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Abstract
Purpose: Respiratory-correlated 4D-MRI may provide motion characteristics
for radiotherapy but is susceptible to irregular breathing. This study inves-
tigated the effectiveness of visual biofeedback (VBF) guidance for breathing
regularization during 4D-MRI acquisitions on an MR-linac.
Methods: A simultaneous multislice-accelerated 4D-MRI sequence was inter-
leaved with a one-dimensional respiratory navigator (1D-RNAV) in 10 healthy
volunteers on a 1.5T Unity MR-linac (Elekta AB, Stockholm, Sweden).
Volunteer-specific breathing amplitudes and periods were derived from the
1D-RNAV signal obtained during unguided 4D-MRI acquisitions. These were
used for the guidance waveform, while the 1D-RNAV positions were overlayed
as VBF. VBF effectiveness was quantified by calculating the change in coeffi-
cient of variation (CVdiff) for the breathing amplitude and period, the position
SD of end-exhale, end-inhale and midposition locations, and the agreement
between the 1D-RNAV signals and guidance waveforms. The 4D-MRI quality
was assessed by quantifying amounts of missing data.
Results: VBF had an average latency of 520± 2 ms. VBF reduced median breath-
ing variations by 18% to 35% (amplitude) and 29% to 57% (period). Median
position SD reductions ranged from −3% to 35% (end-exhale), 29% to 38%
(end-inhale), and 25% to 37% (midposition). Average differences between guid-
ance waveforms and 1D-RNAV signals were 0.0 s (period) and +1.7 mm (ampli-
tude). VBF also decreased the median amount of missing data by 11% and
29%.
Conclusion: A VBF system was successfully implemented, and all volunteers
were able to adapt to the guidance waveform. VBF during 4D-MRI acquisitions
drastically reduced breathing variability but had limited effect on missing data
in respiratory-correlated 4D-MRI.
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1 INTRODUCTION

It is important to perform motion management in the
abdominal and thoracic regions during external beam
radiotherapy, as the anatomy and tumor move because
of respiration.1–3 The current standard of care for quanti-
fying respiratory-induced motion is 4D-CT for treatment
planning4–7 and 4D cone-beam CT (4D-CBCT) for posi-
tion verification on a CT-linac.8,9 MRI is used increas-
ingly in radiotherapy for treatment simulation (MR sim-
ulation) and guidance (MR-linac).10,11 In recent years,
respiratory-correlated 4D-MRI has proven to be use-
ful for guiding abdominothoracic radiotherapy on the
MR-linac.12,13 Nevertheless, natural variations in breath-
ing cycles can affect the 4D-MRI quality, which in turn
affects the motion estimation and delineation accuracy.

One way to aid 4D-MRI-based motion management
is to provide breathing instructions during image acqui-
sition and treatment, which can be displayed directly to
the patient in the MRI bore using a projector, a monitor,
or display goggles.14–16 Providing visual biofeedback (VBF)
to the patient on their respiratory anatomical motion can
potentially increase motion regularity and reproducibil-
ity. A free-breathing 4D-MRI acquisition typically takes
3–5 min, with the respiratory-correlated 4D-MRI repre-
senting the average anatomical motion during this acqui-
sition. Regularizing the breathing during the 4D-MRI
acquisition improves the alignment between imaging and
treatment, as the 4D-MRI more accurately represents the
anatomical motion that can be used for an internal tar-
get volume (ITV) or a midposition (i.e., time-averaged
position) treatment.12

A reduction in residual motion and an increase in
breathing regularity and reproducibility as a result of
VBF have been shown in several studies.6,17–23 However,
these studies used external motion surrogates (e.g., sur-
face cameras, spirometers, thermocouples, pressure belts).
These external surrogates do not always represent internal
anatomical motion, which is the important property for
radiotherapy.24–26

Internal navigators overcome this problem and require
no additional sensing hardware when used for VBF.
The standard approach to estimate internal anatomical
motion is using a one-dimensional respiratory naviga-
tor (1D-RNAV).27,28 Alternatively, visual guidance systems
were implemented on the MRIdian MR-linac (Viewray
Inc., Oakwood Village, OH, USA) that visualized the
internal anatomy directly during respiratory-gated deliv-
eries.14,29,30 However, this requires cine images inter-
secting the target and is therefore not compatible with
4D-MRI. Instead of visualizing the internal anatomy
directly, motion could also be estimated from the image
data and shown as VBF. We previously developed

a simultaneous multislice (SMS)-accelerated 4D-MRI
sequence, in which respiratory-correlated 4D-MRIs are
obtained by self-navigation (i.e., motion estimation from
the actual image data)30 using slice-based template match-
ing (2D-RNAV).31

In this study, a novel internal navigator–based VBF sys-
tem has been developed for the Unity MR-linac (Elekta
AB, Stockholm, Sweden) and applied to a 4D-MRI acqui-
sition protocol. The aims of the study were to evaluate the
effects of VBF on respiratory motion and image quality
during 4D-MRI acquisition, and to evaluate the fidelity of
1D-RNAV and 2D-RNAV signals.

2 METHODS

The developed VBF setup is described in Section 2.1, and
the data flow (1D-RNAV and imaging data) is described
in Section 2.2. Latency experiments (Section 2.3) were
performed to display the VBF with the correct delay
relative to the guidance waveform. Several MRI acqui-
sitions (Section 2.4) were performed to investigate the
effects of VBF on respiratory motion (Section 2.5.1) and
respiratory-correlated 4D-MRIs (Section 2.5.3). Finally,
the 1D-RNAV signal validation with phantom data and in
vivo data is described (Section 2.6).

Data were acquired on a 1.5T Unity MR-linac in
10 healthy volunteers (age 25–61 years, weight 59–76 kg,
male: female 7:3). The study was approved by the
local ethics committee, and all subjects provided written
informed consent before participation.

2.1 VBF system

A 1D-RNAV28,32 was added to an SMS-4D-MRI sequence
(details in Section 2.4.1) and acquired on the liver–lung
interface before each pair of SMS slices (Figure 1A,B).
The respiratory position (red indication, Figure 1C) was
obtained by performing edge detection on the recon-
structed 1D-RNAV data. The reconstructed 1D-RNAV
data were smoothed with a median filter (window
size= 5 voxels), and the (default host) threshold for
edge detection was increased by 50% to prevent outlier
edge detections. The 1D-RNAV position was displayed
using a custom graphical user interface (GUI) on an
MR-compatible monitor (Figure 1D,E). This monitor was
located behind the MR-linac bore and visible through an
MR-compatible mirror (Figure 1F). The GUI displayed
the guidance waveform as a rolling waveform, while
the most recent 1D-RNAV position was displayed at its
acquisition time point, including correction for latency
(Section 2.3).
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KEIJNEMANS et al. 299

F I G U R E 1 Visual biofeedback setup on the MR-linac: simultaneous multislice (SMS)-accelerated 4D-MRI FOV (orange box) (A);
one-dimensional respiratory navigator (1D-RNAV) FOV (white box) on the liver–lung interface (B); acquired 1D-RNAV intensity profile
columns and corresponding derived 1D-RNAV positions (red bars) (C); displayed guidance waveform (continuous line), respiratory position
(discrete line), and current time point (vertical line) (D); MR-compatible monitor behind the bore (E); and MR-compatible mirror mounted
on an arch (F).

2.2 VBF data flow

Figure 2 shows the methodology of the 4D-MRI acquisi-
tion with VBF. SMS data and 1D-RNAV data were acquired
on the MR-linac. The 1D-RNAV-derived position was sent
as metadata along with the acquired SMS data to the host
reconstructor. The 1D-RNAV (Section 2.2.1) and image
(Section 2.2.2) data were streamed to a message bro-
ker using ReconSocket,33 which is an in-house-developed
library that was added as a module to the scanner recon-
struction framework.

2.2.1 One-dimensional RNAV data flow

When received in the host reconstructor, the acquired SMS
data with the 1D-RNAV position were streamed directly
(without processing) to a message broker. From here, the
data were saved to disk with a timestamp using a client pro-
gram and sent to a program where the 1D-RNAV position
was extracted from the metadata. This program featured a
GUI that was used to display the 1D-RNAV position as VBF

and the guidance waveform to be followed on an in-room
monitor. The displayed positions were saved every 20 ms
with a timestamp for further analysis.

2.2.2 Four-dimensional MRI data

In parallel with the 1D-RNAV data flow, the pair of
SMS images was reconstructed on the scanner and then
sent to the message broker. Here, a client program
timestamped and saved the SMS images to disk. These
images were then sorted offline into respiratory-correlated
4D-MRIs using either the stored 1D-RNAV positions or
using the 2D-RNAV intrinsic to the 4D-MRI sequence
(Section 2.6.1).

2.3 Latency measurement

The VBF system includes a latency between acquiring
and displaying the VBF, which was determined with the
Quasar MRI4D phantom (Modus Medical Devices Inc.,
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F I G U R E 2 Schematic overview of the data flow. Acquired image data and one-dimensional respiratory navigator (1D-RNAV) position
at the MR-linac are sent to the host reconstructor. Acquired image data with the 1D-RNAV position were sent directly through the
ReconSocket module (Streaming Node I) to a message broker and then sent to a program (data filter) that extracted the 1D-RNAV position.
The 1D-RNAV position was then displayed with a guidance waveform on an in-room monitor using a graphical user interface (GUI).
Reconstructed image data were sent through the ReconSocket module (Streaming Node II) to a message broker and then saved to disk for
further offline respiratory-correlated 4D-MRI sorting.

London, ON, Canada) to correct for it. The phantom was
programmed to follow a sinusoidal trajectory (A= 20 mm,
T = 4 s) while data were acquired. The phantom reported
positions were timestamped and stored in a log file every
25 ms by a client program, as were the displayed posi-
tions (every 20 ms) on the monitor (Section 2.2.1). The
minimum latency (𝜏minimum) consisted of the three compo-
nents, as follows:

𝜏minimum = TRNAV

2
+ Timage + Tproc (1)

where TRNAV is the 1D-RNAV acquisition time; Timage is
the image acquisition time; and Tproc is the processing time
that consisted of extracting the 1D-RNAV position and dis-
playing this position. Half of TRNAV contributed due to
the signal being effectively measured halfway, while Timage
contributed to 𝜏minimum, because the 1D-RNAV position
was sent along with the imaging data. The value of 𝜏minimum
was determined by calculating the phase shift between the
pre-programmed sinusoidal waveform and the displayed
1D-RNAV positions.34 The frequency of updating the dis-
played 1D-RNAV positions was limited by the acquisition
time of the RNAV itself and the pair of SMS images. There-
fore, adding half of the TRNAV and Timage to the minimum
latency yields the average latency (𝜏average), as follows:

𝜏average = 𝜏minimum +
TRNAV + Timage

2
(2)

where typically TRNAV ≪ Timage.

2.4 Four-dimensional MRI acquisitions

Eight 4D-MRI acquisitions were performed per vol-
unteer during free-breathing. An unguided acquisition
(Section 2.4.2) was performed that served as refer-
ence, which was followed by three guided acquisitions
(Section 2.4.3). In the first session, the feasibility of VBF
and adaptability of volunteers was tested, and a second
acquisition session was performed as consistency check
and to determine whether volunteers were able to main-
tain regular breathing for over half an hour.

2.4.1 Four-dimensional MRI sequence

A single-shot T2-weighted SMS-accelerated turbo spin
echo (TSE) 4D-MRI sequence was repeatedly acquired
and interleaved with the 1D-RNAV acquisition. This
4D-MRI sequence acquires two coronal slices simulta-
neously, and repeatedly acquires slices over the image
volume covering a stack of 52 slices per repetition
(hereafter “dynamic”) with the following parameters:
FOV= 457× 208–260× 350 mm3 in respectively left–right
(LR), anteroposterior (AP), and craniocaudal (CC) direc-
tions, in-plane resolution= 2× 2.5 mm2, 4–5 mm slice
thickness, 0-mm slice gap, 2.5 in-plane acceleration, 0.625
partial Fourier factor, 110◦ flip angle (FA), 57-ms TE,
318-ms slice acquisition time, 8908-ms TR, and interleaved
slice order. The 1D-RNAV acquisition had the follow-
ing parameters: FOV= 30 (LR)× 30 (AP)× 100 (CC) mm3
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KEIJNEMANS et al. 301

(cylindrical), 1-mm resolution, 20◦ FA, and 25-ms acquisi-
tion time.

2.4.2 Unguided acquisition

The first SMS-4D-MRI was acquired in free-breathing
without VBF for 30 dynamics (4:27 min:s). The con-
currently obtained 1D-RNAV positions were used to
extract the average peak-to-peak amplitude (hereafter
“amplitude”, A) and period (T) that represented the
subject-specific natural breathing. The guidance wave-
form was modeled as a A ∗ cos4

(
𝜋∗t
T

)
waveform using the

derived A and T, which were used during the experiments
with VBF.35

2.4.3 Guided acquisitions

Session 1
The first guided 4D-MRI acquisition (35 dynamics,
5:12 min:s) had a guidance waveform with the ampli-
tude and period derived from the unguided acquisition,
to investigate whether volunteers were able to breath reg-
ularly. In the second guided acquisition (35 dynamics,
5:12 min:s), the period of the guidance waveform was
increased by 50%. Here we investigated how well vol-
unteers were able to adjust their breathing to deviate
from natural breathing. The third guided acquisition (70
dynamics, 10:24 min:s) was a longer acquisition, again
using subject-specific amplitude and period. Here, we
investigated the ability of volunteers to maintain regular
breathing for a longer total time. The first five dynamics of
data acquired during guided acquisitions were discarded
for analyses, as volunteers had to adjust their breathing to
the guidance waveform. The long acquisition resulted in
65 dynamics of data for analyses. Using a sliding window
approach with 30 dynamics of data per 4D-MRI recon-
struction resulted in 36 respiratory-correlated 4D-MRIs.

Session 2
In the second session performed on a different day, three
acquisitions of 75 dynamics (11:09 min:s) were performed
with guidance, using the amplitude and period derived
from the unguided acquisition of this session. The first two
dynamics of data of each acquisition were discarded for
analyses, resulting in 219 dynamics of data for analyses.
Despite an approximate 1-min gap between the scans, they
were analyzed as one long acquisition by concatenating
end-inhale locations. Using the sliding window approach,
a total of 190 4D-MRIs were sorted. For Volunteer 5, 184
dynamics of data were acquired.

2.5 Effects of VBF guidance

2.5.1 Respiratory motion

The coefficient of variation (CV), which is defined as the
ratio between the SD and the mean, was determined as
a measure of variability for the amplitude and period
(Eq. [3]). The 1D-RNAV motion traces were split into indi-
vidual breathing cycles by detecting the end-inhale loca-
tions and used to determine the SD and mean for the
amplitude and period. Values outside the 2.5th to 97.5th
percentile range were excluded as outliers. The percentage
difference in variation with respect to the unguided acqui-
sition was determined as described in Eq. (4), and system-
atic offsets during guidance (i.e., the difference between
𝜇Unguided and the guidance waveform) were compensated
for. A decrease in variability will be reflected by a negative
CVdiff.

CVa,b =
𝜎a,b

𝜇a,b
(3)

CVdiff
b [%] =

CVGuided,b − CVUnguided,b

CVUnguided,b
∗ 100% (4)

where a ∈ {Unguided, Guided}, b ∈ {Amplitude, Period}.
The variation in end-exhale, end-inhale, and midpo-

sition locations was quantified by calculating the SD of
the positions in the individual breathing cycles for each
4D-MRI data set. A smaller SD will be found if breath-
ing is consistent and in the absence of baseline drift in
the respiratory waveform. Baseline drift was quantified in
the long acquisition, as the difference in midposition com-
pared with the first 4D-MRI subset. Brown–Forsythe tests
were performed to establish a statistically significant dif-
ference in the variances of the end-exhale, end-inhale, and
midposition distributions between unguided and guided
acquisitions (p< 0.05).

2.5.2 VBF compliance

The VBF performance was determined by calculating the
mean and SD in the difference of the amplitudes and peri-
ods in the individual breathing cycles of the 1D-RNAV
signals, compared with the programmed guidance wave-
forms.

2.5.3 Respiratory-correlated 4D-MRI

Respiratory-correlated 4D-MRI reconstruction
Respiratory-correlated 4D-MRIs were sorted using the
obtained 1D-RNAV positions. The 1D-RNAV signals were
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linearly interpolated to match the image acquisition time
points, which then represented the navigation signal to
sort the 4D-MRIs. A data inclusion range of 95%, which
minimized the amplitude, was implemented to exclude
outlier motion and minimize missing data in the sorted
4D-MRIs. The image data were sorted based on amplitude
binning with 10 respiratory bins (phases) that accounted
for hysteresis.31

Missing data and clustering in 4D-MRI
The sorting of the 4D-MRI can be represented as filling
a 2D location-phase matrix (slice location vs. respiratory
phase) based on all acquired dynamics. Missing data in
the 2D location-phase matrix were estimated by applying
linear interpolation of neighboring slices and respiratory
phases.31 The amount of missing data and clustering of
missing data were quantified to determine the quality of
the sorted 4D-MRI. The total amount of missing data was
divided into two categories: missing entries with a maxi-
mum of one missing neighbor, and missing entries with
two or more missing neighbors in the 2D location-phase
matrix. Resolving missing data with linear interpolation
for this latter category typically results in lower quality
missing data estimation. Clusters of missing data were
identified by detecting the four-point neighbors of missing
data in the location-phase matrix of the 4D-MRI, and the
largest cluster was quantified.

Liver–lung interface smoothness
To validate the liver–lung interface smoothness in the
AP direction of the respiratory-correlated 4D-MRIs, a
sagittal balanced turbo-field-echo 2D-cine MRI sequence
was acquired with the following parameters: FOV = 245
(AP)× 350 (CC) mm2, in-plane resolution= 1.5× 1.5 mm2,
10 mm slice thickness, 2.0 in-plane acceleration, 50◦ FA,
1.8-ms TE, 3.7-ms TR, 302-ms slice acquisition time, and
90 dynamics. The sagittal 2D-cine MRI was used to deter-
mine the root mean square error (RMSE) between the
reconstructed liver–lung interface in the sorted 4D-MRIs
and this ground-truth scan. This RMSE was compared to
the missing data percentage to quantify the sorted 4D-MRI
quality, as incorrectly sorted data decreases the missing
data percentage, but increases the RMSE.

2.6 RNAV validation

2.6.1 Estimating the 2D-RNAV surrogate
signal

Self-navigation was performed using template match-
ing (normalized cross-correlation) in a region of interest
at the liver–lung interface to obtain a 2D-RNAV.31 The

self-navigation approach uses the central half of the image
stack (called navigator slices) for sorting. After register-
ing the navigator slices to an intrinsic reference volume,
a 4D motion model is used to account for nonuniform
CC motion of the liver across the AP slice locations,31,36

yielding the 2D-RNAV surrogate signal. The 1D-RNAV was
acquired at a constant location at the liver–lung interface
before the acquisition of each pair of SMS images. There-
fore, the acquired images at the location of the 1D-RNAV
acquisition were visually assessed for signal interference
(loss of signal), which could degrade image quality and
thus the 2D-RNAV.

2.6.2 One-dimensional RNAV versus
2D-RNAV

In vivo
An additional acquisition of a single pair of SMS images
was performed during the first session, when one of the
two slices was acquired at the 1D-RNAV location. These
data were used to cross-validate the in vivo agreement
between respiratory motion obtained from the 1D-RNAV
and from self-navigation in the SMS images (2D-RNAV).
For this acquisition, a single-shot T2/T1-weighted
SMS-accelerated balanced turbo-field-echo sequence was
used with the following parameters: 5-mm slice thick-
ness, 1.5 in-plane acceleration, 60◦ FA, 2.8-ms TE, 5.5-ms
TR, 492-ms slice-acquisition time, 75 dynamics, and
130-mm slice separation. Other parameters matched the
TSE-4D-MRI parameters (Section 2.4.1).

The interpolated 1D-RNAV (to match image acquisi-
tion time points) and 2D-RNAV surrogate signals were
compared using both RMS deviation (RMSD) and Pearson
correlation for both 4D-MRI and two-slice SMS acquisi-
tions. Furthermore, the amplitudes were derived from the
surrogate signals and compared with each other for the
4D-MRI acquisitions.

Phantom data
The Quasar MRI4D motion phantom was used for valida-
tion of the 1D-RNAV and 2D-RNAV signals. A cylindrical
insert filled with agar gel was placed in the peripheral
insert location. The phantom was programmed with sinu-
soidal waveforms with amplitudes of 20, 25, and 30 mm
and periods of 4.0, 4.3, and 4.6 s. The SMS-TSE acquisi-
tion was performed with the 1D-RNAV acquired at the
cranial side of the insert, representing the lung–liver tran-
sition. The image stack was reduced to 28 slices with
a 4-mm slice thickness (FOV= 457× 112× 350 mm3) to
match the cylinder dimensions. The 1D-RNAV FA was
increased to 60◦ while other scan parameters matched
the in vivo settings. Consistent with the in vivo data, the
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image quality at the location of the 1D-RNAV acquisition
was visually assessed to determine signal interference, and
2D-RNAV signals were derived from the acquired phan-
tom images. The differences between the amplitudes in
the RNAV signals and the ground-truth motion of the
phantom were evaluated, and the RNAV signals were
compared with each other using the Pearson correlation
and RMSD.

2.6.3 2D-RNAV 4D-MRI reconstructions

Respiratory-correlated 4D-MRIs were sorted as described
in Section 2.5.3 using the 2D-RNAV surrogate signals
(instead of 1D-RNAV), and the amount of missing data
and clustering were quantified. A two-sided Wilcoxon
rank sum test (p< 0.05) was performed to compare the
difference in missing data percentage obtained with the
1D-RNAV and 2D-RNAV. A comparison was made for
the unguided and guided acquisitions in one session, and
between the two sessions. Additionally, the liver–lung
interface smoothness was quantified by calculating the
RMSE compared with the ground-truth sagittal 2D-cine
MRI.

3 RESULTS

3.1 Latency of the VBF system

The minimum (𝜏minimum) and average (𝜏average) latencies
were measured to be 356± 4 ms and 520± 2 ms, respec-
tively. Each 1D-RNAV position was shown to the subjects
with a 𝜏minimum offset relative to the guidance waveform.

3.2 VBF effects

3.2.1 Respiratory motion

Figure 3 shows the CVdiff
Amplitude and CVdiff

Period, and Table 1
summarizes these values with their underlying changes
in mean and SD. Over all volunteers, the CVdiff

Amplitude
was between −35% and −18%, whereas the CVdiff

Period was
between −57% and −29%. An increase in mean (Δ𝜇) was
found for the CVdiff

Amplitude, whereas the decrease in SD
(Δ𝜎) was larger. The CVdiff

Period was primarily a result of a
decreased SD.

An increased amplitude variability (i.e., a positive
CVdiff

Amplitude) was observed in Volunteers 2 and 5 (long

F I G U R E 3 The percentage difference in coefficient of variation (CVdiff) between acquisitions with visual biofeedback and the unguided
4D-MRI acquisition for the peak-to-peak amplitude (A) and period (B). Data Sets 2 and 3 represent the natural guided and guided with 50%
increased period acquisitions, respectively, whereas Data Sets 4–39 are derived from the long-guided acquisition of the first session. Data Sets
41–225 were acquired during the extra-long acquisition in the second session. Unguided Acquisitions 1 and 40 were used as references.
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T A B L E 1 Median (min:max) percentages of the difference in coefficient of variation (CVdiff) for the peak-to-peak amplitude and period,
and the corresponding change in mean (𝛥𝜇) and SD (𝛥𝜎).

Amplitude Period

CVdiff (%) 𝚫𝝈 (%) 𝚫𝝁 (%) CVdiff (%) 𝚫𝝈 (%) 𝚫𝝁 (%)

Guided natural −35 (−56:−9) −14 (−46:29) 10 (4:63) −53 (−78:−7) −52 (−78:−6) 1 (1:4)

Guided increased period −35 (−57:−9) −24 (−53:9) 20 (9:50) −29 (−77:9) −28 (−76:11) 1 (−1:1)

Guided natural long −30 (−65:28) −21 (−57:64) 15 (−8:37) −57 (−83:9) −57 (−83:9) 1 (0:2)

Guided natural extra long −18 (−71:111) −9 (−66:97) 9 (−17:35) −31 (−84:76) −29 (−84:79) 1 (−2:5)

F I G U R E 4 One-dimensional navigator median position and SD for end-exhale (top), midposition (i.e., time-averaged position, middle),
and end-inhale (bottom) locations. Guidance reduced the position SD, and midposition locations were stable during the long acquisitions.

T A B L E 2 Median (min:max) values of the position SD of end-exhale, end-inhale, and midposition locations.

End-exhale End-inhale Midposition

BF p< 0.05 (%) BF p< 0.05 (%) BF p< 0.05 (%)

Scan SD (mm) Decrease Increase SD (mm) Decrease Increase SD (mm) Decrease Increase

1 1.2 (0.4:3.7) – – 2.8 (1.9:4.3) – – 1.7 (1.0:3.4) – –

2 1.3 (0.6:2.3) 30 10 1.9 (1.3:3.1) 60 10 1.2 (0.9:2.3) 60 20

3 0.9 (0.4:2.6) 50 10 1.7 (0.9:2.8) 60 0 1.1 (0.7:2.3) 60 0

4 0.9 (0.5:2.8) 29 8 1.9 (0.9:3.0) 49 5 1.2 (0.7:2.6) 63 9

5 1.4 (0.6:2.7) – – 2.7 (1.6:4.4) – – 1.5 (1.1:4.4) – –

6 0.9 (0.3:2.2) 66 4 1.9 (0.9:5.6) 43 5 1.1 (0.5:3.0) 64 2

Note: For the Brown-Forsythe tests, the percentage of statistically significant tests (p< 0.05) corresponding to a decrease or an increase in variance is
summarized. Scans 1 (unguided), 2 (guided natural), 3 (guided increased period), and 4 (guided natural long) belong to Session 1, and Scans 5 (unguided) and 6
(guided natural extra-long) belong to Session 2.
Abbreviation: BF, Brown-Forsythe.

acquisition) and in Volunteer 4 (extra-long acquisition).
The latter determined 74% of the maximum line in
Figure 3A. For Volunteer 6, the amplitude variability

showed an improvement that gradually decreased as
the CVdiff

Amplitude increased from −32% to −2%. Although
Volunteers 4, 5, and 7 had reduced breathing period
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variability during the long acquisition, their negative
CVdiff

Period increased over time by 29%, 14%, and 18%,
respectively. However, during the extra-long acquisition,
Volunteers 5, 6, and 8 were not able to maintain the
instructed regular breathing, resulting in a positive
CVdiff

Period.
Figure 4 shows the median and SD of the end-exhale,

midposition, and end-inhale locations in CC direction nor-
malized by the midposition location as determined from
the 1D-RNAV surrogate signal. Table 2 summarizes the
position SD and the percentages of statistically signifi-
cant variance tests. For the first guided scan, the median
end-exhale position SD increased by 3% from 1.2 mm to
1.3 mm. For the other guided scans, the median position
SD decreased by 25% to 35%. A significant decrease in
the variance of end-exhale locations was found in 29%
to 66% of the data sets. The 8% and 10% of significant
increases in variance during the first session corresponded
only to Volunteer 3. Regarding the end-inhale locations,
VBF decreased the median position SD by 29% to 38%.
A significant difference in variance was found in 43% to
60% (decrease) and 0% to 10% (increase) of the data sets,
the latter corresponding to Volunteer 4. For the midpo-
sition anatomy, VBF decreased the median position SD
by 25% to 37%, and the variance was statistically signifi-
cantly reduced in 60% to 64% of the data sets. The median
(min:max) absolute drifts were 0.2 (0.0:3.3) mm and 0.8
(0.0:5.5) mm for the long and extra-long acquisitions,
respectively.

3.2.2 VBF compliance

The mean (SD) differences between the end-exhale loca-
tions in the 1D-RNAV signal and guidance waveform were
2.2 (1.6) mm, 2.3 (1.3) mm, 1.9 (1.7) mm, and 1.7 (0.9) mm
for the guided natural, guided increased period, guided
natural long, and the guided natural extra-long acquisi-
tions, respectively. For the end-inhale locations, the dif-
ferences were 0.3 (1.8) mm, −0.8 (1.4) mm, 0.4 (1.4) mm,
and 1.5 (1.8) mm, respectively. These differences indicate
an increase in amplitude, which was on average 1.7 mm.
Compared with the guidance waveforms, the breathing
periods in the 1D-RNAV signals had a mean (SD) error of
0.1 (0.5) s, 0.0 (0.5) s, 0.0 (0.3) s, and 0.1 (0.4) s for the four
acquisitions with VBF, respectively.

3.2.3 Respiratory-correlated 4D-MRI

Figure 5 shows the end-exhale and end-inhale respiratory
phases of an exemplary guided 4D-MRI with the cylindri-
cal 1D-RNAV acquisition location overlayed.

Missing data and clustering
Figure 6A shows the missing data percentage in the
4D-MRIs sorted using the 1D-RNAV. For the first session,
a median (min:max) total missing data percentage of 3.8
(1.5:7.3)% was found for the unguided acquisition, which
was reduced by 11% to a median (min:max) missing data

F I G U R E 5 Example end-exhale and end-inhale respiratory phases of a sorted 4D-MRI acquired during guidance (Volunteer 10). The
green volume represents the cylindrical one-dimensional respiratory navigator acquisition location.
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F I G U R E 6 Missing data percentage in 4D-MRIs sorted using the one-dimensional respiratory navigator (1D-RNAV) (A) and the
2D-RNAV (B) of 10 volunteers for two imaging sessions. For the two long acquisitions, the median over 36 and 190 data sets is shown.
Clustered missing data represent a missing slice location in a respiratory phase with two or more direct missing neighbors in slice location
and/or respiratory phase.

percentage of 3.5 (0.4:8.5)% during acquisitions with VBF.
The largest clustered missing data percentages were 0.4%
(unguided) and 1.9% (guided).

In the second session, VBF reduced the median
(min:max) total missing data percentage by 29% from 4.2
(1.2:10.8)% to 3.3 (2.7:5.0)%. The largest clustered missing
data percentages were 1.2% (unguided) and 2.7% (guided).

Liver–lung interface smoothness
Figure 7 shows the liver–lung interface smoothness com-
pared with the total missing data percentage. For the
4D-MRIs sorted using the 1D-RNAV signal, a median
(min:max) RMSE of 1.1 (0.9:1.4) mm was found for the
unguided and 1.2 (0.8:2.2) mm for the guided acquisi-
tions in Session 1, corresponding to an 11% increase.
The extra-long acquisition revealed a median (min:max)
RMSE of 1.1 (0.8:1.7) mm and 1.4 (0.8:2.6) mm for the
unguided and guided acquisitions, respectively, which is a
25% increase.

3.3 RNAV validation

3.3.1 Image-navigator signal interference

A visual inspection of the in vivo 4D-MRI data revealed
no signal interference at the acquisition location of the
1D-RNAV. Conversely, however, the 1D-RNAV signal was
affected by the 4D-MRI signal, resulting in a decreased
SNR (Figure 1C). Fortunately, this effect was relatively
mild and did not affect the usability of the 1D-RNAV for
VBF. For the phantom acquisitions, mild signal interfer-
ence in the images was observed, whereas the 1D-RNAV
signal did not degrade.

F I G U R E 7 Distributions of the amount of missing data (A)
and the liver–lung interface smoothness (B) in the respiratory-
correlated 4D-MRIs. For the liver–lung interface smoothness, the
median RMS error (RMSE) over the 10 respiratory phases is shown.

3.3.2 One-dimensional RNAV and
2D-RNAV agreement

In vivo data
For the two-slice SMS acquisition, a median
(min:max) RMSD of 1.7 (1.1:2.6) mm was found
between the 1D-RNAV and 2D-RNAV positions.
The median (min:max) Pearson correlation was 0.95
(0.88:0.98).

Figure 8 shows the agreement of the 1D-RNAV and
2D-RNAV surrogate signals in terms of RMSD and their
derived median amplitude per sorted 4D-MRI. A median
(min:max) RMSD of 2.0 (1.1:3.9) mm was found between
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KEIJNEMANS et al. 307

F I G U R E 8 The root mean square
deviation (RMSD) between the
one-dimensional respiratory navigator
(1D-RNAV) and 2D-RNAV surrogate signals
was determined (color indication) for each
4D-MRI set (N = 230) of each volunteer
(N = 10). For both signals, the median
peak-to-peak amplitude per 4D-MRI set
was determined, and a linear fit was
performed (solid line).

the two surrogate signals with a median (min:max) Pear-
son correlation of 0.97 (0.81:0.99). The 2D-RNAV signal
yielded a smaller amplitude (20%) compared with the
1D-RNAV signal. The linear fit between them had an
R-squared of 0.69.

Phantom data
Compared with programmed peak-to-peak phantom
motion, mean (SD) percentage differences of −3.0 (1.2)%
and −2.1 (1.6)% were found for the 1D-RNAV and
2D-RNAV surrogate signals, respectively. The 1D-RNAV
and 2D-RNAV surrogate signals had a Pearson correlation
of 0.99 and a mean (SD) RMSD of 1.4 (0.3) mm for the
phantom data.

3.3.3 Two-dimensional RNAV 4D-MRI
agreement

Figure 6B shows the missing data percentage in the
obtained respiratory-correlated 4D-MRIs using the
2D-RNAV. For the unguided acquisitions, median
(min:max) total percentages of 6.2 (2.3:8.5)% and
4.8 (1.9:12.7)% were found for the first and second ses-
sion, respectively. The corresponding acquisitions with
VBF had median (min:max) percentages of 5.4 (1.2:11.9)%
and 5.8 (0.4:15.0)%. The largest clustered missing data

percentages (two or more missing neighbors) were 2.3%
(unguided Session 1), 0.8% (unguided Session 2), 2.3%
(guided Session 1), and 2.7% (guided Session 2). For the
liver–lung interface smoothness of the 2D-RNAV derived
4D-MRIs, a median (min:max) RMSE of 1.1 (0.7:2.4) mm
and 1.2 (0.7:2.6) mm were found for unguided and guided
acquisitions, respectively (Figure 7).

The difference in missing data percentage between
the 1D-RNAV-sorted and 2D-RNAV-sorted 4D-MRIs was
not statistically different for the unguided acquisitions
in the first (p= 0.21) and second (p= 0.54) session. For
the guided acquisitions in both sessions, the differences
in missing data percentage between the 1D-RNAV-sorted
and 2D-RNAV-sorted 4D-MRIs were found to be signifi-
cant (p< 0.001). The difference in missing data percent-
age between the two sessions was not statistically signifi-
cant for the unguided acquisitions (p= 0.68 for 1D-RNAV
and p= 0.57 for 2D-RNAV). However, the differences
were significant for the guided acquisitions: p= 0.005 for
1D-RNAV and p< 0.001 for 2D-RNAV.

4 DISCUSSION

A VBF-guided 4D-MRI acquisition was successfully imple-
mented on the Unity MR-linac by acquiring a 1D-RNAV
interleaved with an SMS-accelerated 4D-MRI sequence
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and displaying the derived 1D-RNAV position as VBF. The
methodology demonstrated its ability to reduce median
variability in breathing amplitudes by 18% to 35% and peri-
ods by 29% to 57%. Moreover, VBF increased the median
stability of end-exhale locations by−3% to 35%, end-inhale
locations by 29% to 38%, and midposition locations by
25% to 37%. This improved breathing regularity resulted
in a reduction of 11% (Session 1) and 29% (Session 2)
of missing data in the respiratory-correlated 4D-MRIs,
while the liver–lung interface smoothness decreased by
11% (Session 1) and 25% (Session 2), which can be consid-
ered as minimum effects. The amount of missing data for
the VBF guided acquisition was found to be significantly
lower for the 1D-RNAV-sorted 4D-MRI compared with the
2D-RNAV-sorted 4D-MRI.

A 1D-RNAV acquisition was added to our
SMS-4D-MRI sequence to obtain a physiological plausible
surrogate for VBF to regularize breathing. The derived
respiratory position was sent along with the SMS image
data, introducing an additional latency caused primarily
by the SMS acquisition time. If the 1D-RNAV position
could be sent directly after its acquisition, the minimum
latency would be limited to approximately 50 ms (stream-
ing, extracting, and displaying the 1D-RNAV position)
compared with the 356 ms in this work. However, the
average latency would still be about 222 ms (Eq. [2]) based
on the imaging frequency used in this study. Our volun-
teers reported no issues relating to latency. As a result of
interleaving the RNAV and image acquisitions, the VBF
was shown as a horizontal line for 343 ms (TR) until the
next update, while the guidance waveform was updated
every 20 ms. This VBF update frequency limitation applies
to internal derived surrogate signals. A solution could
be to use a predictor to predict subinterval respiratory
positions.20

No signal loss was observed in the in vivo images at the
1D-RNAV navigator location, but the acquired 1D-RNAV
signal had signal interference, which is reflected by the
signal intensities acquired in the lung and loss of sig-
nal in the liver shown in Figure 1C. Despite this distor-
tion, accurate motion was extracted with the implemented
median filtering and threshold modification (Section 2.1).
For the phantom images, a clear 1D-RNAV signal was
obtained while weak signal loss was observed in the
images, which was most likely caused by the increased
FA (60◦).

The CV was used to quantify breathing variability. A
larger reduction in variability was found for the respiratory
period than for the amplitude, which agrees with the work
by Lee et al.,16 who found a reduction of 34% (amplitude)
and 73% (period) in 9 lung cancer patients. This differ-
ence can be explained by the fact that the breathing period
can be adjusted quite simply by providing breath in/out

instructions, whereas the VBF is a necessity to perform the
desired amplitude motion. For Volunteer 5, no improve-
ment in amplitude was found during the long 4D-MRI
acquisition. Figure 4 shows that this volunteer had regular
breathing (small SD in end-exhale and end-inhale) during
the unguided acquisition, and as a result, no improve-
ment was found. This figure also shows regular breathing
for Volunteer 3, but this volunteer had a larger ampli-
tude variability compared with Volunteer 5; therefore, an
improvement was found. Sometimes the regular breath-
ing did not feel natural for such a long period; therefore,
a more shallow or deeper breath was performed to relax
again or to re-align with the guidance waveform, increas-
ing the SD of the individual breathing cycles to be analyzed
and therefore increasing the CV.

For free-breathing radiotherapy deliveries, either an
ITV or a midposition respiratory motion management
strategy may be used to ensure target coverage. Both ITV
and midposition assume that motion remains consistent
between pretreatment imaging and treatment delivery,
whereas, in reality, breathing patterns may change over
time,37 resulting in suboptimal treatments. To maximize
dose delivery accuracy during free-breathing treatment
deliveries, it is therefore important to maintain stable
breathing. VBF reduced the breathing variability and
resulted in stable midposition anatomies with median
absolute drifts of 0.2 and 0.8 mm. Although VBF did not
completely eliminate midposition drift, it reduced drifts in
9 of 10 volunteers. For ITV-based treatment plans, larger
motion amplitudes during treatment result in under-
dosage, whereas smaller motion amplitudes result in over-
exposure of healthy tissue. VBF on the breathing ampli-
tude can therefore aid the ITV motion management tech-
nique. For a midposition-based treatment plan, the van
Herk formulation (M = 2.5𝛴 + 0.67

√(
𝜎

2
p + 𝜎2 + 𝜎2

b

)
−

0.67𝜎p) is typically used to determine the required gross
tumor volume–planning target volume margin,38 where
𝜎p is the tissue-dependent beam penumbra. Intrafraction
drift contributes to both the systematic error (𝛴) and the
random error (𝜎), whereas breathing contributes as a ran-
dom error (𝜎b) to the margin. The formula underlines
the importance of breathing stability and breathing reg-
ularity during midposition-based treatments, to reduce
the uncertainties considered in the margin calculation,
which can be achieved using VBF. The improvement
resulting from VBF shows the potential for ITV and mid-
position treatment deliveries, as well as for respiratory
gating, tumor trailing, and tumor tracking.17,20 However, a
larger amplitude motion (+1.7 mm average) was observed
during guided acquisitions with respect to the guidance
waveform. A slightly larger increase (+2.2 mm) in CC
liver excursion was observed by To et al.,21 who used an
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KEIJNEMANS et al. 309

external surrogate signal for VBF. Training the volunteers
could potentially further improved the agreement. The
effect of increased motion amplitude can be minimized by
incorporating this uncertainty in the treatment plan and
performing VBF throughout the full treatment course.

Volunteers were generally able to follow the guidance
waveform, with only a small increase in median variabil-
ity (3%) at the end-exhale locations during the first guided
scan. During the first session, the VBF amplitude was
changed for the long 4D-MRI acquisition for Volunteer 2,
and for Volunteers 4 and 9 the amplitude was changed
after the first guided scan to better match their natural
breathing. As the amplitude and period were derived from
a single 4D-MRI acquisition at the start, it could be that
breathing was not representative.

For Volunteer 4, a cranial drift of the midposition
anatomy was observed during both long 4D-MRI acqui-
sitions, despite the VBF. Comparing the first and last
4D-MRI subsets, a reduction of 3.3 mm in amplitude was
found to be caused primarily by a cranial shift of 4.3 mm of
the end-inhale location in the first session. In the second
session, again a 4.3-mm cranial shift reduced the ampli-
tude, affecting the CVdiff

Amplitude. This volunteer did not wear
prescription glasses during the experiments, and coupled
with fatigue toward the end of the session, following the
VBF curve was harder for this volunteer. In the future,
a simplified GUI for VBF could help in these cases. We
demonstrated that healthy volunteers were able to breath
regularly for approximately 35 min, which should be suffi-
cient for most treatments. Successful single-fraction gated
deliveries (median delivery time of 39 min) with VBF have
been demonstrated.39 Moreover, the eligibility of patients
should be investigated, as patients may be poorly condi-
tioned and therefore have difficulty performing the VBF
task. A Phase II randomized clinical trial is currently ongo-
ing with audio VBF in Australia, where it is decided before
treatment if the breathing regularity increases with VBF.40

To ensure physiological plausible VBF, the 1D-RNAV
surrogate signal was compared with the 2D-RNAV surro-
gate signal. The 2D-RNAV derived surrogate signal had,
on average, a 20% smaller amplitude compared with the
1D-RNAV signal for the in vivo data, whereas there was an
excellent agreement for the phantom validation. This dif-
ference is most likely caused by the 4D motion model that
is used for obtaining the 2D-RNAV signal. This motion
model is a necessity due to nonuniform liver motion over
the AP slice locations,36 whereas this was not present in
the phantom validation because of the rigid cylinder used.
A significant lower amount of missing data was found
for sorted 4D-MRIs using the 1D-RNAV signal compared
with the 2D-RNAV signal during VBF. This is most likely
caused by the amount of data that was used for sorting the
4D-MRIs, as misregistrations were detected during the

process of obtaining the 2D-RNAV signal and excluded
for 4D-MRI sorting.31 The derived 1D-RNAV signal had
fewer outliers in detecting motion, likely resulting in less
missing data. These findings favor the 1D-RNAV over our
2D-RNAV.

Future research should investigate the applicability of
acquiring motion information during MR simulation and
applying this as VBF during treatment on the MR-linac,
making it possible to personalize the treatment plan based
on anatomical motion.

5 CONCLUSIONS

An SMS-accelerated 4D-MRI acquisition with VBF was
developed based on an internal motion navigator. Pro-
viding VBF during 4D-MRI acquisitions results in a
markedly reduced breathing variability and a more pre-
dictable moving anatomy. We compared concurrently
acquired 1D and 2D internal navigators used for sorting
respiratory-correlated 4D-MRI. Similar performance was
found in acquired phantom data, whereas lower amplitude
estimates were found with the 2D-RNAV for in vivo data.
Fewer missing data in the sorted 4D-MRI was found when
the 1D-RNAV signal was used, whereas a larger error was
found for the liver–lung interface smoothness.
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