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Summary

Can audiovisual biofeedback improve lung tumor motion consistency throughout medical
imaging and radiation therapy procedures? A guiding wave, customized for each patient
according to a reference breathing pattern, was used for audiovisual biofeedback across 2 MRI
sessions. Lung tumor motion, measured directly from cine-MRI, was significantly more
consistent when using audiovisual biofeedback.



Abstract

Purpose

To assess the impact of an audiovisual (AV) biofeedback on intra- and interfraction tumor
motion for lung cancer patients.

Methods and Materials

Lung tumor motion was investigated in 9 lung cancer patients who underwent a breathing
training session with AV biofeedback before 2 3T magnetic resonance imaging (MRI) sessions.
The breathing training session was performed to allow patients to become familiar with AV
biofeedback, which uses a guiding wave customized for each patient according to a reference
breathing pattern. In the first MRI session (pretreatment), 2-dimensional cine-MR images with
(1) free breathing (FB) and (2) AV biofeedback were obtained, and the second MRI session was
repeated within 3-6 weeks (mid-treatment). Lung tumors were directly measured from cine-MR
images using an auto-segmentation technique; the centroid and outlier motions of the lung
tumors were measured from the segmented tumors. Free breathing and AV biofeedback were
compared using several metrics: intra- and interfraction tumor motion consistency in
displacement and period, and the outlier motion ratio.

Results

Compared with FB, AV biofeedback improved intrafraction tumor motion consistency by 34%
in displacement (P=.019) and by 73% in period (P<.001). Compared with FB, AV biofeedback
improved interfraction tumor motion consistency by 42% in displacement (P<.046) and by 74%
in period (P=.005). Compared with FB, AV biofeedback reduced the outlier motion ratio by 21%
(P<.001).

Conclusions

These results demonstrated that AV biofeedback significantly improved intra- and interfraction
lung tumor motion consistency for lung cancer patients. These results demonstrate that AV
biofeedback can facilitate consistent tumor motion, which is advantageous toward achieving
more accurate medical imaging and radiation therapy procedures.



Introduction

Breathing variations (1-5) can cause image artifacts in 4-dimensional CT images (6) used in
radiation therapy treatment planning and lead to a greater variation in tumor motion between
treatment planning and treatment delivery (7, 8). In addition, breath-to-breath (intrafraction)
variation compromises the quality of radiation delivery, because it causes an averaging or
blurring of dose distribution over the path of the tumor motion, whereas day-to-day
(interfraction) variations cause a shift of the dose distribution (9).

Breathing management techniques using patient respiratory signals such as respiratory

gating (10), training (11), and breath-holds (12) have been developed to address intrafraction
breathing variability. However, interfraction variability from the daily changes of patient
breathing is still prominent (10, 13), and this variability is larger than intrafraction

variability (1 - 3). Tumor motion tracking has also been developed to account for tumor motion
variability. This technique can decrease the uncertainty of respiratory-induced tumor motion;
however, noninvasive, markerless lung tumor tracking is not in widespread use (14, 15).

Audiovisual (AV) biofeedback (10, 11, 16, 17, 18, 19), an interactive personalized breathing
guidance system, has been developed to minimize breathing variability. Audiovisual biofeedback
uses an external respiratory signal from a real-time position management (RPM) system (Varian,
Palo Alto, CA) to track patient breathing in real-time. Previous AV biofeedback results have
demonstrated that the breathing consistency of external and internal surrogates has been
improved (10, 11, 16, 17) while maintaining a robust correlation between external and internal
breathing motion (20). However, AV biofeedback results on tumor motion have been less
conclusive (21, 22), with additional further investigation strongly suggesting that patient
compliance and performance with AV biofeedback improve with time (23). In addition, the
variation of lung tumor in outlier motion has not been matched to treatment margins.

In this study, we introduced a novel approach of AV biofeedback for non-small cell lung cancer
patients, involving a breathing training session to obtain a guiding wave customized for each
patient according to a reference breathing pattern with AV biofeedback and using the guiding
wave over 2 3T magnetic resonance imaging (MRI) sessions. This study is the first investigation
of the impact of AV biofeedback on lung tumor motion consistency, both intra- and
interfractionally, directly measured from cine-MR images.

Methods and Materials

Patients

Nine non-small cell lung cancer patients (aged 25-74 years) with a stage varying from 1 to Il of
any histology to be treated using radiation therapy were enrolled in an ethics-approved protocol.
Excluded patients had the presence of metallic objects such as surgical clips, surgery metalware,
and pacemakers. This study was designed with a breathing training session followed by 2 MRI
sessions across different dates (pre- and mid-treatment). The breathing training session was
scheduled on the same day of the first MRI session, and the second MRI session was then
repeated within 3 to 6 weeks at approximately the midpoint of the radiation treatment.

Audiovisual biofeedback

A breathing training session was performed to allow patients to become familiar with a guiding
wave; an average of 10 breathing cycles was calculated using a Fourier Series fit (19),



customized in the displacement and period of respiratory cycles (24), and presented to them on
the AV biofeedback breathing guide. Figure 1a shows the workflow of operation of AV
biofeedback. Patient breathing is tracked in real-time using RPM, which monitors the up (as they
inhale) and down (as they exhale) motion of the gray marker-block positioned on the patient's
abdomen. The guiding wave is displayed on the patient's visual display in inhale and exhale
breathing limits as the gray horizontal lines that frame the blue wave. The patient then adjusts
their breathing such that a gray marker-block on their visual display stays within the breathing
limits and traces the motion of the guiding wave.

Two experimental setups of AV biofeedback for a breathing training session (Fig. 1b) used a
ceiling-mounted RPM and display goggles. For the MRI setup, a mobile RPM and a mirror-
display setup overlooking an MR-compatible projection screen (17, 18) (Fig. 1c) was used for
the 2 MRI sessions.

Breathing training session with AV biofeedback

Before MRI sessions, each patient participated in a breathing training session with AV
biofeedback (no imaging performed) to allow them to become familiar the AV biofeedback
breathing guidance and obtain a guiding wave to be used in 2 MRI sessions.

This session was to allow the patient to practice their breathing for approximately 30 minutes to
1 hour, which included the acquisition of up to 3 guiding waves and breathing practices. Once a
guiding wave was acquired, patients were guided by AV biofeedback for 5 to 10 minutes in a
practice session. After each breathing practice, on the basis of a discussion with the patient, the
displacement and period of the guiding wave was modified to make it more comfortable before
allowing the patient to practice with the modified guiding wave. This was repeated 2 to 3 times,
until the patients were comfortable using the guiding wave. At the end of a breathing training
session, the guiding wave the patient was most comfortable with was chosen and used for the
subsequent MRI sessions.

Magnetic resonance imaging with AV biofeedback

Two-dimensional (2D) coronal and sagittal cine-MR images were obtained in a 3T MRI (Skyra,
Siemens Healthcare, Erlangen, Germany). For thoracic imaging, a true-FISP (true fast imaging
with steady-state free precession) MR pulse sequence was used to acquire 512 images per 2D
cine-MR image every 308 ms. Typical MR imaging parameters were repetition time/echo

time = 38/13 ms, flip angle = 45°, field of view = 380 x 380 mm?, pixel size = 1.48 x 1.48 mm?,
slice thickness = 4 mm, bandwidth = 1500 Hz, and image matrix = 256 x 256.

Coronal and sagittal images were obtained at different positions (center of the tumor region) and
times (coronal followed by sagittal) with (1) free breathing (FB) and (2) AV biofeedback across
the first and second MRI sessions. Hence, tumor motion varied between coronal and sagittal
image datasets. At the beginning of an MRI session with AV biofeedback, the guiding wave was
loaded to display on a patient screen (Fig. 1b). Eight datasets per patient (2 image datasets
[coronal and sagittal] x 2 breathing types [FB and AV]) were obtained from 2 MRI sessions;
however, only 4 datasets were obtained from the first MRI session of patients 5 and 8, because
the patients withdrew from study before the second MRI session.

Tumor auto-segmentation



Tumor motion was directly measured from cine-MR images through auto-segmentation, to
consider the changes in displacement and shape. Auto-segmentation was performed in the
following steps. (1) A single seed point on the tumor region was manually chosen on the first
image of each dataset, and an arbitrary image pixel matrix (ie, 9 x 9) surrounding the single seed
point was chosen (but a smaller [or bigger] matrix size can be used, depending on tumor size).
(2) For the range of image intensity (threshold), an average of 3 minimum and maximum pixel
values of the arbitrary image pixel matrix was computed to filter tumor image intensity within
the threshold. (3) Otsu's method (25) was used to convert a grayscale image to a binary image in
normalized image intensity value that lies in the range [0, 1]. (4) The tumor was segmented by a
region-growing algorithm (26) with the seed point on the binary image. The centroid of tumor
motion was calculated using the mean of row and column positions where binary pixel values
were equal to 1. In the next image, the tumor was segmented using the present centroid as a seed
point until all binary images were segmented. All segmented tumors were visually inspected to
assess auto-segmentation. If an abrupt motion occurred, a new seed point would be chosen again,
but this did not happen for all datasets.

An in-house tumor auto-segmentation was implemented in MATLAB version 8.2 (The
MathWorks, Natick, MA) and used for 2D coronal and sagittal cine-MR image datasets.

Tumor motion consistency

For the impact of the use of AV biofeedback, tumor motion consistency was investigated in (1)
intrafraction tumor motion in each dataset and (2) interfraction tumor motion over 2 datasets
from the first and second MRI sessions. For intrafraction tumor motion consistency, the centroid
of tumor motion was separated into individual cycles of a peak to peak (or a trough to trough),
excluding incomplete data, and the root mean square error (RMSE) of a cycle to cycle in
displacement (19) was computed while comparing the average cycle of the individual cycles
with each individual cycle. The RMSE in period was also computed from each individual cycle.

For interfraction tumor motion consistency, the RMSE of a session to session in displacement
and period was computed by comparing 2 average cycles of the 2 datasets. To match tumor
motion variability to outlier motion, each segmented tumor was accumulated on a pixel-by-pixel
basis over the path of all segmented tumors in each dataset and then over 2 datasets at their
center. Then the value of the pixels (frequency), how many times the tumor passed, and the
number of pixels (distribution) where the tumor passed more than once were quantified. For
example, the frequency of all the pixel values can be the same as the number of segmented
tumors if no tumor motion and shape changes occur. However, a widespread distribution in
various frequencies, directly connected to treatment margins, can be expected if a large baseline
shift and displacement change of tumor motion occurs (9, 27). To evaluate outlier motion caused
by baseline shifts and irregular breathing, we computed the ratio of the distribution in which the
tumor was found 5% or more of the time to the total distribution encompassed by the tumor
motion. This ratio, referred to henceforth as the outlier motion ratio, was computed for all of the
patient datasets for FB and AV. Quantitative statistical comparison between AV biofeedback and
FB was determined using the RMSE in displacement and period for intrafraction tumor motion
consistency, and the RMSE in displacement and period and the outlier motion ratio for
interfraction tumor motion consistency, using a paired Student t test.



Results

Figure 2 shows the 9 lung tumors delineated by auto-segmentation on coronal and sagittal cine-
MR images. Segmented tumors at the end of exhalation and inhalation were chosen for each
patient.

The location of the identified tumors (blue line) varied across patients: (1) 4 tumors (patients 3,
4,5, and 7) were on the left lung, and 5 (patients 1, 2, 6, 8, and 9) were on the right lung; (2) 5
(patients 1, 5, 7, 8, and 9) were on the upper lung, and 4 (patients 2, 3, 4, and 6) were on the
middle lung; and (3) 3 (patients 1, 4, and 6) were isolated from organs, but the other 6 (patients
2,3,5,7,8, and 9) were connected to (or between) organs. In addition, tumor shape varied on
different coronal and sagittal image orientations: (1) 2 (patients 1 and 4) were mostly the same
shape on both image orientations, but the other 7 (patients 2, 3, 5, 6, 7, 8, and 9) were
considerably different between image orientations. All tumors moved in the direction of
respiratory motion, apart from patient 2, in whom the tumor attached to the chest wall moved
superiorly during expiration.

Intrafraction tumor motion consistency

Figure 3 shows a comparison of tumor motion between FB and AV biofeedback. Four superior—
inferior tumor displacements indicate the different combinations of breathing type and MRI
session in patients 4 and 6.

The tumor of patient 4 moved in a small range of £0.5 cm, whereas a large range of £3 cm was
found in patient 6. In patient 4, the baseline of tumor displacement continuously drifted over the
entire FB session 1, and the tumor displacement of FB session 2 was more regular but smaller,
whereas the regularity of tumor displacement was improved over AV biofeedback sessions. In
patient 6, regular tumor displacement was found in the AV biofeedback sessions, compared with
irregular tumor displacement in both FB sessions due to a drift, stable and breath hold.

Table 1 shows the intrafraction tumor motion consistency results with FB and AV biofeedback in
the RMSE of displacement and period.

The RMSE displacement of intrafraction tumor motion varied with AV biofeedback between
0.02 and 0.45 cm, but it was larger for FB, with RMSE displacement between 0.03 and 0.99 cm.
Only 2 patients with AV biofeedback had more than 0.1 cm in RMSE displacement, compared
with 4 patients with FB. In addition, the RMSE period with AV biofeedback was between 0.16 s
and 1.02 s, which were smaller than FB, with an RMSE period between 0.26 s and 4.93 s.
Intrafraction RMSE values were significantly reduced by 34% in displacement (P=.019) and by
73% in period (P<.001) when AV biofeedback was used, whereas there was no difference in
mean displacement and period with FB and AV biofeedback.

Interfraction tumor motion consistency

Table 2 shows the interfraction tumor motion consistency results with FB and AV biofeedback in
the RMSE of displacement and outlier motion ratio. The interfraction tumor motion consistency
in period was increased by 74% in period (P=.005).

The RMSE displacement of interfraction tumor motion varied with AV biofeedback at 0.22 cm,
but it was larger with FB at 0.44 cm. Only 1 patient with AV biofeedback had more than 0.1 cm
in RMSE displacement, compared with 2 patients with FB. In addition, the outlier motion ratio

with AV biofeedback was between 24% and 42%, and it was also larger with FB, between 31%



and 50%. Interfraction variation of RMSE using AV biofeedback was reduced by 42% (P=.046)
in displacement, and the outlier motion ratio was also decreased by 21% (P<.001).

Figure 4 shows the distribution of tumor motion and the outlier motion for patients 4 and 6 with

FB and with AV biofeedback. A widespread outlier motion in the same color bar scale indicates

more variation of interfraction tumor motion. The results of sagittal image datasets for Patients 4
and 6 are shown in Figure el (supplementary material).

A widespread outlier motion with FB was found, due to irregular tumor displacement (see FB
sessions in Fig. 3) in both patients, whereas the comparatively regular tumor displacement (see
AV biofeedback sessions in Fig. 3) resulted in a smaller outlier motion with AV biofeedback.
Subsequently, the color bar scale of outlier motion was smaller with AV biofeedback in both
patients.

Discussion

Medical imaging and radiation treatment in thoracic and abdominal regions often requires tumor
motion management, owing to the variability of tumor motion pattern both intrafractionally and
interfractionally. In this work, we introduced AV biofeedback that uses the same guiding wave
from the breathing training session customized for each patient in displacement and period
across repeated MRI sessions, to reduce intra- and interfraction tumor motion consistency. Using
AV biofeedback, we demonstrated improvement of tumor motion consistency in intrafraction
displacement and period and interfraction displacement and period, and outlier motion while
using the segmented tumor directly measured on coronal and sagittal cine-MR images.

Respiratory-induced thoracic and abdominal tumor motion varies with tumor size, location, and
patients (28), and this study also demonstrated independent tumor locations and sizes through
tumor auto-segmentation. Tumor motion also varied in an MRI session and across 2 MRI
sessions, but it was improved with AV biofeedback compared with FB. In previous studies,
intrafraction regularity in displacement was improved by more than 50% (external

abdomen) (19) and 38% (internal diaphragm) (17). This study demonstrated that the intrafraction
tumor motion consistency of all patients with AV biofeedback in Table 1 was improved by 34%
and 73% in displacement and period, respectively. In addition, interfraction tumor motion
consistency in Table 2 was improved by 42% in displacement and by 74% in period. Then, those
significant improvements resulted in 21% reduction of the outlier motion ratio, directly linked to
the minimization of the disagreement between planning and treatment, resulting in more dose
delivered to the tumor itself and less dose to the surrounding healthy tissue (6, 7, 8, 29).
Consequently, AV biofeedback can be applicable for respiratory motion management techniques,
such as respiratory gating (10), training (11), and breath-hold (12), owing to tumor motion
consistency.

The external respiratory signal can be replaced with any respiratory signals, such as ANZAI
(AZ-733V, Anzai Medical Corporation, Tokyo, Japan) (30) and Bellows-belt (31), and internal
respiratory signals, such as MR navigator (32) and electromagnetic transponder (33). In addition,
tumor motion from MR images could be used as the respiratory signal input for AV biofeedback.
If tumor motion using faster imaging (34) in MRI integrated with a radiation therapy

system (35, 36 ) is used for lung tumor motion management, real-time tumor

deformation (37) can be used for image-guided AV biofeedback.



One of the limitations of the present study was that the interfraction changes were determined
using only 2 MRI sessions, 1 before and the other in the middle of treatment. Tumor
segmentation included manual work to set a seed point on an MR image and manual validation
of the segmentation method.

We also skipped 3 to 5 images at the beginning of datasets owing to the MR images being too
bright. This study did not consider tumor deformation or out-of-plane motion. For better
quantification of deformed tumor motion compared with only rigid motion, deformable image
registration could be used, as well as 3-dimensional tumor motion using 3-dimensional

MRI (18).

Conclusions

This was the first study to directly evaluate the impact of audiovisual biofeedback on lung tumor
motion in cine-MRI. By using AV biofeedback, interfraction and intrafraction tumor motion
consistency was improved across 2 MRI sessions, spaced several weeks apart. Audiovisual
biofeedback led to a 34% and 73% improvement of tumor motion consistency in intrafraction
displacement and period, respectively. Audiovisual biofeedback also led to an improvement of
42% and 74% and 21% in interfraction displacement and period and outlier motion ratio,
respectively. These results demonstrate that AV biofeedback can facilitate consistent lung tumor
motion, which could be a desirable technique for achieving more accurate medical imaging and
radiation therapy procedures.
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Table 1 Results for intrafraction tumor motion consistency in RMSE of displacement and period

Patient RMSE displacement (cm) RMSE period (s)

FB Cor FB Sag AV Cor AV Sag FB Cor FB Sag AV Cor AV Sag

P1
s1 0.25 0.14 0.16 0.10 1.22 0.53 0.66 0.32
52 0.08 0.07 0.14 0.12 0.54 0.32 0.33 0.36
P2
s1 0.07 0.04 0.07 0.06 0.72 0.95 0.49 1.02
52 0.07 0.05 0.09 0.04 0.73 0.76 0.24 0.38
P3
s1 0.07 0.06 0.06 0.07 0.50 0.38 0.38 0.53
s2 0.06 0.09 0.07 0.05 0.26 0.50 0.22 0.28
P4
s1 0.18 0.05 0.05 0.03 1.38 1.38 0.22 0.23
s2 0.04 0.04 0.04 0.03 0.49 0.46 0.21 0.16
P5
s1 0.05 0.08 0.04 0.03 0.47 0.32 0.36 0.22
P6
s1 0.50 0.29 0.23 0.18 1.38 0.96 0.19 0.28

S2 0.99 0.51 0.45 0.32 1.83 0.48 0.36 0.28



Patient RMSE displacement (cm) RMSE period (s)

FB Cor FB Sag AV Cor AV Sag FB Cor FB Sag AV Cor AV Sag

P7

s1 0.12 0.08 0.08 0.05 1.23 2.11 0.25 0.26
52 0.13 0.16 0.04 0.08 133 1.70 0.23 0.26
P8

s1 0.07 0.03 0.03 0.03 1.42 4.93 0.23 0.33
P9

s1 0.03 0.01 0.03 0.02 1.04 0.53 0.24 0.18
52 0.03 0.04 0.03 0.03 1.06 0.67 0.18 0.22
Average  0.20 0.13 0.12 0.09 0.98 1.34 0.30 0.39
p: 019 <.001

Abbreviations: AV = audiovisual; Cor = coronal; FB = free breathing; P = patient; RMSE = root
mean square error; S = MRI session; Sa = sagittal.
A smaller number of RMSE indicates more consistent tumor motion.

Paired Student t test between FB and AV biofeedback (coronal and sagittal together).


https://www.sciencedirect.com/science/article/pii/S0360301615267557?via%3Dihub#tbl1fnlowast

Table 2. Results for interfraction tumor motion consistency in RMSE of displacement and outlier
motion ratio

Patient RMSE displacement (cm) Outlier motion ratio (%)

FB Cor FB Sag AV Cor AV Sag FB Cor FB Sag AV Cor AV Sag

P1 0.07 0.05 0.06 0.03 40 39 35 31
P2 0.13 0.09 0.06 0.06 30 31 29 23
P3 0.05 0.05 0.02 0.05 32 40 26 42
P4 0.03 0.03 0.02 0.02 50 38 25 24
P6 0.44 0.21 0.22 0.11 35 42 25 29
P7 0.06 0.03 0.05 0.03 39 36 33 35
P9 0.01 0.01 0.01 0.01 36 42 33 29
Average 0.11 0.07 0.06 0.04 37 38 29 30
P .046 <.001

Abbreviations as in Table 1.
A smaller number indicates more consistent tumor motion.
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Fig. 1. Workflow of operation and experimental setups of audiovisual biofeedback. (a)
Workflow of operation, (b) breathing training setup for a breathing training session, and (c)
magnetic resonance imaging (MRI) setup for 2 MRI sessions.



Fig. 2. Tumor delineation (blue line) of 9 lung cancer patients. Segmented tumors at end of
exhalation (EE) and end of inhalation (EI) were chosen for each patient, and an orange dotted
line highlights the changes in tumor displacement.
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Fig. 3. Superior—inferior tumor displacement (cm) of patients 4 and 6 between free breathing
(FB) and audiovisual biofeedback (AV) measured from coronal image datasets and organized by
breathing type and magnetic resonance imaging session. Extreme displacements were either a
function of continuous drift with FB in patient 4 or a drift, stable and breath hold with FB in
patient 6.
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Fig. 4. Distribution of tumor motion and the outlier motion measured from coronal image
datasets for patients 4 and 6. Color bar scale indicates the ratio of the distribution of tumor
motion.



