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Abstract

Purpose—To compare the image quality of amplitude-binned four-dimensional magnetic 

resonance imaging (4DMRI) reconstructed using two concurrent respiratory (navigator and 

bellows) waveforms.

Methods and Materials—A prospective, respiratory-correlated 4DMRI scanning program was 

employed to acquire T2-weighted single-breath 4DMRI image using an internal navigator and 

external bellows. After 10-second training of a surrogate signal, 2D MRI image acquisition was 

triggered at a level (bin) and anatomic location (slice) until the bin-slice table was filled for 

4DMRI reconstruction. The bellows signal was always collected, even when the navigator trigger 

was used, to retrospectively reconstruct a bellows-rebinned 4DMRI. Ten volunteers participated in 

this IRB-approved 4DMRI study and four scans were acquired for each subject, including coronal 

and sagittal scans triggered by either navigator or bellows, and six 4DMRI images (navigator-

triggered, bellows-rebinned, and bellows-triggered) were reconstructed. The simultaneously 

acquired waveforms and resulting 4DMRI image quality were compared using signal correlation, 

bin/phase shift, and binning motion artifacts. The consecutive bellows-triggered 4DMRI was used 

for indirect comparison.

Results—Correlation coefficients between navigator and bellows signals were found to be 

patient-specific and inhalation-/exhalation-dependent, ranging from 0.1 to 0.9, due to breathing 

irregularities (>50% scans) and commonly-observed bin/phase shifts (−1.1±0.6 bin) in both 1D 

waveforms and diaphragm motion extracted from 4D images. The navigator-triggered 4DMRI 
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contains much fewer binning motion artifacts at the diaphragm than bellows-rebinned and 

bellows-triggered 4DMRI. Coronal scans are faster than sagittal scans due to fewer slices and 

higher achievable acceleration factors.

Conclusion—Navigator-triggered 4DMRI contains substantially fewer binning motion artifacts 

than bellows-rebinned and bellows-triggered 4DMRI, primarily due to the deviation of the external 

from the internal surrogate. This study compares two concurrent surrogates during the same 

4DMRI scan and their resulting 4DMRI quality. The navigator-triggered 4DMRI scanning 

protocol is preferred to the bellows-based, especially the coronal scans, for clinical respiratory 

motion simulation.

Keywords

Respiratory motion simulation; Magnetic resonance imaging; Image reconstruction; Treatment 
planning; Motion artifacts

Introduction

A reliable respiratory motion surrogate is essential to produce high-quality respiratory-

correlated (RC) four-dimensional (4D) images for motion simulation and assessment in 

radiotherapy treatment planning (1, 2). Some newly developed respiratory-correlated 4D 

magnetic resonance imaging (RC-4DMRI) can utilize an internal navigator as a respiratory 

surrogate for prospective or retrospective binning in 4D image reconstruction (3–5). The 

navigator is often placed on the right diaphragm, and therefore can directly monitor 

respiratory motion. Generally, such an internal surrogate would be superior to an external 

surrogate; however, there is a lack of direct evidence depicting the difference between 

internal and external surrogates in relationship to their resulting 4D images. A study using 

two simultaneous surrogates can provide a better understanding of respiratory motion as 

well as clinical guidance on the selection of a motion surrogate and scan conditions. 

Therefore, it is worthwhile to characterize the differences, advantages, and limitations of 

these surrogates in 4D simulations.

Since respiratory-correlated 4DCT was first reported around 2003 (6–8), three respiratory 

motion surrogates have been utilized: i) a real-time position management (RPM) system 

based on abdominal surface motion, ii) a tension sensor-based bellows to detect changes in 

abdominal circumference, and iii) conventional spirometry to measure respiratory tidal 

volume (1). These local point-, line- and volume-based surrogates may suffer from advanced 

or delayed responses due to soft tissue elasticity, breathing hysteresis non-linearity, and 

complex location-dependent motion distribution in the anterior-posterior (AP) and superior-

inferior (SI) directions. A comprehensive respiratory motion surrogate has been reported 

using optical surface imaging to monitor the entire torso and quantify both tidal volume and 

its spatial distribution between the thorax and abdomen, so that SI motion can be decoupled 

from AP motion, serving as an accurate SI motion surrogate (9–11). Recently, internal 

anatomical motions extracted from scout-like scans were used to reconstruct 4DCT as a 

better alternative to an external surrogate (12). In 4DMRI studies, various respiratory 

surrogates have been examined, including a) in-image surrogates from body area in axial 

slices (13) or mutual information (14), b) external surrogates from RPM (13) or bellows 
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(15–17), c) self-navigating in radial acquisition (18), and d) internal surrogates using a 

navigator placed on the diaphragm (3–5, 15). The diaphragm-based navigator echo probes 

the most relevant SI diaphragm motion, and therefore should serve as the most direct 

respiratory motion surrogate. So far, comparisons between these surrogates have been 

indirect based on two consecutive scans (15, 19, 20), in which breathing irregularities may 

complicate result interpretation. Direct comparison of navigator and bellows waveforms 

were reported (21) during respiratory-gated 3D MRI acquisition, rather than RC-4DMRI 

acquisition.

In the current study, we investigated a T2-weighted (T2W) RC-4DMRI (or 4DMRI) method 

using an internal navigator, external bellows, or both, as respiratory surrogates. For 

prospective navigator-triggered 4DMRI acquisitions, a simultaneous bellows signal 

waveform was acquired to reconstruct bellows-rebinned 4DMRI retrospectively, allowing a 

direct comparison of their image quality. Reported here are the similarities and differences 

between the two surrogates and resulting 4DMRI images of ten volunteers under an IRB-

approved protocol. Finally, preferences in choosing the best surrogate and scan orientation 

were recommended for radiotherapy treatment planning.

Methods and Materials

Ten healthy volunteers (five male and five female) were recruited in this study under an IRB-

approved protocol, and four prospective 4DMRI scans (triggers: navigator/ bellows; scans: 

coronal/sagittal) were acquired. A 10-second training waveform was acquired for 

prospective amplitude-binned 4DMRI image acquisition and reconstructed. Two bellows-

rebinned 4DMRI (coronal and sagittal) were retrospectively reconstructed from the two 

navigator-triggered 4DMRI images using the simultaneous bellows signal for direct 

comparison. Two separated bellows-triggered 4DMRI images were used for indirect 

comparison. Therefore, a total of six amplitude-binned 4DMRI images were reconstructed 

for each volunteer, as shown in Figure 1A.

4DMRI scanning protocol and acquisition conditions

A T2W prospective 4DMRI scan protocol was utilized on a 3T MRI scanner (Ingenia, 

Philips Healthcare, The Netherlands) (5). The pulse sequence is a single-shot, turbo spin 

echo with the following scan parameters: TE/TR=80/5000–7000ms, flip angle=90°; SENSE 

(parallel imaging) factor of 2 (coronal), and a half scan (complex conjugation 

approximation) factor of 0.7. The pixel bandwidth was ~430–470Hz and the acquisition time 

per slice was 0.5–0.7s. The scan field of view was subject-dependent, approximately 

370×240×420mm3, covering the thorax and upper abdomen. The voxel size was 2×2×5mm3, 

with a 2.5mm gap between slices. The numbers of slices were 31 (coronal) and 49 (sagittal) 

on average.

The navigator (a small MRI scanning window: 6cm long in the SI direction and 3cm wide) 

was set on the right diaphragm dome, while the bellows (an airbag with a pressure sensor) 

was placed on the upper abdomen about 5–10cm from the xiphoid process of the sternum 

under a tightened VELCRO cloth band around the abdomen. For all navigator-triggered 

4DMRI scans, the bellows signals were simultaneously acquired.
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Prospective and retrospective 4DMRI reconstruction

The 4DMRI images were reconstructed with five amplitude levels (bins) on inhalation and 

five on exhalation, as shown in Figure 1B. Therefore the ten bins covered six amplitude 

levels while separating inhalation and exhalation (5). The prospective scan planned to fill a 

bin-slice table to cover the temporal and spatial dimensions of an 4DMRI, from anterior to 

posterior in the coronal scans and from left to right in the sagittal scans. Due to breathing 

irregularities, such as baseline drift or amplitude reduction, the elements at full inhalation or 

exhalation in the bin-slice table may become difficult, prolonging the acquisition.

To reconstruct bellows-rebinned 4DMRI image, the bin-slice table of an existing navigator-

triggered 4DMRI was reassigned using the synchronized bellows waveform, which was 

downsampled to match navigator frequency of 25Hz from its original 497Hz. Because of the 

surrogate difference, some bellows bins could contain multiple image slices, while others 

might have none. For multi-slice bins, a single slice was randomly selected. For empty bins, 

linear interpolation of the nearest eight neighbors in the bin-slice table was performed. The 

current scanning software does not permit navigator echoes when using bellows trigger, and 

therefore navigator-rebinned 4DMRI was not performed.

Data analysis for two concurrent 1D breathing traces

The simultaneous navigator and bellows waveforms were analyzed to assess their correlation 

and non-linearity. A navigator vs. bellows graph (SI vs. AP motion) was plotted to 

demonstrate their motion relationship, while their correlations in inhalation and exhalation 

were calculated for quantification. The motion levels (bins) of the two simultaneous 

waveforms was analyzed to depict the quality difference in the binning process, since by 

definition a well-regulated bin width should suggest fewer motion artifacts in the 4DMRI.

Image analysis for two 4DMRI data sets reconstructed using two concurrent surrogates

The six sets of the 4DMRI images per volunteer were evaluated visually using the right and 

left diaphragm domes as the anatomic landmarks. The motion trajectories of the right and 

left diaphragmatic domes were tracked through the breathing cycle, producing two 

trajectories for each 4DMRI and 12 trajectories for each volunteer. The binning artifacts 

(irregular edges) in the axial view were visually evaluated at both diaphragms. A cross-

correlation analysis between the different motion trajectories was performed and the 

resulting phase (bin) shift was analyzed. The scan durations of the four primary prospective 

4DMRI (100% and 95% completion of the bin-slice acquisition) were analyzed to evaluate 

the clinical viability based on surrogate selection (navigator vs. bellows) and scan direction 

(coronal vs. sagittal).

Results

Comparison between internal navigator and external bellows waveforms

Figure 2 illustrates simultaneous navigator and bellows waveforms from a regular breather 

(volunteer 1) and an irregular breather (volunteer 6). When irregular breathing occurs, the 

navigator and bellows waveforms have little resemblance to each other, especially the full-

exhalation baseline (Figures 2C and 2D), causing differences in binning results. Overall, 
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more than half of the 20 prospective scans contain severe irregularities. Figure 2E depicts 

the average number of images per slice in the 10 respiratory bins after bellows rebinning 

using navigator-triggered 4DMRI image slices. Bins near full-inhalation and full-exhalation 

stages were overfilled due to a relatively long duration, while transitional bins are under-

filled, in reference to the guaranteed even distribution (black line) in the prospective 

navigator binning.

Reconstruction of bellows-rebinned 4DMRI from navigator-triggered 4DMRI

Figure 3 illustrates a direct comparison between two binning processes using the navigator 

and bellows in a regular and an irregular breather. The navigator levels are grouped tightly in 

navigator bins, while the bellows levels are more spread in bellows bins, suggesting the 

motion differences. Moreover, the separation of inhalation and exhalation in the bellows 

level indicates a non-linear, hysteresis relationship. Figures 3C and 3D illustrate a bin/phase 

shift between navigator and bellows waveforms and a difference between inhalation and 

exhalation. Table I tabulates the correlations between the concurrent navigator and bellows 

data during inhalation and exhalation in the coronal and sagittal scans. The correlation 

coefficient varies from −0.72 to 0.92 among the 10 volunteers and the correlation is on 

average higher in inhalation than exhalation.

Comparison of 4DMRI image artifacts for three different binning methods

Figure 4A illustrates the binning artifacts (irregular edges) on the right and left diaphragms 

among three sets of 4DMRI images. For navigator-triggered 4DMRI, the right diaphragm 

edge is almost always smooth since the navigator was placed at the right diaphragm. In 

contrast, the two bellows-binned 4DMRI contain obvious binning artifacts on both 

diaphragms. This suggests that navigator-binned 4DMRI image quality is superior to 

bellows-binned 4DMRI. However, the navigator-binned 4DMRI is not perfect: on the left 

diaphragm artifacts may occur, due to asynchrony of the two diaphragm motions or 

involvement of cardiac/digestive motion. The directly-acquired coronal and sagittal images 

within 0.5s demonstrate high-quality 2D T2W images (Figure 4B).

Motion assessment of 4DMRI images from the six sets of 4DMRI images

The SI motion trajectories of the two diaphragm domes as a function of the respiratory bin 

are displayed in Figure 5. Bin shifts between navigator-triggered and bellows-binned 

4DMRI are observed. Figure 6 depicts two distributions of the bin shifts: a systematic 

lagging shifts in bellows-binned 4DMRI by 0–2.5 bins and a small random shift (<1 bin) 

between the right and left diaphragm.

Comparison of prospective 4DMRI scanning times

The scanning time for the four primary navigator-triggered and bellows-triggered 4DMRI is 

listed in Table II. The coronal scans are generally faster (8.7m) than sagittal scans (11.4m) 

because of fewer numbers of slices and use of SENSE acceleration. Therefore, coronal scans 

are preferable to sagittal scans in clinical 4D simulation. The efficiency of filling the bin-

slice table decreases near the end as waiting time increases: the acquisition of the final 5% 

Li et al. Page 5

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data consumes 20% of the total acquisition time. The time of 95% completion is also listed 

Table II.

Discussion

Direct comparison of two concurrent respiratory surrogates and the resulting 4DMRI images 

within one scan are preformed by evaluating correlation, phase shifts, and artifacts. In 

contrast, indirect comparisons using two consecutive 4DMRI scans (15, 22), breathing 

irregularities and irreproducibility do not permit a fair comparison.

Direct comparison between navigator 4DMRI and bellows 4DMRI

Although the common consensus on the selection of respiratory surrogate favors using an 

internal navigator placed on the diaphragm over the external bellows, there has been a lack 

of direct comparison of their use in RC-4DMRI. This study demonstrates that the use of 

navigator and bellows waveforms leads to different quality of 4DMRI images. The phase 

shift observed in the surrogate signals caused a similar bin shift in the 4DMRI image. This 

direct comparison confirms previous findings based on two consecutive scans (15, 22), 

providing direct evidence of the superiority of the navigator-triggered 4DMRI because of 

fewer binning motion artifacts.

Irregular edges in the axial view of RC-4DMRI images represent binning motion artifacts. 

The bellows-based scans are more susceptible to the artifacts since the bellows is an indirect 

surrogate of diaphragm motion, unlike the navigator-based scans that use diaphragm motion 

for binning. The bellows-binned 4DMRI contains more uncertainties than navigator-

triggered 4DMRI, including bellows placement uncertainty and external-internal correlation 

uncertainty. The navigator-triggered 4DMRI may only contain mild motion artifacts at a 

mobile structure that is distant from the navigator, such as the left diaphragm. It is 

worthwhile to mention that the navigator signal may be field-strength dependent, but 

between 3T and 1.5T, navigator echoes are similar to identify the tissue-air interface. 

Overall, the navigator-triggered 4DMR images are superior. This improved image quality, 

together with the device-less surrogating approach (12, 13), should be beneficial for 

radiotherapy target delineation in the clinic.

In the comparisons between the external bellows and internal navigator, only ~50% cases 

have a correlation coefficient of >0.6 and ~30% have >0.8 (Table I). This is strongly related 

to the fact that more than half of the breathing waveforms depict severe breathing 

irregularities, as shown in Figures 2C and 2D (corr=0.2). The nine negative correlations 

among 40 cases (Table I) suggest that complex breathing patterns may occur with different 

levels of chest motion involvement. In addition, the uneven distribution for navigator-to-

bellows binning (Figure 2E) suggests more artifacts in bellows-binned 4DMRI. Note that the 

uneven distribution is due to the navigator-bellows relationship, rather the order of 

rebinning. The motion artifacts observed in the bellow-rebinned 4DMRI images are similar 

to those of bellows-triggered 4DMRI and 4DCT (23, 24).

The use of concurrent navigator and bellows in respiratory-gated 3D MRI cardiac imaging 

has been reported (21), and the bellows signal may depend on placement position (21, 25), 
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due to breathing pattern variations (thoracic vs. abdominal motions) (10, 26, 27). This is the 

first time that a direct comparison of RC-4DMRI image quality is performed using 

simultaneous internal and external surrogates.

Limitation of internal navigator and external bellows as organ motion surrogates

The prospective acquisition and reconstruction of 4DMRI using the current software relies 

on an initial 10-second training period, in which the program establishes the binning levels 

for the following 10-minute image acquisition. Although this facilitates 4DMRI acquisition, 

it assumes that the breathing behavior remains unchanged. Therefore, breathing irregularities 

with greater breathing amplitudes are ignored. This may help to reduce 4DMRI motion 

artifacts, but it does not faithfully represent the patient’s breathing behavior for motion 

assessment and tumor motion irregularities may be underestimated in the “mythical” 

breathing cycle.

Thoracic and abdominal motions are often more complex than a pure respiratory motion 

because of the involvement of other involuntary motions with a different frequency or a 

random motion, or both. White, et al. (28) found that the left lung moves very differently 

from the right lung due to the effect of cardiac motion. Feng, et al. (22) reported that 

pancreatic motion is poorly correlated with diaphragm motion due to the complex 

abdominal motion. Stemkens, et al. (15) discovered that external surrogates could carry a 

high-frequency cardiac motion signal, while the pancreatic motion contains a low-frequency 

digestive motion signal. Organ motions are also deformable; no respiratory surrogate can 

fully represent organ motion everywhere within a human body. As observed in this study, the 

left diaphragm that is distant from the navigator may suffer from motion artifacts (Figure 4). 

This is the fundamental limitation of a RC-4DMRI method. The ultimate solution should be 

to develop a time-resolved (TR) 4DMRI technique without a motion surrogate, providing 

patient-specific breathing irregularities cover multiple breathing cycles for 4D treatment 

planning (29, 30).

Recommendation for clinical use of 4DMRI

Our results indicate that navigator-triggered 4DMRI had much fewer binning artifacts than 

bellows-binned 4DMRI via direct comparison. Motion artifacts have been reported to cause 

gross tumor volume (GTV) variation within the breathing cycle of 4DCT in lung cancer by 

up to 110% (31, 32). By minimizing 4DMRI motion artifacts using the navigator, a reduced 

GTV uncertainty is expected, especially for tumors that are near the diaphragm with a large 

motion.

We recommended T2W multi-slice 4DMRI scans in the coronal direction, as the separation 

of the human torso is less in the AP than lateral directions. Moreover, the coronal scan can 

take advantage of higher SENSE acceleration as the scan is parallel to the anterior and 

posterior coil array. Although breath coaching is useful to improve breathing regularity and 

reduce scan time (17), it may not always be practical in cancer patients and should not be 

used if it is not used in the treatment. Alternatively, the 4DMRI acquisition time can be 

reduced by A) introducing a prioritized acquisition procedure starting from extreme 

respiratory bins first and B) terminating the coronal scan early while sharing or interpolating 
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posterior slices without moving anatomy. Therefore, greater than 20% of time reduction on 

average is expected, as the last 5% acquisition consumes 20% of the time (Table II). 

Furthermore, it is necessary to perform a patient study to evaluate GTV/ITV delineation in 

comparison with 4DCT, the current standard of care and it is an on-going study under 

another IRB-approved protocol.

Conclusion

This study provides a direct comparison between navigator-triggered and bellows-binned 

4DMRI from the same 4D scan. The navigator-triggered 4DMRI contained significantly less 

binning motion artifacts than the bellows-binned 4DMRI. Motion hysteresis between the 

two surrogates was observed and related to the bin/phase shift observed in diaphragm 

motions. It is our recommendation to use a navigator-triggered coronal scanning protocol for 

4DMRI acquisition and further investigation on patients is ongoing prior to the adoption of 

4DMRI in radiotherapy clinic.
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Summary

This study presents direct comparison of two concurrent respiratory surrogates: internal 

navigator and external bellows, and their corresponding 4DMRI image quality. Sixty 

4DMRI images in ten volunteers were reconstructed and compared. We found that phase 

shift is common in the concurrent 1D waveforms and motions extracted from 4DMRI 

images. Navigator-triggered 4DMRI image quality is far superior. This study provides 

better understanding of external-internal motion relationship, as well as potential use of 

4DMRI in replacing 4DCT.
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Figure 1. 
4DMRI image acquisition work flow (A) and amplitude binning schematic (B). Four sets of 

prospective 4DMRI acquisition using navigator or bellows triggers were acquired and two 

sets of bellows-rebinned 4DMRI images using concurrent bellows signal were reconstructed.
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Figure 2. 
Two concurrent pairs of navigator and bellows waveforms of a regular (V1:A&B) and an 

irregular (V6:C&D) breather. The blue dots in waveforms (A&C) are triggers for acquisition 

with 10s training period at the beginning, ~0.5s gaps during image acquisition, and ~20s 

gaps for patient instructions near the end. The blue dots in B&D are mapped from A&C 

based on time synchronization. The re-binning of navigator-triggered images makes the even 

slice distribution in navigator bins (black line) become uneven distribution in the bellows 

bins (E).
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Figure 3. 
Plots of concurrent navigator vs. bellows in two subjects (Volunteer 1:A&C and Volunteer 

6:B&D). In A&B, acquisition points are binned in navigator amplitude level (X) and bellows 

amplitude level (Y). The evenly-distributed and separated navigator bins become spread and 

overlapping in bellows bins. The inhalation (red) and exhalation (blue) processes do not 

overlap in bellows level. In C&D, overlays of amplitude bin (X) vs. respiratory level (Y) for 

navigator and bellows. A phase shift is observed between the navigator-binned and bellows-

binned waveforms.
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Figure 4. 
Illustration of binning artifacts of navigator-triggered, bellows-rebinned (concurrent), and 

bellows-triggered (consecutive) 4DMRI images (volunteer 6) (A). The axial views are re-

sliced from the coronal or sagittal scan images (B). The right diaphragm dome appears 

smooth in navigator-triggered 4DMRI, while both sets of bellow-based 4DMRI contain 

similar motion artifacts with irregular edges (red arrows).
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Figure 5. 
Motion trajectories of two diaphragm domes in all 4DMRI images (volunteer 6) with bin 

shifts. Each sub-figure contains three trajectories from navigator-triggered scans (solid line), 

bellows-rebinned scans (dash line), and bellows-triggered consecutive scans (dot line).
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Figure 6. 
Respiratory bin-shift histograms between navigator-triggered and bellows-rebinned 4DMRI 

images (A) and between the right and left diaphragms (B). Bellows is systematically lagging 

from the navigator by 0–2.5 bins (A) and bin shifts (<1) of the left-right diaphragm is 

random (B).
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