fourth period for each 0.2 Hz 
bandwidth. To test statistical significance, the mean spectral power values were 
grouped in sets of 12 (slices) and paired t-tests were performed per quadrant on the 
first period against the second, third and fourth period. The spectral power density 
was normalized to the maximum spectral power value, which we expected to be the 
breathing frequency. An experienced abdominal radiologist used the SSFSE images 
as anatomical reference to do a qualitative interpretation of the spectral power images. 
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3 Results 
 
Figure 2a shows tracked lines of the simulated deformations in the Shepp-Logan 
phantom at several noise levels at one single time point at maximum deformation. 
Spectral analysis of the measured motion averaged over the complete FOV is shown 
in figure 2b. The peak of the simulated motion frequency of 0.55 Hz remains clearly 
visible for all noise levels. Figure 2c shows images of the integrated spectral power of 
the measured motion in a spectral band around the frequency of interest i.e. 0.55 
±0.05 Hz. A concentration of increased spectral power in the centre of the FOV could 
be seen for all noise levels, corresponding to the simulated motion pattern.  
 

 
Figure 2: Simulation of continuously tagged imaging of motion at several SNR levels in a Shepp–
Logan phantom image. a: Line-tracking for the simulated deformation at SNR level 20 to 1.5. b: 
Spectral analysis for all noise levels summed over the full FOV (amplitude normalized to 1). c: 

Integrated spectral power images for each of the SNR levels.  
 
At SNR=1.5, high false positive deformations in the peripheral area were observed, 
due to noise. These false deformations reduced to negligible values at SNR=2.5. 
Figure 3 shows one dynamic of the middle slice of the FOV in the in vivo dataset. A 
temporal cross section is added that shows the evolution of the deformed taglines in 
time (0-1.5 minutes and 6-7.5 minutes) from which the effect of glucagon is clearly 
visible. The breathing and heart rate were measured at 0.35 Hz and 1.11 Hz, 
respectively.  
 
Spectral analysis was made for each of the two-minute subsets. To select the 
frequency bands as earlier defined in section 2.3.2, the calculated spectra were 
averaged over the complete FOV. Figure 4 shows locations of the selected 'breathing 
band' at 0.3-0.5 Hz and the 'cardiac band' at 1.0 -1.2 Hz. 
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Figure 3: Excerpts from the complete in vivo tagged imaging set. On the left side one dynamic 
acquisition of the middle slice of the FOV is shown, roughly 1 minute before administration of 

glucagon. On the right side a cross-section along the temporal direction is shown located at the red 
line indicated in the left figure. For visualization of the effect of glucagon, timeframes of 0–1.5 and 6–

7.5 minutes are shown (administration of glucagon at 2 minutes). 
 

 
Figure 4: Spectral analysis of the tag deformation measured in the healthy volunteer summed over the 
complete FOV. Four bandwidths of interest are indicated with blue delimiters; from left to right: 0.0–
0.2 Hz (‘‘low band’’), 0.3–0.5 Hz (‘‘breathing band’’), 0.6–0.8 Hz (‘‘intermediate band’’), 1.0–1.2 Hz 

(‘‘cardiac band’’). 
 

These bandwidths correspond to the values found for heart and breathing rate via 
manual segmentation of the liver-lung transition and visual attainment of the dynamic 
images. A low band was set at 0-0.2 Hz and an intermediate band (possibly 
containing higher harmonics of the breathing motion) was set at 0.6-0.8 Hz. 
Integrated spectral power images were then calculated for these selected bandwidths 
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and normalized to the maximum spectral power i.e. the breathing frequency (see 
figure 4).  
 
Figure 5 shows bar plots of the change in spectral power over the four time periods 
per bandwidth and quadrant, averaged over the 12 slices. Insignificant t-test results of 
the second, third and fourth period against the first were indicated with a *. Decrease 
in spectral power is most predominant and consistent in the low bandwidth (0-0.2 
Hz), but also present in the intermediate bandwidth (0.6-0.8 Hz). The breathing 
bandwidth (0.3-0.5 Hz) and cardiac bandwidth (1.0-1.2Hz) do not show a clear 
decline in spectral power. Figure 6 shows images of the integrated spectral power of 
the first of the mid abdominal slices. The images range over the four periods of two 
minutes (administration of glucagon after 2 min) from left to right, and in the selected 
frequency bandwidths from top to bottom. In the low band from 0-0.2 Hz, spectral 
power is concentrated in the right and left lower quadrants. From the first to the fourth 
period of 2 minutes there is a substantial overall decline in spectral power, indicating 
that the spectral power in this band is mainly caused by peristaltic motion, which 
decreases after glucagon administration. The second row of images in Figure 6 show 
the spectral power integrated over the bandwidth where primarily breathing motion 
can be anticipated; 0.3-0.5 Hz. Here the area of high spectral power is larger, 
including the liver area and the abdominal wall muscles. Also the spectral power is to 
a large extent constant over time. In the third row of images the areas containing the 
largest spectral power were located in the upper quadrants, corresponding with 
stomach, liver and bowel segments. To a lesser degree there is spectral power present 
in the bowel segments in the left lower quadrant. In the spectral band where cardiac 
motion is (1.0-1.2 Hz) anticipated spectral power was mainly reproducibly 
concentrated in the upper part of the FOV, which is concordant with the expected area 
of motion caused by cardiac motion. 
 

 
Figure 5: Bar plots of the mean spectral power per quadrant (in order: right upper quadrant, left 

upper quadrant, right lower quadrant, left lower quadrant), period, and bandwidth. The error bars 
indicate the standard deviations. Insignificant t- test results of the second, third, and fourth period 

against the first are indicated with an asterisk. 
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Figure 6: Coronal images of the integrated spectral power for four bandwidths of interest. From left to 

right, integrated spectral power of the four periods is shown (administration of glucagon after 2 
minutes). Top to bottom show four bandwidths; 0.0–0.2 Hz (‘‘low band’’), 0.3–0.5 Hz (‘‘breathing 

band’’), 0.6–0.8 Hz (‘‘intermediate band’’) and 1.0–1.1 Hz (‘‘cardiac band’’). 
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4 Discussion  
 
This study demonstrates the feasibility of continuously tagged imaging in the 
abdomen. Motion fields can be measured using the tagging pre-pulse applied a fixed 
delay prior to a complete 3D readout. The simulated continuously tagged imaging sets 
of complex deformation showed that frequency analysis enables the extraction of 
motion at low SNR levels. The method was shown to be capable of quantitative 
measurements of a decrease in bowel motion during an eight-minute acquisition 
following the administration of a spasmolytic agent.  
 
The method presented here has several strong points that to our knowledge have not 
been reported in the literature. The analysis is fully automated and remains successful 
in noisy images. In addition, it can probe frequencies well below the breathing 
frequency with minimal bowel preparation. The method is non-gated and non-
triggered and can be applied throughout the abdomen during free breathing with 3D 
coverage. Restriction of the workload is a critical factor in research of bowel motion. 
The duration and complexity of the different phases that govern the bowel motion 
patterns requires observation periods of hours rather than minutes (1-4). The 
frequency analysis approach presented here summarizes motion information gathered 
from large datasets in a compact frequency spectrum representation. Instead of 
reviewing the occurring motion patterns itself in a CINE sequence, a set of spectral 
images can be reviewed enabling assessment of motion over long time periods with 
potentially lower workloads.  
 
Bowel motion could be measured in spite of the modest image quality present in 
images acquired at high sampling frequency. The images were not intended for 
morphological evaluation, image registration or observation of intraluminal 
diameters. Breathing and cardiac motion appear as spectrally localized peaks because 
of their periodic nature. The 4D frequency analysis offers discriminatory qualities i.e. 
separation of breathing-, cardiac- and peristaltic related motion. It is known that the 
processes governing bowel motion are of a highly complex structure containing a 
broad spectrum of frequencies including very low frequencies around 0.1 Hz (1-3). 
The method presented here allows quantitative evaluation of these low frequencies. 
This was supported by the decline in bowel motion measured after Glucagon injection 
at the low frequency band (figure 6).  
 
Another advantage of continuously tagged imaging is its low dependence of bowel 
preparation. Although Mannitol was used in this study for clear visual confirmation of 
the effect of glucagon, the tagging sequence provides its own contrast and the method 
of motion sampling does not require bowel distention. Combined with the ability to 
sample motion during free breathing the low dependence on bowel preparation 
schemes will increase the patient acceptance of the method as bowel preparation is 
often considered to be burdensome (19-20). Furthermore bowel motion can be 
sampled during all motility periods related to the complete digestive process and 
during both wake and sleeping state with relative ease.  
 
There are some limitations to the technique proposed in this study imposed by the 
hardware. Motion was measured in only one orientation in a 3D volume; this should 
at least be expanded to 2D and ideally to 3D. The readout period in our sequence was 
not negligible compared to the motility present in the abdomen, i.e. the bowel was not 
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immobile during the readout in first approximation. Further shortening of the readout 
sequence while maintaining spatial resolution will therefore enhance the accuracy of 
the method. With a sampling frequency of 3.36 Hz, under-sampling of motion can 
occur. Values in the literature however indicate that bowel motion might remain 
below 2 Hz (1-3). In this study we consider the abdomen as a continuous medium that 
is locally deformed by motility, i.e. bowel motility will in general propagate to its 
surroundings. Improving the spatial resolution should render our method more 
specific by probing motion of the bowel wall and its direct surroundings separately. 
 In conclusion it was demonstrated that the use of continuously tagged imaging is 
feasible for evaluation of motion patterns in the abdomen. This technique offers a 
potentially robust, minimally invasive approach for the evaluation of physiologic 
motion patterns.  



 131 

REFERENCES 
1. Husebye E. The patterns of small bowel motility: physiology and implications in 
organic disease and functional disorders. Neurogastroenterology and Motility. 
1999;11(3):141-61. 
2. Quigley EM. Gastric and small intestinal motility in health and disease. 
Gastroenterol. Clin. North Am. 1996;25(1):113–145. 
3. Reddy SN, Collins SM, Daniel EE. Frequency analysis of gut EMG. Crit Rev 
Biomed Eng. 1987;15(2):95–116. 
4. Smout AJPM. Small intestinal motility. Current Opinion in Gastroenterology. 
2004;20(2):77–81. 
5. Froehlich JM, Waldherr C, Stoupis C, Erturk SM, Patak MA. MR motility imaging 
in Crohn's disease improves lesion detection compared with standard MR imaging. 
Eur Radiol. 2010;20(8):1945–1951. 
6. Kellow J. Altered small bowel motility in irritable bowel syndrome is correlated 
with symptoms. Gastroenterology. 1987;92(6);1885-93. 
7. Wakamiya M, Furukawa A, Kanasaki S, Murata K. Assessment of small bowel 
motility function with cine-MRI using balanced steady-state free precession sequence. 
J Magn Reson Imaging. 2011;33(5):1235–1240. 
8. Froehlich JM, Patak MA, Weymarn von C, et al. Small bowel motility assessment 
with magnetic resonance imaging. J Magn Reson Imaging. 2005;21(4):370–375. 
9. Gutzeit A, Patak MA, Weymarn von C, et al. Feasibility of small bowel flow rate 
measurement with MRI. J Magn Reson Imaging. 2010;32(2):345–351. 
10. Toms AP, Farghal A, Kasmai B, Bagnall A, Malcolm PN. Physiology of the small 
bowel: a new approach using MRI and proposal for a new metric of function. Med. 
Hypotheses. 2011;76(6):834–839. 
11. Axel L, Dougherty L. MR imaging of motion with spatial modulation of 
magnetization. Radiology. 1989;171(3):841–845. 
12. Zerhouni EA, Parish DM, Rogers WJ, Yang A, Shapiro EP. Human heart: tagging 
with MR imaging--a method for noninvasive assessment of myocardial motion. 
Radiology. 1988;169(1):59–63. 
13. Chung S, Breton E, Mannelli L, Axel L. Liver stiffness assessment by tagged MRI 
of cardiac-induced liver motion. Magn Reson Med. 2011;65(4):949–955. 
14. Ajaj W. Real time high resolution magnetic resonance imaging for the assessment 
of gastric motility disorders. Gut. 2004;53(9):1256–1261. 
15. Issa B, Freeman A, Boulby P, et al. Gastric motility by tagged EPI. MAGMA. 
1994;2(3):295–298. 
16. Fischer S, McKinnon G. True myocardial motion tracking. Magnetic Resonance 
in Medicine 1994 31(4):401-13. 
17. Osman N, McVeigh E. Imaging heart motion using harmonic phase MRI. Medical 
Imaging. 2000;19(3);186-202. 
18. Sprengers AMJ, van der Paardt MP, Lamerichs RM, Nederveen AJ, Stoker J. A 
scalespace based algorithm for automated segmentation of single shot tagged MRI of 
shearing deformation. MAGMA 2013;26(2):229-38 
19. Kuehle CA, Ajaj W, Ladd SC, et al. Hydro-MRI of the small bowel: effect of 
contrast volume, timing of contrast administration, and data acquisition on bowel 
distention. AJR Am J Roentgenol. 2006;187(4):W375–85. 
20. Florie J, Birnie E, van Gelder RE, et al. MR colonography with limited bowel 
preparation: patient acceptance compared with that of full-preparation colonoscopy. 
Radiology. 2007;245(1):150–159. 


